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A B S T R A C T

Focusing on methodological development, this work revises the theo-
retical foundations of X-ray Diffraction Laminography (XDL) aiming for
a profound understanding of the combined topographic and laminog-
prahic principles, especially for the three-dimensional (3D) imaging
of dislocation arrangements and their evolution. XDL so far has en-
abled non-destructive 3D imaging of crystal defects in monocrystalline
samples, in particular for technologically relevant sizes like typical in-
dustrial wafers. The capabilities have successfully been demonstrated
by characterizing static dislocation arrangements in silicon, capturing
volumes of several mm3 with an estimated spatial resolution of 3 to 5

µm. Driven by the demands of modern micro-electronic technology,
this work aims to enable quasi in situ imaging of defect dynamics and
advance the technique towards routine application.
In this regard, simulations provide a more quantitative understand-
ing of the image formation mechanism and related methodological
properties, like intrinsic resolution limits, enabling the development of
approaches for enhancing the spatial resolution and optimizing the 3D

reconstruction. Eventually, this will result in new techniques to deter-
mine important parameters, like e.g. the Center of Rotation (CoR), and
result in a significant reduction of the required projections. Beyond
the geometrical arrangement, additional information about dislocation
properties, like Burgers vectors (BVs), becomes accessible directly via
the 3D image provided by XDL.
By deriving specifications from these theoretical considerations, an
instrumentation fulfilling the specific mechanical requirements of 3D

X-ray diffraction imaging will be commissioned and characterized.
The methodological progress accomplished within this work, encom-
passing substantial improvements regarding measurement, data pro-
cessing and analysis, finally enables the quasi in situ characterization
of defect dynamics in 3D. The new capabilities of XDL are successfully
demonstrated by feasibility studies and application oriented examples,
like the visualization of slip band formation in mechanical damaged
silicon during thermo-mechanical treatment.
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Z U S A M M E N FA S S U N G

Mit einem Fokus auf Methodenentwicklung untersucht diese Arbeit
das theoretische Fundament von X-Ray Diffraction Laminography (XDL)
mit dem Ziel ein tieferes Verständnis der kombinierten topographis-
chen und laminografischen Prinzipien zu schaffen, insbesondere bzgl.
der dreidimensionalen (3D) Bildgebung von Versetzungsstrukturen
und ihrer Entwicklung. XDL hat bisher die zerstörungsfreie 3D Bildge-
bung von Kristalldefekten in Einkristallen ermöglicht und ist speziell
geeignet für technologisch relevante Probengrößen, wie z.B. die von in-
dustriellen Wafern. Die Einsatzmöglichkeiten wurden mit der Charak-
terisierung von statischen Arrangements von Versetzungen in Silizium
erfolgreich demonstriert. Dabei wurden Kristallvolumen von mehreren
mm3 mit einer räumlichen Auflösung von 3 bis 5 µm abgebildet. Im
Hinblick auf die steigenden Anforderungen von Technologien im
Bereich der Mikroelektronik zielt diese Arbeit darauf ab, die quasi
in situ Bildgebung von Defektdynamiken zu ermöglichen und die
routinemäßige Anwendung von XDL voranzutreiben.
In diesem Zusammenhang stellen Simulationen und deren Analyse
ein quantitativeres Verständnis der Kontrastformation und den damit
verbundenen methodischen Eigenschaften, wie intrinsichen Grenzen
des Auflösungsvermögens, bereit. Auf dieser Basis werden neue An-
sätze entwickelt, um die räumliche Auflösung zu verfeinern und die
3D Rekonstruktion zu optimieren. Es werden neue Techniken bereit
gestellt, um wichtige Parameter wie das Rotationszentrum (CoR) zu
bestimmen und die benötigte Anzahl von Projektion bedeutend zu
reduzieren. Über das rein geometrische Arrangement hinaus werden
zusätzliche Information über die Versetzungen, wie z.B. über ihre
Burgersvektoren (BVs), direkt durch das von XDL bereitgestellte 3D

Bild zugänglich.
Anhand Spezifikationen, abgeleitet von diesen theoretischen Betrach-
tungen, wird eine dedizierte Instrumentierung in Betrieb genommen
und charakterisiert, die die besonderen mechanischen Anforderungen
von auf Röntgenbeugung basierenden 3D Bildgebungsverfahren er-
füllt. Der methodische Fortschritt, der im Rahmen dieser Arbeit erzielt
wird, resultiert in substanziellen Verbesserungen hinsichtlich Messung,
Datenverarbeitung und Datenanalyse und ermöglicht schließlich die
quasi in situ Charakterisierung von Defektdynamiken in 3D. Das neue
Einsatzvermögen von XDL wird erfolgreich in Machbarkeitsstudien
und anwendungsbezogenen Beispielen wie der Visualisierung von
Slip Band Formationen in mechanisch beschädigtem Silizium während
einer thermomechanischen Behandlung demonstriert.
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1
I N T R O D U C T I O N

Single crystals, due to their optical and electrical properties, play a
crucial role in modern technology. Many monocrystalline semicon-
ductors are industrially used in technical applications, especially in
micro-electronics, with the most prominent example today being sil-
icon. Due to the ongoing further miniaturization, imperfections like
inhomogeneous strain or crystal defects like point-defects (e.g. impuri-
ties or vacancies), stacking faults, or dislocations become increasingly
relevant and represent important topics of ongoing research [1]. Due
to their impact on material properties and because they can be in-
duced during industrial processing, also to previously dislocation-free
crystals, dislocations may have crucial effects on the performance and
yield of manufactured devices. Therefore, a deeper understanding of
these defects and their dynamical behavior under external forces is
crucial for avoiding dislocation emergence during growth and pro-
cessing of monocrystalline semiconductors.
In this regard, imaging techniques represent indispensable tools for
the detection and characterization of such defects. X-ray Diffraction
Laminography (XDL) recently enabled capturing the three-dimensional
(3D) dislocation structure in monocrystalline samples of industrially
relevant size, non-destructively [2]. The work presented aims for a
refinement of this approach by providing a deeper understanding
of the methodology, enhancing related instrumentation, thereby en-
abling routine application and ultimately extending XDL’s capabilities
towards the quasi in situ imaging of dislocation dynamics.

1.1 effects of dislocations

Silicon is the most widely used substrate in semiconductor device
manufacturing. Substrate flatness is key for technologies build on nm-
scale and tolerances for structuring critical elements, e.g., in the case of
finFET transistors, decreased to 1 nm [3]. Due to continuous improve-
ment of growth techniques achieved over the last decades, silicon (and
other materials) can nowadays be grown dislocation-free. However,
dislocations remain a crucial concern, since handling during indus-
trial manufacturing may introduce mechanical damage (scratches and
microcracks) to the wafer surface. Afterwards, further treatment dur-
ing, e.g., CMOS-processing may lead to dislocation nucleation and
propagation driven by thermal forces during annealing procedures.
Dislocations may extend into previously dislocation-free regions of
the crystal volume on the mm-scale and beyond forming complex ar-
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2 introduction

rangements, which may lead to slip band formation [4] and warpage
[5]. Furthermore, each dislocation reaching the crystal surface results
in an atomic (i.e., on nm-scale) step on that surface. Therefore, the
defect structure within a bulk or wafer may also degrade the flatness
of specimen and hereby the quality as a substrate.
Next to gallium nitride, gallium arsenide is the most important ma-
terial for high-frequency and opto-electronic applications, where in-
homogeneous properties stemming from defects may degrade device
yield and performance considerably [6]. It also draws more and more
attention as a sensor material, e.g., for high-Z single-photon counting
X-ray detectors [7–9], alongside cadmium telloride [10, 11]. Growth, in
particular when aiming for large ingots to satisfy industrial demands,
and application of materials like GaAs, GaN, and CdTe up to this day
face dislocation related challenges [6].
Aluminum nitride is another noteworthy material, which is used
as a substrate for UVC emitting devices based on compressively
strained AlxGa1−xN layers aiming for high quantum efficiencies. While
progress was possible by the availability of Physical Vapor Trans-
port (PVT) grown AlN substrates, the avoidance of dislocation multi-
plication during the seed process is crucial for increasing the PVT-AlN
crystal’s diameter to commercially viable sizes [12, 13].
PVT grown SiC - which will also serve as test material within this work
- presently is considered a new material for high performance power
devices, which makes the understanding of defect generation during
growth, e.g., of basal plane dislocations, [14–16], or micropipes [17],
essential.
In summary, the overcoming of dislocation related challenges in crystal
growth and semiconductor device manufacturing is of high applica-
tion oriented scientific and direct industrial interest and requires a
deep understanding of defect properties and their behavior and dy-
namics under external driving forces.

1.2 imaging dislocations

Although a dislocation’s core structure is determined by displace-
ments of atoms on atomic scale, strain and distortions induced to the
crystal lattice extend into the bulk volume to ranges on the µm-scale.
These lattice distortions lead to a local variation of diffraction condi-
tions, which can be utilized to create image contrast. This fundamental
mechanism is exploited by Transmission Electron Microscopy (TEM) as
well as X-ray topography, which also represent the two most widely
used approaches for the imaging of dislocations. Despite this similar-
ity, the two techniques are highly complementary, motivating a brief
summary of their properties and the most impactful developments.
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The first detection of individual dislocations by TEM was achieved
in 1956 [18, 19]. In 1969 weak-beam contrast was introduced to TEM in
order to enhance the achievable spatial resolution: A monochromatic
beam is used for the targeted excitation of regions with lattice distor-
tions in the vicinity of the dislocation core. This enabled capturing
the image of a dislocations with a width of ∼ 1.5 nm [20], providing
information about the defect structure in unprecedented resolution.
With many observations indicating the 3D nature of dislocation struc-
tures and the significance of elastic anisotropy, first approaches to
recover the 3D information, relied on stereoscopic principles [21, 22].
Developments of suited instrumentation providing the necessary level
of precision did take until the early 2000’s to enable tomographic
approaches to reconstruct the 3D structure of dislocation arrangements
from two-dimensional (2D) TEM quasi-projections [23]. In 2006, electron
tomography was used for the 3D imaging of dislocations and a resolu-
tion of ∼ 5 nm was achieved [24, 25]. Only recently, dislocations have
been imaged in 3D also with resolution on atomic scale by using high
angle annular dark-field scanning TEM or HAADF-STEM [26, 27].
Summarizing, TEM allows for high resolution on the nm-scale and be-
low, however, the strong interaction between electrons and matter (i.e.,
the sample) also leads to a restriction to particularly thin samples with
short path lengths through the material (in the range of 1 µm or below,
e.g., for measuring the threading dislocation density in germanium
[28]). Sample preparation for TEM is extensive and complicated to a
level where it constitutes its own field of research with highly impact-
ful developments, like e.g., the focused ion beam - or FIB - method [29,
30]. As a consequence, for the case of crystals of industrially relevant
sizes like wafers, which would have to be devided into much smaller
specimen, the method has to be considered as destructive. Further-
more, high resolution and small sample sizes in turn limit the size
of the capturable crystal volume (typically ∼ µm3). Therefore, TEM

requires high dislocation densities (∼ 10
6/cm2) in order to record a

dislocation within the Field of View (FoV) with a reasonable probability.

Starting with the first visual evidence provided in 1931 [31] and
the first detection of individual dislocations by X-ray experiments
following in 1957 [32, 33], the foundation for developing a variety of
methods was laid out.
Regarding X-ray topography based approaches, the availability of
synchrotron sources, offering unprecedented beam properties, opened
up a field of scientific and technological applications [34–36]: Due to
the weaker interaction of X-rays (in comparisson to electrons) with
matter, samples can be of considerable thickness (∼ mm), making the
techniques applicable to industrially relevant samples. Long-range
defect features can be captured, e.g., strain and dislocation structures
in wafers of up to 300 mm in diameter [37]. Furthermore, the de-
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velopment of Rocking Curve Imaging (RCI) allowed strain analysis,
studies on lattice tilts and dislocation distributions and their Burgers
vectors (BVs) with µm resolution [38–41]. Using weak-beam conditions
reduced the line width of a dislocation image to a few µm [42], while
the minimum distance between two features still allowing separation
could be reduced to about 10 µm in 2D. Spatial resolution has been
further enhanced, especially in the recent years by placing an objective
lense in the diffracted beam, an approach known as X-ray dark-field
microscopy. This allows mapping strain fields, lattice tilts, the evolution
of subgrains and also strain fields around individual dislocation with
a resolution of 100 to 200 nm [43, 44].
With stereography giving first 3D impressions, so-called section topog-
raphy enabled the extraction of 3D information: A slender X-ray beam
is used to capture depth information by imaging cross sections of the
sample, enabling the construction of a quasi 3D image by stacking up
the acquired slices, [32, 45]. Nowadays, this technique is routinely used
for the imaging of dislocation structures by translating the sample
between image acquisition about 15 µm with typical beam width and
height of up to 10 mm and about 15 µm, respectively [46].
The first topo-tomographic approaches were developed in 2001 [47]. In
the recent years, the newly developed XDL enabled imaging dislocation
structures in 3D with 3 to 5 µm resolution, while capturing extensions
on a mm-scale in typical industrial silicon wafers. This first application
allowed tracing individual dislocation lines within arrangements [2]
and due to the non-destructive nature of the method, the informa-
tion could later be correlated with results from X-ray White Beam
Topography (XWBT) and circular polarized visible light differential
interference contrast microscopy to yield a comprehensive character-
ization including the BV distribution and linking the dislocations in
the bulk to corresponding surface steps [48, 49].

1.3 objectives and outline

Recently, the high potential of XDL, in particular for the 3D characteri-
zation of industrially relevant samples, has exemplarily been demon-
strated by studying dislocations at the onset of slip band formation in
silicon wafers. However, only one snap shot during the process could
be provided, even though particularly the dynamics and their relation
to the involved driving forces are of high scientific and industrial
interest. Of course, similar questions also arise for other materials, like
GaAs.
Motivated and driven by these demands, in order to achieve routine
applicability of XDL, and notably extend its capabilities towards the
imaging of dynamical processes, this work aims on key advancements
in the following fields:
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• A deeper understanding of XDL’s methodology, in particular of
the topographic contrast formation mechanism

• The realization of a dedicated instrumentation for sample ma-
nipulation

• The optimization of data processing and in particular data anal-
ysis

• Demonstration of the enhanced Capabilities in feasibility studies

With regard to the first two objectives, a theoretical framework will
be utilized to perform simulations of the image formation mechanism
and investigate the topographic projection acquisition, the lamino-
graphic reconstruction, and the interplay of the two. Concluding from
the evaluation of these theoretical analysis, the mechanic requirements
regarding stability and precision in motion for an instrument for µ-
diffraction imaging will be derived. In particular, the setup will have
to fulfill the high demands in both, translational and angular space,
stemming from the topographic and laminographic aspects combined
by XDL.
Continuing, selected reconstruction techniques will be tested with a
focus on their suitability for the specific properties of XDL contrast,
aiming to decrease the number of projections required for a successful
reconstruction. Hereby accomplishing a significant speedup of the
measurement procedure, the here presented work aims for enabling
the 3D imaging of dislocation evolution with a sufficient resolution of
the dynamic processes in a quasi in situ fashion, providing a number
of snap shots of the emerging dislocation structure during sample
treatments typical for industrial semiconductor manufacturing.
A major challenge in this context is stemming from the contrast for-
mation: XDL utilizes a monochromatic X-ray beam to excite lattice
distortions in the vicinity of the dislocation core and it has been
shown that the crystal region fulfilling the local Bragg condition is
view direction dependent. Consequently, the 3D object function one
tries to recover from 2D projections becomes view direction dependent
itself, which violates requirements for the application of reconstruction
techniques. Furthermore, it complicates conventional procedures to
determine important parameters for the reconstruction, like e.g., the
Center of Rotation (CoR), i.e., the position of the rotation axis. There-
fore, concepts and techniques will be developed, that in combination
with suited measurement schemes will allow a further optimization
of reconstruction parameters. In addition, this work aims to open new
routes for the exploitation of contrast properties in order to enhance
the spatial resolution of the resulting 3D image and give access to
additional information about dislocation properties, like e.g., their BV,
directly via XDL data.
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Finally, the enhancements and the extended capabilities of XDL

accomplished within the frame of this work, will be demonstrated at
application relevant examples.



Part I

T H E O RY





2
X - R AY D I F F R A C T I O N L A M I N O G R A P H Y

The three-dimensional (3D) imaging of dislocation by means of X-ray
Diffraction Laminography (XDL) encompasses concepts from different
fields: The X-ray topography based contrast formation combines X-ray
physics with elements from solid state physics and crystallography
and the subsequent 3D reconstruction relies on techniques known from
Computerized Tomography (CT), or more precisely, the generalized
case of computed laminography, which will be in more detail dis-
cussed later in this chapter. The purpose of this chapter is to introduce
these basic concepts and their interplay in the case of XDL. While
Chapter 3 will be dedicated in more detail to the basic properties of
dislocations, Chapter 4 to the theory of X-ray diffraction, and Chapter
5 to a suited theoretical framework for the simulation of the contrast
formation mechanism, respectively, the next section will start with
the description of approaches for the 3D reconstruction. This is mean-
ingful since it allows us to introduce important terminology for later
reference, to emphasize the challenges related to the recovery of a 3D

dislocation structure, and lay out the basis for the selection of suited
reconstruction methods covered in Chapter 8. Later on, Section 2.2
will already touch on approaches to apply the laminographic concepts
to diffraction contrast, summarizing the findings presented in [49].

2.1 computerized tomography

In general, tomography is a technique for the cross-sectional imaging
of an object. In a broader sense, "tomography" (deriving from ancient
greek for "slice writing") can refer to any technique which enables
displaying a two-dimensional (2D) cross-section of a 3D object.
However, nowadays we refer to a method that enables imaging the
internal structure of an object, without the need to cut it, i.e., one can
ascribe a non-destructive nature to tomography, of course only as long
as the object is resilient to the amount of radiation that it is exposed
to. A prominent example with revolutionary impact first in medicine
and later in technical applications is CT, which was developed for
medical imaging applications in the 1960s and 1970s [50–52], with G.
M. Hounsfield receiving the Nobel prize in 1972 and sharing it with
Allan Cormack. In the field of material science, especially utilizing
X-ray radiation from synchrotron sources extended the capabilities to
3D microstructural imaging of a variety of specimen [53]. This is due
to the advances synchrotron sources provide over laboratory systems,
e.g., high photon flux leading to higher spatial resolution with similar

9



10 x-ray diffraction laminography

exposure times, monochromatic radiation, and coherence properties.

2.1.1 The Radon-Transform

Figure 2.1: a) A 2D object consisting of two materials. Assuming parallel
rays and this only to be a cross-section, the 3D case could be
imagined consisting of several cross-sections on top of each other,
as indicated by the two dimensional intensity profile I(xD, yD),
where the yD-axis would be oriented normal to the image plane.
b) 2D illustration of an object function f (x, y) in a grid of N cells
f1, ..., fN . The ith ray is determining the ith ray-sum pi via the
weighting factors wij. Exemplarily shown is wij, the contribution
of the jth cell to the ith ray-sum. It is given by the ratio of the
area of the black triangle to the area of the complete cell.

To illustrate the basic mechanisms of CT, here a 2D-object defined
by an object function f (x, y) is assumed. For the case of parallel rays
this may be considered as a cross section of a 3D object with an object
function f (x, y, z). The object described by f (x, y) consists of two
different materials, which differently interact with the probe radiation
resulting in f (x, y) = f1 in the outer and f (x, y) = f2 in the inner
material as shown in Fig. 2.1a. As an illustrative example we could
consider two materials with different absorption properties regarding
X-ray radiation (i.e., the utilization of absorption contrast), given by
the attenuation coefficients µ1 and µ2. The 2D beam profile can then
be recorded by a film or a digital detector after the rays have been
transmitted through the sample. The intensity profile I(xD, yD) - where
xD and yD are the Cartesian coordinates on the detector plane - can
then be written as

I(xD, yz) = I0(xD, yz)e−
∫
l dl fz(x,y) (2.1)

with incoming intensity I0 and spatial dependent attenuation coeffi-
cient µ(r), which shapes the intensity profile according to the ray path
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l. (The index z again indicates how the case for an 3D object can for
parallel rays be seen as an ensemble of such measurements. It will be
omitted from now on.) This is the well-known Beer-Lambert law [54]
and can also be considered a contrast function. The exponent represents
a line integral and by parameterizing the line via (ϕ, t) we obtain the
so-called Radon transform Pϕ(t) of the funtion f (x, y)

Pϕ(t) =
∫
l(ϕ,t)

f (x, y)dl, (2.2)

which can be rewritten with the δ-distribution as

Pϕ(t) =
∞∫

−∞

∞∫
−∞

f (x, y)δ(x cos ϕ + y sin ϕ − t)dxdy (2.3)

and in connection with the Beer-Lambert law 2.1 and a so-called
flat-field correction can be expressed by

Pϕ(t) =
∫
l(ϕ,t)

f (x, y)dl = − log
I(xD)

I0(xD)
. (2.4)

A collection of these line integrals, e.g., forming an image on the
detector, yields a projection along a certain view angle ϕ, i.e., a set of
measurements of integrated values of some parameter of the object. In
the simplest case the individual rays of one measurement, i.e., in one
projection, follow parallel paths through the object as it is the case in
Fig. 2.1a.
The inversion of the Radon-transform, i.e., the recovering of the 3D

information about the object from a set of 2D projections constitutes
the Filtered Backprojection (FBP), one of many so-called reconstruction
methods.

2.1.2 Object Reconstruction

Based on the very basic description of image formation for CT we will
now briefly illustrate two approaches to reconstruct an image of the
object from a set of acquired projections.

2.1.2.1 Filtered Back-Projection

Due to its extreme accuracy yielding high quality reconstructions
and the possibility of fast implementation, e.g., by making use of fast
Fourier transforms, FBP is one of the best known and most widely
used reconstruction algorithms. It has also been utilized successfully
to obtain the 3D information from XDL data sets in [2] and [48]. There-
fore, the utilization of FBP will serve as a guiding principle for the
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considerations in Chapter 8. We will here give a brief description of
the procedure for later reference and a basic understanding of the
reconstruction problem itself. First the Fourier slice theorem will be
introduced and throughout the consideration a beam geometry of
parallel rays will be assumed, which is often an appropriate approxi-
mation regarding suited synchrotron sources.
For a realistic (and therefore finite) object in N-dimensional (ND) space,
we may presume square integrability of its object function f (r), i.e.,

∞∫
−∞

| f (r)|2dr < ∞. (2.5)

Thus, we can write the Fourier transform and the inverse Fourier
transform as

F(k) =
∞∫

−∞

dr f (r)e−i2πrk (2.6a)

f (r) =
∞∫

−∞

dkF(k)ei2πrk (2.6b)

with the ND coordinate vectors in real and Fourier space r and
k, respectively. A projection of the object function f (r) along one
dimension i on a (N-1D) submanifold is then expressed by the Radon
transform [55] as

Pl(u) =

∞∫
−∞

ds f (u+ sl), (2.7)

where we can select ri = r1 and thus l = e1 without limiting
generality. The l- or rather e1-indepentend subset u is then given by

u = (u2, ..., uN) =
N

∑
j=2

ujej, (2.8)

which obviously fulfills e1 · ej = 0 ∀ j. The (N-1D) hyperplane in
Fourier space can then be written as

F(k)|k1=0 =

∞∫
−∞

dr2...drN

 ∞∫
−∞

f (r)dr1

 e
−i2π

N
∑

j=2
k jrj

, (2.9)

F(k)|k1=0 =

∞∫
−∞

dr2...drN

(
Pl=λe1(u)

)
e
−i2π

N
∑

j=2
k jrj

. (2.10)
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This is known as the Fourier slice theorem, since a 2D projection of a
3D object allows the calculation of a 2D slice through the 3D Fourier
transform F(k) of the object function, i.e., a slice of F(k). With the
definition of a matrix Rej(ϕ) performing a rotation of angle ϕ around
a unit vector ej ⊥ e1 we may perform the calculation for different
view directions. It can be shown, that assuming an infinite number
of projections is taken, each for a different angle ϕi ̸= ϕj + nπ ∀ i ̸= j
and n ∈ Z, the Fourier transform F(k) would be known at all posi-
tions k in Fourier space and thus the object function f (r) could be
recovered by the inverse Fourier transformation 2.6b. However, since
only the acquisition of a finite set of projections is realistic, one has
to acknowledge, that the slices intersect in the origin and therefore
the sampling of the Fourier space becomes less dense with increasing
distance from the origin. Often times a weighting factor is applied
for compensation, i.e., one uses a filtered Fourier transforms of the
projections. The derivation of such a filter for regular CT in the 2D-case
and for a geometry of parallel beams is straight forward [56].

2.1.2.2 Algebraic Reconstruction Techniques

In contrast to FBP, image reconstruction by Algebraic Reconstruction
Techniques (ART) is carried out completely in real space. In general
this approach is simpler than transform based methods. However, it
usually requires a lot larger amount of computational memory, fur-
thermore, implementations of algebraic methods are also inferior to
transformation based techniques regarding speed and accuracy. On
the other hand, if computational power, memory, and time is avail-
able, they usually produce better results for data sets with only few
projections. Since the performance of selected ARTs will be addressed
in Chapter 8, at this point the basic approach will be briefly illustrated
at the example of a 2D image reconstruction, basically following the
description of the Kaczmarz approach [57] given in [56].
Assuming an object encompassing a total of N cells and defined by an
object function f (x, y) the ray-sum pi of the ith ray is given by

N

∑
j=1

wij f j = pi, i = 1, 2, ..., M (2.11)

where M is the total number of rays in all projections and wij is the
weighting factor equal to the area in the jth cell illuminated by ith ray,
i.e., the contribution of the jth cell to the ray-sum pi, also see Fig. 2.1b.
Note, that rays here are defined not as thin lines but as broad stripes.
Rewriting Eq. 2.11 for illustration purposes we obtain:
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w11 f1 + w12 f2 + · · ·+ w1N fN = p1

w21 f1 + w22 f2 + · · ·+ w2N fN = p2

... =
...

wM1 f1 + wM2 f2 + · · ·+ wMN fN = pM. (2.12)

Note, that each line in Eq. 2.12 may be written in the form

wi · f = pi (2.13)

with wi = (wi1, wi1, ..., wiN). Thus, Eq. 2.13 can be interpretated
as a hyperplane in ND space where the correct reconstruction image
corresponds to a single point, which would be given by the intersection
of all hyperplanes given by the lines of 2.12. After some geometrical
considerations and calculation steps one obtains the iterative formula

f i = f i−1 −
(
f i−1 ·wi − pi

)
wi ·wi

wi. (2.14)

The computation starts with an initial guess for the solution, which
is successively projected onto the hyperplanes in Eq. 2.12 to yield fM.
The next iteration then starts by projecting fM onto the first line in Eq.
2.12 and so on.
For faster computation, approximations could be used, e.g., for the
weighting factor wij. Orthogonalization schemes to be applied to Eq.
2.12 were proposed to increase the speed of convergence [58]. With
the continuously increasing capabilities of GPUs over the last years
the improvement of reconstruction algorithms is further advancing,
[59, 60]. Again it is important to note, that this section’s purpose is
not a detailed description of ARTs or their implementation. The intend
of presenting this basic principles is rather to illustrate two major
take-aways: First of all, in this basic description of ARTs the value of
each cell f j is changed with every projection onto the next hyperplane.
Secondly, one finds that this kind of reconstruction techniques allow
for a straight-forward incorporation of a priori knowledge: For example,
the assumption could be made, that there are no negative values in the
reconstruction image. Furthermore, one might know that the structure
to be reconstructed only occupies certain regions of the volume while
great parts are empty. Therefore, the corresponding cells in f could
be confined to zero throughout the computation.

2.2 laminography and diffraction contrast

Laminography refers to a generalization of the above discussed tomog-
raphy, allowing an inclination of the rotation axis with respect to the
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beam direction about an angle θ, as shown in Fig. 2.2a. Throughout
this thesis, we will refer to θ as the laminographic tilt angle not to be con-
fused with the tomographic rotational angle ϕ, with the corresponding
axes being denoted as Θ and Φ, respectively. Together these angles
define the view direction. Nevertheless, for easier readability and due
to the fact that θ is often fixed or only subject to minor variations
during a measurement (∼ 10

−3◦), the view direction of the 2D image
will often be only denoted by ϕ.
Utilizing synchrotron radiation laminography has been proven to be
very well suited for the investigation of flat specimen [61, 62]. Theo-
retical frameworks for reconstruction have been developed and are
available for routine application [63]. Furthermore, phase contrast
based approaches have been applied and 3D imaging of structures and
compositions in laterally extended objects on the nm-scale has been
realized [64, 65]. Commonly, methods of this kind are summarized
under the umbrella term synchrotron radiation computed laminography.
The laid out groundwork becomes important with the transition from
absorption contrast (assumed in the previous sections) to diffraction
contrast. Combining diffraction contrast with a tomographic approach
requires the Bragg condition to be fulfilled during the sample ro-
tation for the acquisition of images from different view directions.
In other words, the tomographic rotation axis Φ has to be aligned
parallel to a selected reciprocal lattice vector: Φ ∥ hhkl . Therefore,
the laminographic tilt angle equals the Bragg angle: θ = θB. Two
geometries enable this diffraction based approach: so-called Bragg-
reflection geometry (BRG), where the sample, e.g., a wafer is mounted
similarly to the regular laminographic geometry, see Fig. 2.2b. And
Laue-transmission geometry (LTG) where the sample is mounted up-
right and then tilted, the selected reciprocal lattice vector hhkl is then
parallel to the sample surface, not the surface normal, see Fig. 2.2c.

Although, an incoming X-ray beam k0 changes its direction when
diffracted at a crystal volume by 2θB to kh, the diffracted X-rays may
be extended to obtain a virtual straight ray path k′

0 that is equivalent
to the one in the laminographic case as illustrated in Frame 2.2a by
the dotted lines. This means, that independent of the sample shape or
dimensions the reconstruction problem of data sets obtained by em-
ploying diffraction contrast is always of a more general laminographic
nature due to the tilt of the rotation axis about θB.
Another important aspect of laminography is that in contrast to to-
mography (i.e., the special case of θ = 0◦) it is not possible to cover
the whole Fourier space. A detailed investigation of the Fourier space
coverage in dependence of the laminographic tilt angle θ and the acces-
sible acquisition interval (e.g., if a full rotation of 360

◦ is unfeasible or
even prohibited by the sample geometry - this case is usually referred
to as limited angle laminography) can be found in [49]. Eventually,
the information provided by a single 130

◦-acquisition interval has
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Figure 2.2: a) Laminography of a laterally extended sample. If, e.g., absorp-
tion contrast is exploited the X-rays follow straight lines but they
are still tilted with respect to the rotation axis Φ by angle θ. b) Di-
rect transition to diffraction laminography for θ = θB, with θB being
the Bragg angle. This measurement geometry is also referred to as
BRG. c) Tomography approach utilizing diffraction contrast. Mak-
ing use of virtual beams k′

0 one can assume undiffracted beams,
i.e., beams that follow a straight line, but are tilted towards the
rotation axis by the Bragg angle θB. This measurement geometry
is also referred to as LTG.

proven to be sufficient to reconstruct the 3D structure of dislocation
arrangements via FBP in silicon in previous studies.

2.2.1 Object Function and Contrast Function for Diffraction Contrast

In the first section of this chapter the object function - later referred
to as f (r) - was given by the absorption coefficient, which may vary
in an object due to its composition of different materials. To clearly
illustrate the basic challenges regarding diffraction contrast, a defi-
nition of the object function and the contrast function for projection
acquisition is meaningful. The object function simply represents a
localized property of the object. In the example given above this is the
attenuation factor. The contrast function then describes how this object
property is mapped onto a detector to create a 2D projection image.
Thus, in the context of Section 2.1 the contrast function would be given
by the equivalent Eqs. 2.1, 2.2, 2.3, or 2.4. These represent the projection
criteria, which is a requirement for tomographic or laminographic
reconstruction to be applicable.
To extend the considerations to diffraction contrast one may assume
a local reflectivity R(r) as an object function. Under the assump-
tion that intensities of the reflected rays add up incoherently along
kh(ϕ) = l(ϕ), the intensity profile can again be written as a line
integral:

I(xD, yD) =
∫
kh(ϕ)

dl I0R(r) = I0

∫
l(ϕ)

dl(r)R(r) = PR
ϕ (xD, yD). (2.15)
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With an homogeneous illumination that can be expressed via a
constant factor I0 the measured intensity distribution on the detector
can be interpreted as projection of the reflectivity R(r) along the
direction of the reflected - or diffracted - X-rays kh(ϕ) or l(ϕ). This
makes use of the concepts of virtual rays to avoid the description of a
change of directions from k0 to kh. Hence, one can interpret Eq. 2.15 as
the contrast function for diffraction contrast, which in connection with
the object function R(r) fulfills the projection criteria. However, so far
an additional absorption by the material has been neglected. Following
[49] this can be respected by defining an effective local reflectivity R̃(r)
as

R̃(r, ϕ) = R(r)e−µ0(l0(r,ϕ)+lh(r,ϕ) (2.16)

where l0(r, ϕ) and lh(r, ϕ) denote the path length of the incident
beam through the material until reaching the reflecting volume at r
and the path length starting from this volume to the sample’s surface
on the way to the detector, respectively. This is illustrated in Fig. 2.2c.
Apart from sample shapes that have an cylindrical symmetry with
respect to the selected reciprocal lattice vector hhkl (and therefore with
respect to Φ) this obviously introduces an intrinsic ϕ-dependence to
the projected intensities which can be written as

P̃R̃(xD, yD, ϕ) = I0

∫
lh(xD ,yD ,ϕ)

dlR̃(r, ϕ). (2.17)

The dependence on the view angle consequently means, that images
acquired from different view angles, each show projections of a differ-
ent object, which can mathematically not be described by the Radon
transform. Therefore, in principle, reconstruction techniques based
on this approach have to be ruled out. However, for simple sample
geometries (like e.g., flat and laterally extended with a homogeneous
thickness, like wafers) the effects of absorption on the projection im-
ages can easily be corrected afterwards, where in LTG basically all rays
constituting one projection have to pass the same path length through
the material.

2.2.2 Imaging Dislocations by X-ray Diffraction Laminography

The presented approach to define the local reflectivity R(r) may be
feasible for some cases, if absorption can be neglected or its effects can
be corrected afterwards. In the case of imaging dislocations by means
of XDL, however, a monochromatized X-ray beam is diffracted by de-
formations of the crystal lattice in the vicinity of dislocations, while
aiming for the undistorted dislocation-free crystal matrix remaining
unexcited. This is also referred to as weak-beam contrast and enhances
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Figure 2.3: a) Illustration of weak-beam contrast created by distortions in
a crystal lattice. The black dotted lines represent a set of lattice
planes hkl, while the distortions, which correspond to the local
lattice vector h′ = hhkl + ∆h, are colored in red. h′ is now sen-
sitive to radiation impinging from an angle θ′B = θB + ∆θ, note,
how X-rays hitting the undistorted lattice are not diffracted since
here the Bragg condition is not fulfilled. b) Exemplary XDL pro-
jection image of a dislocation structure in silicon. The image was
acquired in LTG at an energy of 25 keV exploiting the 220-reflex.
The sample was tilted by 0.003

◦ out of the Bragg peak, i.e., the
weak-beam paramater was set to ∆θ = 0.003

◦.

spatial resolution since it usually prevents dynamical features to dom-
inate the image formation and enables a kinematic description of the
diffraction process at distorted crystal regions, also see Section 4.3.
This is accomplished by introducing a slight deviation to the tilt angle
θ, the so-called Bragg deviation or weak-beam parameter ∆θ:

θ′B = θB + ∆θ. (2.18)

For the case of silicon a suited deviation is in the magnitude of
∆θ ∼ 10−3◦. It is intuitively clear, that this means that the reflectivity
is not only depending on the view direction ϕ but also on the lattice
distortion or the strain in the crystal lattice and thereby on the specific
properties of the dislocation itself. Where regular tomography and
laminography assume a local and scalar object function, for the case of
XDL the object function and its interplay with the contrast function to
create a 2D image that could be deemed as a projection is much more
complicated and - strictly speaking - can not be described via line
integrals. For instance, a reasonable choice for the object function is
given by the displacement field u(r), describing the lattice distortions
close to a dislocation. This choice would represent an inherent object
property that does not change. But considering, how this property is
mapped or projected onto a detector, e.g., by making use of the effective
misorientation δ(r), one finds that the excited crystal volume fulfilling
the local Bragg condition for Eq. 2.18 is depending on the selected
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Figure 2.4: Schematic view of two possible measurement geometries typical
for XDL data acquisition: a) BRG enabling a full rotation about
the tomographic rotation axis Φ. b) LTG is limited for laterally
extended wafer shapes, since image recording with the diffraction
plane oriented parallel to the sample’s lateral extension is not
feasible, resulting in limited angle laminography.

reciprocal lattice vector hhkl , kh (view direction and energy of the
X-ray beam), and the Burgers vector (BV) b describing the dislocation’s
properties, which will be discussed in more detail in the next chapter.
The considerations in Chapter 5 will show that while varying the view
angle ϕ the illuminated crystal volume circles around the dislocation
core and is localized in a distance of a few µm, resulting in the
resolution limit in the magnitude of several µm as stated in [2, 48, 49].

2.3 comparison of measurement geometries

Two favorable measurement geometries, that enable the exploitation of
crystal reflexes whose respective reciprocal lattice vectors are oriented
in line with certain directions of a laterally extended sample geometry,
were already mentioned above:

In BRG the sample is placed flat on the sample table and tilted
towards the incoming X-ray beam to reach Bragg condition for a re-
ciprocal lattice vector hhkl , which is oriented parallel to the sample
surface normal n and coincides with the tomographic rotation axis Φ,
see Fig. 2.4a.
Another possible sample position is referred to as LTG, where the sam-
ple is placed upright on the table. Here, the selected reciprocal lattice
vector hhkl is oriented perpendicular to the sample surface normal n
and again coincides with the tomographic rotation axis Φ, compare
Fig. 2.4b.
Naturally, both geometries come with specific advantages and disad-
vantages. Obviously, BRG provides access to the whole angular range
of 360° for the tomographic rotation angle ϕ, since the sample shape



20 x-ray diffraction laminography

provides rotational symmetry with respect to the Φ-axis (at least if
we restrict the consideration to a round-shaped region of the sample
containing the whole illuminated crystal volume). LTG, however, leads
to difficulties approaching tomographic angles of ϕ = ±90◦, since in
these cases the X-ray beam would have to follow a path through the
whole lateral extension of the sample. (ϕ = 0◦ usually refers to the
case where the surface normal n is parallel to the diffraction plane.)
Consequently, the image acquisition for LTG will from now on be
considered as restricted to two wedges each with an angular range
of 130

◦ evenly distributed around the surface normal of the sample’s
front- and rear-side, respectively, see Fig. 2.5c. Additionally, we may
note that in BRG the path length through the material is constant with
changing view angle ϕ, but depends on the depth in which the diffract-
ing crystal volume is located within the wafer. In LTG on the other
hand, the path length is strongly dependent on ϕ but the same for
every ray contributing to a single projection, since it does not depend
on the localization of the diffracting region within the sample volume.
At first glance, full accessible angular range and view direction inde-
pendent X-ray path lengths may suggest that BRG is preferable. But,
with typical Bragg-angles during XDL-scans ranging from 4 to 10°,
path lengths in BRG turn out significantly longer than in LTG, if the
diffracting dislocation structure is not located close to the sample
surface. The ratio of diffracted and incoming intensity over rotational
angle ϕ is shown in Fig. 2.5a. The calculations simulated diffraction
at the 004-reflex in BRG and diffraction at the 220-reflex in LTG for
silicon, both cases assuming an X-ray-beam energy of 25 keV resulting
in Bragg angles of θBRG

B = 10.523
◦ and θLTG

B = 7.420
◦. Sample and

measurement geometries are illustrated in frames in 2.5b and 2.5c.
Since the direction dependent attenuation in LTG can be compen-

sated rather well with a simple division of the acquired images by the
respective attenuation factors, Fig. 2.5a already shows the advantages
of LTG. Especially, since in BRG features in different depth will cre-
ate image contrast by X-rays with significantly varying path lengths
through the material. This image property is not easily compensated
and may lead to various problems during data processing. Further-
more, previous studies showed that BRG is more sensitive to surface
features, which overshadow the underlying dislocation structure. Al-
though a 3D reconstruction is still possible, this is a strong argument
for employing LTG for XDL-projection acquisition, especially when
aiming to significantly reduce the required number of projections.
Due to these reasons, LTG allows the acquisition of XDL data that yields
3D reconstructions of higher quality. Therefore, this work will strongly
focus on XDL’s application in LTG. It has even turned out that the
result is improved further by only using images from one of the two
130°-wedges as input, if one assumes a local reflectivity R(r) and
neglects its kh-dependence. However, considerations presented later
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Figure 2.5: a) Calculated X-ray attenuation for LTG and BRG in comparison for
a silicon wafer with a thickness of d =750 µm and a surface nor-
mal parallel to the crystal direction [001]. For BRG - illustrated in
b) - the constant attenuation is plotted for three different penetra-
tions depths dp. For the last case only roughly 2% of the incoming
intensity leave the material. The gaps (light red areas) in the case
of LTG - illustrated in c) - result from the restriction to two wedge-
like measurement intervals of 130° each, this is also illustrated
in frame c): Accessible ranges are shown in green, unaccessible
ranges in red. Here, the 0°-degree direction is assigned to the
case were the diffraction plane is parallel to the plane spanned by
rotation axis Φ and surface normal n of the sample.

in Chapter 6 of this thesis will strongly support the incorporation of
both acquisition intervals. Nevertheless, it is noteworthy, that BRG is
more suited for other applications, such as so-called Multi-Azimuth
Rocking Curve Imaging (MARCI), e.g. for the mapping of strain around
an indent-like damage, which is typically located close to the sample
surface.

From this point on throughout this work - if not explicitly declared
otherwise - measurements in LTG, as illustrated in more detail in Fig.
2.6, will be assumed. Here, the laboratory coordinate system ΣL is
determined by the incoming X-ray beam defining the yL-axis and the
vertical zL-axis. The sample coordinate system ΣS emerges from ΣL by
rotation about the laminographic tilt axis Θ which is parallel to xL and
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Figure 2.6: Schematic view of a typical XDL measurement, showing the
laboratory coordinate system ΣL, the sample coordinate system
ΣS which emerges from ΣL by a rotation θ about the x-axis, and
the 2D detector coordinate system ΣD. In shallow red the relevant
rotation axes Θ and Φ are indicated.

centered in the illuminated crystal volume. The tomographic rotation
axis Φ is aligned parallel to the selected reciprocal lattice vector hhkl
with hkl = 220 if not declared otherwise. (Note, that hkl = 220 is
chosen over hkl = 220 for easier comparison to data and results in
ongoing and from earlier studies, in particular the ones presented in
[2, 48, 49]. More details can be found in Appendix H.) Furthermore,
we will assume a detector tilted by 2θB, so that the diffracted X-ray
beam hits the detector plane perpendicularly.

2.4 summary

Technically speaking, tomography and its generalization laminography
require a localized sample property, that can be expressed by a scalar
function, the object function. The contrast function then describes the
image formation by projecting this property via line integrals onto
the detector plane. When utilizing diffraction contrast an object func-
tion can be formulated but the interplay with the contrast function
becomes view direction dependent. In addition, the image formation
follows physical principles of X-ray diffraction, involving non-local
and non-linear properties and concepts and thus represents a much
more complex problem than projecting, e.g., absorption properties
onto the detector plane. Therefore the projection criteria is violated,
i.e., reconstruction techniques are not applicable by default.
Furthermore, this combination of laminography and topography re-
sults in complex requirements regarding instrumentation used for
sample manipulation during a measurement. Laminography requires
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Figure 2.7: Schematic overview illustrating the connections of theoretical
background to the different steps in the workflow of the devel-
opment continuation of XDL. The foci of the here presented work
are highlighted in red.

a high precision of motion in real space, while topography - especially
if a monochromatic beam is applied to create weak-beam contrast -
needs a high resolution in reciprocal space.
In the following chapters the theoretical basis for a framework enabling
the simulation of the contrast formation will be laid out. Simulations
will then be utilized to determine the specifications of a dedicated
instrumentation and select suited 3D reconstruction techniques with
a high level of resilience against the inconsistencies inherent in XDL

data. Furthermore, based on this simulations concepts will be devel-
oped and applied to approximate an object function that describes
the position of the dislocation core rather than the lattice distortions
that locally fulfill the Bragg condition and contribute to the contrast
formation. Retrieving the dislocation core position has the advan-
tages, that it is independent of view direction, dislocation properties,
and measurement parameters like the weak-beam parameter ∆θ. Fig.
2.7 illustrates the interplay of the theoretical, instrumentational and
laminographic (i.e., the reconstruction problem) aspects of XDL.

To end this chapter, some important measurement routines and a
data processing technique will briefly be described for later reference:

xdl scan The acquisition of topographic weak-beam images from
different view directions within a certain angular range turning about
the tomographic rotation axis Φ. In this work these topographs will
be referred to as XDL projections, quasi projections, or just projections.
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rocking scan The acquisition of topographic images with a
monochromatic beam, while the laminographic tilt angle θ is var-
ied in a step-wise manner to sample the rocking curve at a given
position ϕ.

multi-azimuth rocking curve imaging MARCI refers to the
acquisition of rocking scans from different view directions within a
certain angular range turning about the tomographic rotation axis Φ.

virtual weak beam Although, Virtual Weak-Beam (VWB) has not
been developed in the frame of this thesis, it is utilized for certain
reconstructions. A rocking scan enables extracting the rocking curve in
every single detector pixel; by certain processing steps a virtual projec-
tion for a selected weak-beam parameter can be computed pixel-wise
from this information. The approach is currently under development,
but has already proven very useful for selected application cases.



3
P R O P E RT I E S O F D I S L O C AT I O N S

Perfect crystals do not - or only to some extend, e.g., in a confined re-
gion of a bulk - exist in reality. The regular periodic atom arrangement
is disturbed by defects, which may be classified into point, line, planar,
or volume defects. Point defects can again be devided into intrinsic
defects, like vacancies or self-interstitial atoms, and extrinsic defects,
like impurities, which can again be devided into two types: substitu-
tional and interstitial, where a regular atom of the lattice is replaced by
an impurity atom or the impurity is inserted between regular lattice
atoms, respectively, analogous to the intrinsic point defects. Planar
defects are stacking faults, grain boundaries and twin boundaries. The
surface of a crystal is also considered a planar defect, since the trans-
lational symmetry ends at this boundary and thus any real crystal
is not defect-free. Voids or precipitates are volume defects [69]. Line
defects are also referred to as dislocations and they are the key subject
to defect imaging by means of X-ray Diffraction Laminography (XDL)
within the frame of this work.
Although the atomic displacement is in the magnitude of the lattice
constant (in the case of silicon ∼ 10

−10m) the distortions in the crystal
lattice - resulting in so-called strain - reach much further (∼ 10

−6m,
i.e., their reach is on the µm scale). Lattice deformations in the vicinity
of dislocations may alter the material properties significantly: This
ranges from electronic properties (already mentioned in Chapter 1)
affecting, e.g., battery performance [66] over radiation resistance to
mechanical strength. In fact, historically a broad range of theories and
models were developed around the topic of dislocations, e.g., disso-
ciated [67] and circumstances leading to sessile dislocations [68] had
been suggested, explaining nearly any result in plastic deformation
before techniques were available to proof them or observe the nature
and effects of dislocations directly under a microscope [23]. For later
reference, especially in connection to the theoretical considerations
in Chapter 5, in this chapter basic properties of dislocation and their
description will be introduced, basically following [69]. Note, that the
discussion will be restricted to perfect dislocations, since partial dislo-
cations have not been observed by XDL yet. Therefore, considerations
regarding partial dislocations would be entirely theoretical and not be
verifiable by comparison with measurement data.

25
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3.1 screw and edge dislocations

Dislocations constitute an irregularity within the crystal lattice, which
may be described as following an imaginary line. In the following the
direction of this line will be denoted by the vector l, also see Fig. 3.1.
There are two major types of dislocations: edge dislocations and screw
dislocations. The easier example are the so-called edge dislocations
where the displacement of atoms basically occurs within a lattice
plane and the line-like character stems from a re-occurrence of the
same irregularity at the corresponding position in the parallel lattice
planes. Thus, the misplacement is perpendicular to the line direction l.
Screw dislocations on the other hand describe a spiral misplacement
continuing periodically in adjacent lattice planes. The geometrical
displacement of atoms characterizing dislocations can be expressed
via the so-called Burgers vector (BV) b with its length being denoted
by |b| = b, [69–71]. To construct the BV one may utilize the most
useful definition of a dislocation: the Burgers circuit. The Burgers
circuit describes a closed atom-to-atom path. If the same path-steps
are performed in a perfect reference lattice and the path is not closed,
the original path encloses one or more dislocations. The BV b is then
given by the path from finishing to staring point. A clear definition can
be given by relying on the right-hand/finish-start - or short RH/FS
- convention [72], which connects the sign of the BV b to the sign of
the selected line direction l: If the sign of l is changed, the sign of b
changes accordingly. This is illustrated in Fig. 3.1 for the case of a pure
edge (Frames 3.1a and 3.1b) and a pure screw dislocation (Frames 3.1c
and 3.1d).

Fig. 3.1 leads to following conclusions for the two basic types of
dislocations:

• In the case of a pure edge dislocation the BV is always directed
perpendicular to the line direction: b ⊥ l ⇒ b · l = 0.

• For a pure screw dislocation the BV is always parallel or antipral-
lel to the line direction: b ∥ ±l.

In reality, next to the two basic dislocation types often mixtures
occure, that contain an edge- and a screw-part, bs and be, respectively,
which are then given by:

be = |l× (b× l)| (3.1)

bs = b · l. (3.2)

For the case of a face-centered cubic structure - like in a broader
sense diamond or silicon - the shortest lattice vectors are ⟨001⟩ and
½⟨110⟩. Since the energy of a dislocation (screw, edge, and mixed) is
proportional to b2, with
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Figure 3.1: Illustrations of the two basic dislocation types: a) Edge dislocation
in a simple cubic crystal lattice with right handed Burgers circuit
(yellow) and line direction l. b) Burgers circuit from a) mapped
to a perfect crystal lattice with resulting BV b. c) Illustration of a
screw dislocation similar to a). d) Burgers circuit corresponding
to c) and resulting BV b for a screw dislocation. (Illustration taken
from [49] with permission of the author.)

Perfect
(
b =

1
2
⟨110⟩

)
: b2 =

a2

4
(
12 + 12 + 0

)
=

a2

2
(3.3)

this means E ∼ a2/2 for the BVs with directions ⟨110⟩ and E ∼ a2

for ⟨001⟩ directions, respectively. This makes dislocations with a BV

described by Eq. 3.3 the energetically most favourable case, explaining
why dislocations of this kind are present far more often and dislo-
cations with b ∈ a⟨001⟩ are only rarely observed, [69]. Furthermore,
dislocations of this kind will leave behind a perfect crystal after propa-
gation through a certain volume, since ½⟨110⟩ is a translational vector
of the lattice, making them perfect dislocations. These circumstances
justify further confining the considerations presented in this work to
BVs in the ⟨110⟩ directions.
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3.2 displacement field of a dislocation

Of special importance for the considerations in Chapter 5 regard-
ing the contrast formation due to excitation of the lattice distortions
in the vicinity of a dislocation is the displacement field u(r) =

[ux(r), uy(r), uz(r)]. It describes the displacement of a point (or atom)
in a strained body from its position in the unstrained body via

r′ = r+ u(r). (3.4)

Assuming linear elasticity and isotropic properties of the material,
u(r) for an infinitely long, straight dislocation can be written in
Cartesian coordinates as [70]:

ux(r) =
be

2π

[
arctan

(y
x

)
+

xy
2(1 − ν)(x2 + y2)

]
(3.5a)

uy(r) =
−be

8π(1 − ν)

[
2(1 − 2ν) ln

(√
x2 + y2

r0

)
+

x2 − y2

x2 + y2

]
(3.5b)

uz(r) =
bs

2π
arctan

(y
x

)
(3.5c)

Here, ν denotes the material’s Poisson’s ratio, while r = (x, y, z). It
is important to note, that the coordinate system has been defined by
choosing bs = (b · l) · ez ∥ ez, and be = |l× (b× l)| · ex ∥ ex, while ey

follows the definition of a right handed Cartesian coordinate system:
ey = ez × ex.
Investigating Eqs. 3.5, it becomes clear that this approximation is
in agreement with the properties given in Section 3.1 and the dis-
placement stemming from an edge dislocation is confined to a plane
normal to the dislocation line direction l, while a screw dislocation
only displaces the atoms in z− or l−direction and the (x, y)-position
is preserved.

3.3 dislocations and plastic deformation

In order to emphasize why and how dislocations may significantly
impact material properties, this section will illustrate basic elements
of the theory of dislocations, like their origin and the movement of
dislocations by glide, slip and related steps on a sufficiently flat surface
already mentioned in Chapter 1.
Intrinsic dislocations - generated already during the growth process
- predominantly stem from high temperature gradients, impurities
can nowadays be avoided in most cases. Furthermore, imperfect seed
crystals will lead to dislocations affecting the crystal matrix and lattice
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mismatches between growth crystal and substrate may be compen-
sated by the occurance of dislocations. Origins like these are referred
to as heterogeneous nucleation. Homogeneous nucleation within perfect
crystal volumes is also possible, although it requires stresses in the
GPa-range. These conditions can be introduced by mechanical loads
applied to small areas, which experimentally can be realized by means
of controlled nano-indentation or accidently in industrial processes
by handling. Another important mechanism, that generally requires
less energy, is dislocation multiplication, e.g. from so-called Frank-Read
sources. These are able to generate multiple dislocation loops if certain
requirements of continuously applied shear stress are met. In this
thesis dislocations of this type will be referred to as extrinsic disloca-
tions, i.e., dislocations that emerge only after the growth process of
the crystal is completed. Due to energetical reasons such dislocations
in perfect crystal volumes only exist in closed loops or - as more
prominent in the applications presented later in this work - the end
points of the dislocation lines intersect with the crystal surface.
Assuming a nearly perfect surface, which is often realizable for semi-
conductor wafers by cutting and a subsequent polishing procedure,
Frame c) in Fig. 3.1 indicates how dislocations lead to steps on the
surface except for the special case of a pure edge dislocation directed
parallel to the surface normal n meaning b ∥ l ∥ n as shown in Frame
3.1a. The height of these surface steps ∆H is given by

∆H = b ·n (3.6)

if |n| = 1, which follows from straight forward geometrical consid-
erations.
Although Frame 3.1c is a schematic depiction of a static displacement,
it also serves as a good illustration for a dynamical deformation pro-
cess, so-called slip: The crystal volumes surrounding point D and E
may be considered as displaced with respect to each other, whereas the
crystal parts surrounding B and C are not displaced. The magnitude
of the displacement is b = |b| and the direction of slip is necessarily
always parallel to the BV b. Dislocations, therefore, may be regarded as
the elementary, quantized carriers of plastic deformation. Slip occurs
when many dislocations move or glide. Dislocations that are able to
glide (driven by external stress) do this in so-called glide planes, which
are defined by b and l. For diamond- and related structures this results
in {111} planes. Often the glide planes are the closest packed lattice
planes in the crystal and the respective glide directions are given by
the closest packed directions in these glide planes, i.e., the shortest
lattice vectors in these glide planes. Pairs of glide planes and glide
directions are referred to as glide systems [69], for which the notation
{hkl}⟨uvw⟩ will be used. Here, the glide planes are denoted first in the
curved brackets and the glide directions are second. For face-centered
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cubic crystals like silicon the slip often occurs in the {111}⟨110⟩ slip
system.
Unarguably, dislocations, plastic deformation and related surface steps
introduce a variety of challenges to the fabrication of high performance
devices. Especially, since steps on the surface will pile up if the cor-
responding dislocations have the same BV and glide on the same or
nearby (on an atomic scale) parallel glide planes, which is typical as
application cases in later chapters of this thesis will show and which
was already reported in [48, 49]. The dynamics contributing to plastic
deformations are closely related to the dynamics of dislocations and
do not only involve movement of already existing dislocations but also
the generation of new defects. Although basic models have existed for
several decades, a detailed description of the physical mechanisms
enabling reliable quantitative calculations is still a topic of present
research [73]. This again underlines the aspiration to combine the
current capabilities of XDL with the ability of capturing dynamical
processes in a quasi in situ fashion.
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T H E O RY O F X - R AY D I F F R A C T I O N

This chapter will present the fundamental concepts of X-ray diffraction
to lay a basis for the contrast formation processes enabling topographic
image acquisition and thereby X-ray Diffraction Laminography (XDL).

4.1 fundamental equation of x-ray diffraction

Following the standard derivation found in a variety of textbooks, one
may start from the Maxwell Equations of classical electrodynamics in
their differential form and written out in the SI unit system

∇ ·D = ρ f Gauss’s Law (4.1a)

∇ ·B = 0 Gauss’s Law of Magnetism (4.1b)

∇×E = −∂B

∂t
Faraday’s Law of Induction (4.1c)

∇×H = j f +
∂D

∂t
Ampère’s Circuital Law (4.1d)

with D denoting the electric displacement field, free electric charge
density ρ f , magnetic induction B, electric field E, magnetic field H ,
and electric current density j. With the material equations

D = ϵϵ0E (4.2a)

B = µµ0H (4.2b)

j = σE (4.2c)

with the dielectric permittivity of material and vacuum, ϵ and ϵ0,
respectively, which connect to the susceptibility χ via

ϵϵ0 = ϵ0(1 + χ), (4.3)

the magnetic permeability (of free space) µ(0) and the electric con-
ductivity tensor σ, now the assumption of no free charge carriers and
currents, i.e. ρ f = 0 and j f = 0, in a non-magnetic material is made,
µ ≈ 1. By applying a rotation from the left hand side to Eq. 4.1c and
using Eq. 4.1d in combination with the material relations 4.2 we obtain

(
ϵ(r)ϵ0µ0

∂2

∂t2 − ∆
)
E(r, t) +∇ (∇ ·E(r, t)) = 0. (4.4)

31
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By inserting a time-harmonic wave E(r, t) = E(r)e−iωt and making
use of Eq. 4.3 with a frequency dependent susceptibility and k = ω/c
for the wave vector k one obtains the fundamental equation of X-ray
diffraction [74, 75]:

(∆ + K2)E(r, ω) = ∇(∇ ·E(r, ω))− K2χ(r, ω)E(r, ω) (4.5)

which by using the definition V̂ E(r) = ∇(∇ ·E(r))−K2χ(r)E(r)

can be rewritten as a Helmholtz equation:

(∆ + K2)E(r) = V̂ (r)E(r). (4.6)

A formal solution of Eq. 4.6 can be found with the Green function
method in the form

E(r) = E0(r) +
∫

d3r′G0(r− r′)V̂ (r′)E(r′) (4.7)

where E0(r) is the solution to the homogeneous part of Eq. 4.6 and
G0(r− r′) is the Green function satisfying

(∆ + K2)G0(r− r′) = δ3(r− r′) (4.8)

with δ3(r) denoting the three-dimensional (3D) δ-distribution [76].

4.2 x-ray diffraction by crystals

The interaction of X-ray radiation represented by the electric field
E in Eq. 4.6 is described via susceptibility χ, which in its Fourier
decomposition can be written as

χ(r) = ∑
h

χheihr (4.9)

with reciprocal lattice vectors h given by

h = hb1 + kb2 + lb3 (4.10)

where bi with i = 1, 2, 3 are the unit vectors of the reciprocal lattice
fulfilling the well-known relation

ai · bj = 2πδij (4.11)

with the unit vectors of the crystal lattice ai with i = 1, 2, 3 (here,
the definition according to solid state physics was chosen; in crystal-
lography the definition is equivalent but excluding the factor 2π). The
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susceptibility as given in Eq. 4.9 assumes a perfect, infinitely large
crystal. With regard to dislocation imaging by means of X-ray diffrac-
tion, now crystal deformation described by the displacement field
u(r) may be introduced, representing the displacement of an atom
at position r with original position r0 in the undisturbed or perfect
reference lattice, as already introduced in section 3.2. Therefore, the
continuous function u(r) is given by

u(r) = r− r0. (4.12)

With the approximation

χ′(r) ≈ χ(r0) = χ(r− u(r)) (4.13)

one assumes, that the electric susceptibility of the deformed crystal
lattice at point r is the same as the perfect crystal’s susceptibility at r0,
where r had been before the deformation. In other words: The electron
density distribution is only shifted but not altered. The assumption
is valid as long as the core electron wavefunctions of the displaced
atoms do not overlap and valence and conduction electrons only make
a minor contribution to the overall scattering, which is often a good
approximation for most crystals. It is generally fulfilled if

∂ui

∂xj
≪ 1 ∀ i, j (4.14)

which then leads to the following form of the susceptibility of the
deformed crystal expressed by its Fourier expansion:

χ′(r) = ∑
h

χheih·(r−u(r)). (4.15)

With the local reciprocal lattice vector written as

h′(r) = ∇(h · (r− u(r)) = h−∇(h · u(r)) (4.16)

and under the condition that h′ is depending so weekly on r that

h′(r) ≈ ∇(h′(r) · r) = ∇(Sh(r)) (4.17)

an eikonal-like function Sh(r) may be defined and we may write the
Fourier expansion in Eq. 4.15 as

χ′(r) = ∑
h

χheih′(r)·r. (4.18)
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To now formally solve the fundamental equation of X-ray diffraction
in the form given by Eq. 4.5 with the susceptibility in Eq. 4.18, the
concept of Bloch waves, well-known in solid state physics, may be
used

E(r) = ∑
h

E ′
heik′

hr (4.19)

where k′
h = k0 + h′(r). (4.20)

This results in:

0 =∑
m

[
4K2E ′

m(r)− 4k′
m

2
(r)E ′

m[⊥k′
m]
(r)

+ 4K2 ∑
n

χm−nE
′
n(r) + 4i

(
k′

m∇
)
E ′

m(r)

+ 2iE ′
m(r)∇k′

m + ∆E ′
m(r) (4.21)

− 2
(
ik′

m∇E ′
m(r) + i∇

(
k′

mE
′
m(r)

))
−∇

(
∇E ′

m
)]

eik′
m(r)r.

E ′
m[⊥k′

m]
denotes the part of E ′

m perpendicular to k′
m and due to

the small difference between the two, E ′
m[⊥k′

m]
can be replaced by E ′

m,
which is a very good approximation because of the refractive index
being almost one for sufficient X-ray energies. To solve Eq. 4.21 in all
points r in the crystal, the terms in the brackets must vanish leading
to

0 =4

[
K2E ′

m(r)− k′
m

2
(r)E ′

m + K2 ∑
n

χm−nE
′
n

]
+ 4i

(
k′

m∇
)
E ′

m(r) + 2iE ′
m∇k′

m + ∆E ′
m(r) (4.22)

− 2i
[
k′

m (∇Em) +∇
(
k′

mEm
)]

−∇
(
∇E ′

m
)

.

This set of equations now allows to draw conclusions in different
levels of approximation as presented in [77] and also in [49], which
served as guidelines for this section. In particular, they concern X-ray
diffraction by perfect crystals and crystals with weak, moderate and
strong deformations. Only the results given for strongly deformed
crystals will be briefly summarized here, since these include the intro-
duction of the effective misorientation which will play an important
role and be derived in another way in Chapter 5 following [49].
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For strong deformations in a crystal [77] mentions a wave optical
theory based ansatz which relies on the equations

0 =πK2

(
k′

m
2(r)− K2(1 + χ0)

K2 E ′
m(r)− ∑

n ̸=m
χm−nE

′
n(r)

)
− i
(
k′

m∇
)
E ′

m(r) ∀ m. (4.23)

Now it is possible to derive the Takagi equations of wave optics [78] by
assuming that only two points in the reciprocal lattice are excited and
the main contributions arise from m = 0 and m = h, yielding

∂E′
0(x0, xh)

∂x0
=iπK

(
χhCE′

h(x0, xh)− 2δ′0E′
0(x0, xh)

)
(4.24a)

∂E′
0(x0, xh)

∂xh
=iπK

(
χhCE′

0(x0, xh)− 2δ′0E′
h(x0, xh)

)
(4.24b)

where ∂/∂x0,h denotes the directional derivatives

1
k

′

0,h
(k′

0,h(r)∇) (4.25)

in the direction of the vectors k′
0,h. The parameters δ′0,h are given by

δ′m =
k′2m − K2(1 + χ0)

2K2 (4.26)

≈ − [∆θ − ∆θB − δθ(r)] sin(2θB) (4.27)

where ∆θ represents the angular deviation from the kinematical
Bragg condition and

∆θB = −
χ0

(
1 − cos(Ψh)

cos(Ψ0)

)
2 sin(2θB)

(4.28)

is the shift of the Bragg angle due to refraction, with Ψ0,h being the
angle of the incoming and diffracted waves and the surface normal
of the crystal, respectively. The effective misorientation δθ(r) connects
the deformation of the diffracting lattice planes to a local shift in the
Bragg angle θB of an undistorted reference lattice. It is expressed by

δ(r) =
1

K sin(2θB)

∂

∂xh
[h · u(r)] . (4.29)

The effective misorientation and its derivative - the strain gradient
∂/∂xhδθ(r) - control the influence of the lattice deformation on the
diffraction and are therefore of major importance for the following
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chapters. This is why the expression 4.29 will be derived in a different
way in Chapter 5 as presented in [49]. The range of applicability for
this approach can be defined via the conditions [79]

∣∣∣∣ ∂2uk

∂xi∂xj

∣∣∣∣≪ K |χh| (4.30)

with i, j, k = 1, 2, 3 in addition to Eq. 4.14. An equivalent condition
refers to a slow variation of the amplitudes of the electric field E ′

m(r)

on a length L which is in the magnitude of 50 nm [80]. Since this
length is well below the resolution limit of X-ray topography (typically
about 1 µm) the condition holds and the approximation describes
dynamical effects of X-ray diffraction by crystals with deformations
like they are present in the vicinity of a dislocation core.

4.3 fraunhofer approximation and kinematic

x-ray diffraction

In cases where the distance from the sample to the detector D is
much larger than the extension of the scattering potential χ(r′) itself,
meaning |r′| ≪ |r| ≈ D, the scattering potential may be treated
as a point source emitting a spherical wave front. This is the so-
called Fraunhofer or far-field approximation which is valid for scattering
potentials within in the first Fresnel zone given by Lν =

√
λd, resulting

in, e.g., 1.5 µm for 30 keV and a distance d of 5 cm. Making use
of the Fraunhofer approximation a solution to the inhomogeneous
Helmholtz equation 4.6 for V̂ = δ(r− r′) is given by

G0(r− r′) = − 1
4π

eiK|r−r′|

|r− r′| (4.31)

and may be rewritten as

G0(r− r′) ≈ GFH
0 (r− r′) = − 1

4π
eiKd

d
e−iksr

′
(4.32)

where ks = Kr/r is the wave vector of the scattered signal. Further-
more, as often done in quantum mechanics one may introduce the
scattering operator

T̂ = V̂ + V̂ Ĝ0V̂ + V̂ Ĝ0V̂ Ĝ0V̂ + .... (4.33)

and the formal solution of Eq. 4.6 given by Eq. 4.7 can be expressed
by

E(r) = E0(r) +
∫

d3r′G0(r− r′)T̂E0(r
′). (4.34)
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In the Fraunhofer approximation with Eq. 4.32 this results in

E(r) = eik0r − 1
4π

eiKr

r

∫
d3r′T̂ (r′)e−i(ks−k0)r

′
. (4.35)

The advantage of this formulation is, that it in principle allows
solving the problem up to any desired order but if and how fast
convergence is reached is always depending on the specific scattering
potential.

For further simplification we here introduce the First Born or kine-
matic approximation, which is often applied to describe the diffraction
by small crystal regions within a greater mosaic-like crystal. This can be
considered similar to the case of dislocation imaging in the weak-beam
regime. Due to the intended angular deviation from the Bragg condi-
tion ∆θ introduced in Chapter 2 in Eq. 2.18 great parts of the crystal
volume remain unexcited, with only distorted parts of the lattice close
to dislocation cores contributing to diffraction. These regions represent
small crystal volumes fulfilling the Bragg condition embedded in a
large matrix. Mathematically, the kinetic approximation is simply a
truncation of the scattering operator T̂ after the first order:

T̂kin = V̂ . (4.36)

With the definition of V̂ E(r) = ∇(∇ ·E(r)) − K2χ(r)E(r) the
scattering potential can be simplified by neglecting all polarization
effects (i.e., ∇(∇ ·E0(r)) = 0), resulting in

V̂ = −K2χ(r). (4.37)

Hereby, the components of the electric field become decoupled. The
physical assumption is that only single-scattering events contribute
and any multi-scattering events are excluded. For the case of a σ-
polarized electric field, combining the Fraunhofer and the kinematic
approximation, i.e., Eq. 4.35 and Eq. 4.37, for describing diffraction by
sufficiently small crystals in the far field will yield

E(r) = E0(r) +ES(r)

= eik0r − K2

4π
eiKr

r

∫
d3r′χ(r′)e−iQr′ . (4.38)

To account for the small size of the crystallite again the susceptibility
may be expressed by its Fourier expansion - since the 3D periodicity
is preserved - and be combined with a shape function G(r), which
is 1 inside the crystal volume and 0 outside of the crystal volume.
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Figure 4.1: a) Ewald sphere for a small crystal. b) Ewald sphere for an infinite
crystal.

Following the convolution theorem the multiplication in real space
leads to a convolution in reciprocal space:

χ(r) = χ∞(r)G(r) =
∫

d3q ∑
h

χhG̃(q − h)eiqr, (4.39)

where χ∞(r) denotes the susceptibility of an infinite crystal and
G̃(q) represents the Fourier transform of the shape function G(r). This
now enables the derivation of the scattering amplitude for kinematical
diffraction by small crystals:

ES(r) = −K2

4π
eiKr

r ∑
h

χhG̃(q − h). (4.40)

An infinitely extended crystal would be described by G(r) = 1 ∀ r

- and therefore G̃(q − h) → δ3(q − h) - and lead to sharp points in
the reciprocal lattice, where any spatial confinement or boundary
condition would result in an increasingly strong smearing of the re-
ciprocal lattice points with decreasing crystal size. This is indicated
in Fig. 4.1, where the Ewald construction is used to illustrate the con-
dition for diffraction. With q = kh − k0 only certain reciprocal lattice
points, which intersect with the Ewald sphere with radius |k0|, are able
to contribute to the signal. This illustration also allows for an easy
geometrical derivation of Bragg’s Law as

sin θB =
|hhkl |
|k0|

=
λ

2dhkl
(4.41)

where the wavelength is given by the well-known relation λ =

2π/ |k0| and dhkl = 2π/ |hhkl | is the distance between the hkl lattice
planes.
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4.4 discussion

The wave optical ansatz for diffraction by a crystal with strong de-
formations given by Eq. 4.23 has proven to yield good results for the
simulation of rocking curves and topographic images. However, the
equations have to be solved numerically. Furthermore, the physical
interpretation is not as straight forward as in geometrical theories.
Apart from that, the wave optical ansatz describes image formation
by linking the observable contrast to lattice deformations in a non-
linear and non-local way, which contradicts the projection criteria and
therefore raise questions on the applicability of the reconstruction
techniques, introduced in Chapter 2.
With image acquisition being performed in the weak-beam regime, i.e.,
by the targeted excitation of lattice distortions with a monochromatic
beam while the undisturbed crystal matrix remains mainly unexcited,
one can describe the contrast formation based on the theory of kine-
matic diffraction and dynamical effects can be neglected.
Despite the accurate description of topographic image formation, i.e.,
the forward problem, by wave optical approaches, kinematical theories
are better in agreement with the requirements for tomographic and
laminographic reconstruction procedures, i.e., the backward problem.
Therefore, in the next chapter the derivation of a ray tracing model
will be presented, which assumes that the excited crystal volumes are
consisting of small enough crystallites along the dislocation line and
diffract kinematically.
The Fraunhofer approximation has to be applied carefully, since de-
pending on the specific distance from detector to sample images might
be recorded in the vicinity of the first Fresnel zone. However, the ap-
proach has been solidified by the first successful applications of XDL

and has so far shown good agreement of simulations and measure-
ment.





5
M O D E L I N G D I S L O C AT I O N C O N T R A S T F O R M AT I O N
I N W E A K - B E A M

In this chapter, the theoretical background for a geometrical ray trac-
ing approach will be presented. For a general description of the topo-
graphic image contrast formation one would rely on the dynamical
theories presented in the previous chapter. Therefore, the Takagi equa-
tions would have to be solved. This has been done by suitable numeric
integration and the results have shown agreement with the experimen-
tal findings [81, 82]. However, since interpretations on this basis are
difficult, here, another approach, that allows an easier investigation of
the parameter space, will be introduced, closely following [49]. Ray
tracing has been broadly utilized as an approach for simulations re-
garding X-ray topography [83–85] and within this work, it will be used
to perform simulations of X-ray Diffraction Laminography (XDL) pro-
jections, which then will undergo a subsequent three-dimensional (3D)
reconstruction in Chapter 6.
Based on full dynamical theory (i.e., the Takagi Equations), a to-
pograhic image can be decomposed into three main contributing parts,
[35, 75]. Without going too much into detail, here only a brief de-
scription will be given: (i) The dynamical image of a dislocation in
a topograph shows a blurred white line. It can be understood as a
shadow cast of the incoming X-ray beam along the propagation di-
rection of the wavefield impinging on the dislocation. Far from the
dislocation core strain bends the wavefield, while closer to the dislo-
cation core so-called interbranch scattering is dominant. (ii) The direct
image is created by reflection of the direct beam by more distorted
areas close to the dislocation core. For high absorption the dynamical
image dominates (typically µL > 6, with the linear absorption coeffi-
cient µ and path length through the material L), while the direct image
mainly contributes for values of µL up to 2 or 3. (iii) The intermediary
image is created by interference between interbranch scattered waves
and the original ones. It has been first described experimentally and
theoretically in [86]. The direct image acquired under weak-beam
conditions comes closest to fulfilling the projection requirement. It
has explained the width of dislocation images in topographs observed
during experiments [42]. It also represents the contribution to the
topograph the following considerations will focus on.
In summary, the derivation of the theoretical framework for contrast
formation of a dislocation in a XDL projection will follow the following
scheme: The displacement field u(r), given by Eq. 3.5, will be used to
describe the dislocation, i.e. incorporating the assumptions of linear
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elasticity theory and isotropic properties of the material, leading to a
local reciprocal lattice vector h′. Since XDL employs a monochroma-
tized X-ray beam, an angular excitation interval will be defined for the
resulting effective misorientation δ(r) introduced already in Section
4.2. Making use of the mosaic model, the diffracting volumes are small
enough to diffract only kinematically, so that dynamical effects can be
neglected. The image on the detector plane will then be computed by
ray tracing of parallel rays.

5.1 deformation in a crystal lattice

Next to the previously introduced description of the local reciprocal
lattice vector h′ via the displacement field u(r) and an eikonal func-
tion Sh(r) in Eq. 4.17 of Section 4.2, the here presented derivation will
be based on the local lattice tilts ωx(r) and ωy(r) and the local lattice
strain [∆d/d] (r). Again an undistorted reference lattice will be used
to define these local properties, for which ωx(r) = ωy(r) = 0◦ and the
interplanar spacing will be given by d(r) = dhkl . With the definition
of a coordinate system as shown in Fig. 5.3, i.e., a positive value of
ωx,y indicates a tilt towards the respective axis while the reciprocal
lattice vector of the reference lattice is parallel to the z-axis, h0 ∥ êz,
one easily finds the relations

hx

hz
= tan(ωx) (5.1)

hy

hz
= tan(ωy), (5.2)

see Fig. 5.1b. Exploiting the definition of the reciprocal lattice vector
given in Eqs. 4.10 and 4.11, one can derive the connection between the
interplanar spacing d and the reciprocal lattice vector itself as

|h| = 2π
d

, (5.3)

which allows to express the local reciprocal lattice via a normaliza-
tion factor and the direction shown in Fig. 5.3 as

h(r) =
2π

d(r)
√

tan2(ωx(r)) + tan2(ωy(r)) + 1

tan(ωx(r))

tan(ωx(r))

1

 . (5.4)

It is noteworthy, that so far this approach is not limited by any
level of distortion. Now resuming to the considerations regarding an
eikonal function as introduced in section 4.2 one can write
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h′(r) = ∇(Sh(r)) = ∇(h(r− u(r))

= h−∇(h · u(r)), (5.5)

which with the definition ∆h(r) = h′(r)− h yields

∆h(r) = −∇(h · u(r)). (5.6)

Assuming sufficiently small deviations of the tilts and strain with re-
spect to the reference lattice, with this the relations to the displacement
field u(r) are

ωx(r) ≈ −∂xuz(r)

ωy(r) ≈ −∂yuz(r) (5.7)

∆d
d0 (r) ≈ +∂zuz(r).

Figure 5.1: a) Local reciprocal lattice vector and reference lattice. b) View
direction perpendicular to the xz- or yz-plane, respectively.

5.2 geometrical ray tracing

To derive the geometrical ray tracing model one considers the case
where only one point hkl in the local reciprocal space of the discrete
sample lattice is taken into account. Obviously, the contribution to
the diffraction signal of an infinitesimally small crystal volume is
only possible if the Bragg condition 4.41 is fulfilled. The diffracted
ray’s direction is then given by kh and the signal detected by the
detector occurs at the intersection point of kh with the detector plane.
In the following the analytical considerations will be restricted to the
case of a parallel incident beam and perpendicular orientation of the
detector plane with respect to kh, which practically means a tilt of the
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detector about 2θ in comparison to a regular tomographic alignment.
The image is then given by the incoherent superposition of all rays
diffracted by crystallite points in the sample in Bragg condition.

Figure 5.2: a) A rotation or tilt is performed to transition from a tomographic
into a laminographic configuration with θ ̸= 0. b) Diffraction
in Bragg condition. The wave vector of the diffracted ray kh
results from rotation of k0 about Θ by 2θB. c) A small distortion
is introduced by h′ resulting in the diffracted wave vector kh′ .

5.2.1 The Case of an Undistorted Lattice

As a preliminary step the case of a perfect reference lattice will be
briefly discussed by starting off with the reciprocal lattice vector being
oriented perpendicular to the incident beam, i.e. k0 ⊥ h. By means
of XDL this represents the special case of θ = 0, where laminography
transitions into regular tomography. In order to exploit diffraction
contrast the sample is tilted about a rotation axis Θ perpendicular to
k0 and h, i.e.

êΘ =
h× k0

|h× k0|
, (5.8)

also see Fig. 5.2a.
Relying on the laboratory coordinate system illustrated in Fig. 2.6 and
without loss of generality we can select êΘ to be parallel to the x-axis.
The selected reciprocal lattice vector tilted by θ is given by

hθ = RΘ(θ)h (5.9)

with

RΘ(θ) =

1 0 0

0 cos(θ) − sin(θ)

0 sin(θ) cos(θ)

 . (5.10)

Making use of the conservation of the wave vector, i.e. |k0| = |kh| =
k, also compare Fig. 5.2b, and the well-known definition of the scalar
product in 3D space one finds
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cos(Ψ) = −k0 · hθ

k |hθ |
. (5.11)

Rewriting Bragg’s Law from Eq. 4.41 as

sin(θB) =
λ

2d
=

1
2

2π
k
|hθB |
2π

=
|hθB |

2k
(5.12)

and exploiting common trigonometrical relations for the case 90◦ −
Ψ = θ = θB this yields

k0 · hθ

|hθ |2
= −1

2
. (5.13)

Obviously, Eq. 5.13 represents a general requirement for diffraction
since the Bragg condition itself is incorporated. To finish the consider-
ations for the perfect lattice, calculating the direction of kh, i.e., the
direction in which the image is projected onto the detector plane,
yields

kh = k

0

1

0

+ h

 0

− sin(θ)

cos(θ)

 = k

 0

− cos(2θ)

sin(2θ)

 , (5.14)

where the Laue condition already given in Eq. 4.20 and here denoted
as

kh = k0 + hθ , (5.15)

was used.

5.2.2 Distorted Lattice

Now the transition from the perfect reference lattice to the distorted
lattice, as it is present, e.g., in the vicinity of a dislocation, see Fig. 5.2c,
has to be performed. The focus lies on determining the angular shift
in the Bragg peak

∆θ = θ′B − θB, (5.16)

where θ′B denotes the Bragg angle of the distorted lattice. Addition-
ally, the direction of diffracted rays is of interest, or the deviation in
direction with respect to Eq. 5.14. The computations can be found in
popular textbooks like [75], however, the derivation in [49] is closer
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connected to XDL in an illustrative manner and allows a preparation
for an approach used for the characterization of a dedicated instru-
ment for 3D X-ray diffraction imaging presented in Chapter 7.
Considering a local reciprocal lattice vector of a distorted lattice in the
form

h′ = h+ ∆h =

 ∆hx

∆hy

hz + ∆hz

 =

h′x
h′y
h′z

 (5.17)

as introduced in Section 5.1 one may insert it into the important
condition 5.13 to yield

h′z sin(θ′B)− h′y cos(θ′B) =
|h′|2

2k
. (5.18)

Analogous to Eq. 5.13 for the perfect reference lattice, Eq. 5.18

represents a condition for fulfilled Bragg condition for the distorted
lattice. A solution can found to be

θ′B = 2 arctan

2kh′z ±
√

4k2
(

h′y
2 + h′z

2
)
− h′4

h′4 − 2kh′y

 , (5.19)

where h′ = |h′|, the absolute value of the local reciprocal lattice
vector. There exists no solutions for θ′B if 4k2(h′y

2 + h′z
2) < h′4, i.e., in

this case diffraction is not possible. In real space this would mean that
the wave length λ of the incident radiation is simply to large with
respect to the interplanar distance d, i.e., λ/d > 2.
To approximate Eq. 5.19 a Taylor expansion with respect to ∆hx,y,z/h
can be performed and truncated after the terms of second order

θ′B = θ +
∆hy

h
+ tan(θB)

∆hz

h

+
1
2

tan(θB)

(
∆hy

h

)2

+ tan(θB)

(
∆hx

h

)2

+
1
2

tan3(θB)

(
∆hz

h

)2

−
∆hy∆hz

h2

+O3
(

∆hx

h
,

∆hy

h
,

∆hz

h

)
. (5.20)

Restricting the considerations only to the first line of Eq. 5.20, i.e., the
first (and zero-) order, one finds that for small distortions a transition
similar to Eq. 5.1 may be performed in the form
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∆hx

h
→ ωx

∆hx

h
→ ωy (5.21)

∆hz

h
→ ∆d

d
,

which then yields:

∆θb = θ′ − θB ≈ ωy − tan(θB)
∆d
d

. (5.22)

This result can also be obtained by plugging the local reciprocal
lattice vector 5.4 into Eq. 5.19 and applying a Taylor expansion with
respect to ωx, ωy, and ∆d/d as shown in [49]. The straight forward
interpretation of this result is simple: ωy is an additional tilt in the
diffraction plane, i.e. a constant added to the tilt angle θ. ∆d/d rep-
resents a change in interplanar spacing of the distorted lattice and
therefore changes the Bragg angle θB for a certain X-ray energy of the
crystallite itself. Often the linear approximation given by Eq. 5.22 is
called the crystal lattice’s local effective misorientation, [35, 75, 77], but
usually in literature it is found with the opposite sign as

δ(r) = −∆θB(r). (5.23)

In the here presented case, according to Eq. 5.16 the effective mis-
orientation represents the angular deviation induced by deformation
in the lattice to reach Bragg condition, i.e. the Bragg angle for a given
deformation has to be corrected by ∆θB = −δθ. From here on, the
effective misorientation will be expressed in its most general form
already introduced in Eq. 4.29 in Section 4.2. Therefore, one may use
relation 5.7 in Eq. 5.23 with expression 5.22

δ = −ωy + tan(θB)
∆d
d

= ∂yuz + tan(θB)∂zuz (5.24)

=
1
h
(
∂y + tan(θB)∂z

)
(hêz · u) .

With the diffracted wave vector defined in the crystal coordinate
system of the perfect reference lattice, where h ∥ ê

Cryst
z and the y-axis

is lying in the diffraction plane spanned by h and the incident wave
vector k0, given by

kh =
k√

1 + tan(θB)

 0

1

tan(θB)

 (5.25)
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Eq. 5.24 can be written as

δ(r) =
1

hk cos(θB)
kh · ∇ (h · u(r)) . (5.26)

Making use of Bragg’s Law in the form of Eq. 5.12 this yields

δ(r) =
1

k sin(2θB)

∂

∂xh
(h · u(r)) (5.27)

where ∂/∂xh was used to denote the directional derivative along
the direction of the diffracted wave vector kh. With Eq. 5.26 we have
casted the effective misorientation in its most general form, identical
to Eq. 4.29, and independent of the chosen coordinate system.

Figure 5.3: a) Detector alignment. b) Signal peak deviation with respect to a
ray diffracted by an undistorted crystal.

In order to complete the considerations regarding the geometrical
ray tracing for image formation, now the directional deviation of the
diffracted ray kh′ with respect to the case for the undistorted lattice has
to be investigated. The following gives a summary of the presentation
given in [49]. By inserting the local reciprocal lattice vector from Eq.
5.17 into the Laue condition 5.15 one obtains

kh′ =


h′x

k + h′y cos(θB)− h′z sin(θB)

h′y sin(θB) + h′z cos(θB)

 (5.28)

=


h′x

k − h′2
2k

∓
√

h′2 − h′4
4k2 − h′2x

 (5.29)

where in the second line Eq. 5.18 was used for the y-component
and the z-component was rewritten with the conservation of the wave
vector |k0| = |kh′ | = k. The position of the detected signal on the
detector plane can then be found as the solution of
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νkh′ = xref + s⊥e⊥ + s∥e∥ (5.30)

where xref represents the point of signal detection on the detector
for the undistorted reference lattice and e⊥ and e∥ are the unit vectors
of the detector plane, perpendicular and parallel to the diffraction
plane, respectively:

xref = D

 0

cos(2θB)

sin(2θB)

 , e⊥ =

1

0

0

 , e∥ =

 0

− sin(2θB)

cos(2θB)

 . (5.31)

The parameters s⊥ and s∥ then directly represent the signal shift on
the detector. Note, that the here presented computation is referring to
the case of a detector plane tilted by 2θ, i.e., the diffracted rays hit the
detector plane perpendicularly, since this was the chosen geometry for
all simulations and most of the measurement data presented in this
thesis. (The data from previous measurements already published in [2,
48] was recorded with an untilted detector. In the frame of this thesis
it will later serve as a reference point.) The solutions to the system of
linear equations 5.30 are given by

s⊥ = D
kx

kz sin(2θB) + ky cos 2θB
(5.32)

s∥ = D
[

kz

kz sin(2θB) cos(2θB) + ky cos2(2θB)
− tan(2θB)

]
. (5.33)

Again derivation of two alternative expressions is possible: one with
dependence on ∆hx,y,z by inserting Eq. 5.28 into the solutions 5.32

and 5.33, and another depending on the tilt angles ωx and ωy and on
the strain ∆d/d by making additional use of Eq. 5.4. Here, the Taylor
expansion of the latter with respect to ωx, ωy, and ∆d/d up to second
order is presented:

s⊥ = 2D sin(θB)

[
ωx − ωx

∆d
d

]
+O3 (ωx, ωy, ∆d/d

)
(5.34)

s∥ = 2D tan(θB)

[
−∆d

d
− 1

2
cos(2θB)ω

2
x

+
1 + cos2(θB)

2 cos2(θB)

(
∆d
d

)2
]
+O3 (ωx, ωy, ∆d/d

)
(5.35)

This allows to connect an estimate for the spatial resolution of XDL to
the tilt of the distorted lattice, which will become relevant in Chapter
11. In this regard, the lattice tilt is then given by the Bragg deviation
∆θ. We will here use only the first order terms,
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Figure 5.4: Influence of lattice tilt parameter ωx on spatial resolution for a
sample-detector distance of D = 5 cm and a Bragg angle of θB =
7
◦.

σTilt
R (ωx) = 2D sin(θB)ωx (5.36)

σStrain
R

(
∆d
d

)
= −2D tan(θB)

∆d
d

, (5.37)

and first concentrate on the σTilt
R , since according to linear elasticity

theory under isotropic conditions the introduced relation

∆d
d

≈ −∂zuz = 0. (5.38)

Fig. 5.4 shows that for typical experimental conditions (sample-
detector distance D = 5 cm, Bragg angle θB = 7

◦) σTilt
R yields approxi-

mately 0.5 µm, which is comparable to the typical effective pixel size
of XDL projections (ranging from a minimum of 0.36 to 1.0 µm). Ap-
pendix A presents an additional approximation to estimate the strain
∆d/d. With top values of ∆d/d = 7.0×10

−5 this will introduce smaller
effects to the signal deviation than the lattice tilt, except for pure edge
dislocations (compare Fig. A.2). This approximation indicates, that
for small sample-detector distances of approximately D ≈ 5 cm these
effects are similar to the image resolution and therefore neglectable, if
the effective pixel size does not decrease below 0.36 µm.

5.3 effective misorientation

In order to enable suitable simulations of XDL projections via a ray
tracing approach (and later perform a 3D reconstructions of such
simulated data sets), it is now meaningful to derive a suited expression
of the effective misorientation δ(r). In practical terms, it will allow
calculating the angular tilt of the lattice in a plane perpendicular to the
dislocation line. Again the given presentation summarizes the more
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detailed presentation of [49], with a focus on practical application.
As a first step, we define the local reflectivity as

Rδ(r) =

1 if δmin ⩽ δ(r) ⩽ δmax

0 else,
(5.39)

meaning that any weighting on the contribution to diffraction of
a particular region due to its misorientation is neglected. A crystal
volume at position r with a certain orientation is either diffracting to
the full extend or not at all. Keeping in mind the expressions 5.26 or
5.27 for the effective misorientation, it becomes obvious that due to
the dependence on the wave vector kh, δ(r) is depending on the to-
mographic rotation angle ϕ and the laminographic tilt angle θ, i.e., the
view direction. Therefore, these important measurement parameters
are already involved. Under the assumption that factors blurring the
image, like the effects on spatial resolution σTilt/Strain

R and the distance
between dislocation core and diffracting crystal volume are not too
large in comparison to the detector pixel size the recorded image can
then be interpreted as an projection of the local reflectivity Rδ(r) onto
the detector plane.
The following calculation will be performed in the dislocation coordi-
nate system, meaning that the dislocation line l defines the direction
of the z-axis êz, and therefore bs, the screw component of the Burgers
vector (BV), is also parallel to êz, while the edge component be is defin-
ing the x-axis. (Of course this means, that for a true screw dislocation,
b = bs, the choice of êx is arbitrary as long as êx ⊥ êz is fulfilled.) For
easier notation we introduce the normalized BV components

Bs =
bs

b
and Be =

be

b
(5.40)

as well as the normalized reciprocal lattice vector

H =
1
h
h. (5.41)

Furthermore the calculations will be carried out in cylindrical coor-
dinates. For position and wave vector this means

r = r

cos ψ

sin ψ

x3/r

 , k0
h = k⊥h

 cos α

sin α

k∥h/k⊥h

 , (5.42)

where r⊥ and k⊥h denote the components of r and kh perpendicular
to êz and ψ and α denote the angles between r⊥ and k⊥h and the x-Axis
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Figure 5.5: a) The dislocation coordinate system defined by the line direction
l and the edge component of the (normalized) BV Be. b) Illus-
tration of the position vector r in cylindrical coordinates. c) The
representation of the wave vector of the diffracted wave kh in the
dislocation coordinate system.

êx, respectively, also see Fig. 5.5. Using this notation, one needs to
insert the derivations of the displacement field u(r) (which are written
out in Appendix A) into Eq. 5.27. After some rearrangements one then
obtains the effective misorientation in the form:

δ (r) =− b
2π cos (θB)

k⊥h
k

sin (ψ − α)

r

×
[

BeH1

(
1 +

cos (2ψ)

2 (1 − ν)

)
+ BsH3 (5.43)

+
BeH2

2 (1 − ν)

(
(1 − ν) cot (ψ − α) + sin (2ψ)

)]
.

5.4 symmetry considerations

Before finishing this chapter with considering the size of the excited
volume, some important symmetry properties of the effective misori-
entation δ(r) and therefore the defined local reflectivity Rδ(r) will
be considered. These will lay an important basis for approaches pre-
sented in the following chapters of this work and help understand the
evaluation of simulated data sets in the next chapter. First of all, one
finds for the displacement field in Eq. 3.5

u(b) = −u(−b) (5.44)

and

u(−r) = u(r)±

be/2

0

bs/2

 , (5.45)

meaning that the displacement field is described by an odd function
with respect to the BV b and an even function with respect to the
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position r, respectively. With parity flipping to the opposite after
differentiation this results in

(∇u)(−r) = −(∇u)(r), and (5.46)

δ(b, r) = −δ(−b, r) = −δ(b,−r) = δ(−b,−r). (5.47)

This directly translates to the local reflectivity as

Rδ(b, r) = R−δ(−b, r) = R−δ(b,−r) = Rδ(−b,−r). (5.48)

A slightly more detailed discussion to these findings can be found in
[49]. Here, an additional aspect regarding the view direction defined
by the wave vector kh needs to be highlighted for later reference:
Considering the special case of tomography, i.e., the laminographic tilt
angle being θ = 0

◦, hypothetically an additional symmetry property
regarding the sign or direction of the diffracted wave vector kh would
be valid. Of course, this is unrealizable for diffraction based imaging
approaches. However, with utilized X-ray energies (usually between
20 and 40 keV for silicon) and the selected reflexes and in line with
the motivation to obtain high Fourier space coverage, the resulting
Bragg angles usually are in a range between 2

◦ to 8
◦. This means that

the disturbance of this symmetry is expected to be rather weak and
a quasi-symmetry should remain noticeable. With the general form
of the effective misorientation in Eq. 5.26 one finds that changing the
view direction ϕ by 180

◦ should approximately result in a flip in the
sign of δ(r), i.e.

δkh
(b, r) ≈ −δ−kh

(b, r) (5.49)

and since δ → −δ corresponds to the transformations of δmin →
−δmax and δmax → −δmin, this consequently means - within the frame
of this theoretical approach: During an XDL-measurement the rotation
of the tomographic axis Φ by 180

◦ is expected to be not equal but
similar to changing the sign of the selected Bragg deviation and
therefore varying the laminographic tilt angle from θ = θB + ∆θ

to θ = θB − ∆θ. More precisely, although the line of contrast of a
dislocation will change its orientation and position in the topograph
according to the new view direction, the localization and size of the
excited volume in the crystal will be similar to the case where the sign
of ∆θ is switched and the view direction remains unchanged. This is
further illustrated on the basis of binary maps of the local reflectivity
Rδ in Appendix B.

5.5 excited volume per line length

In the last section of this chapter the excited Volume per line length
Vδ will be introduced via the definition
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Vδ =
∫

r∥=const
dr⊥Rδ(r). (5.50)

The integration variable r⊥ denotes the component of the position
r perpendicular to the line direction l of the dislocation, while r∥
represents the parallel part. A well sketched out derivation is given
in [49], here only results important for later discussions - especially
for the investigation of suited reconstruction algorithms in Chapter 8 -
will be presented. The final expression can be written as

Vδ =
1

32π cos2 (θB)
b2

(
k⊥h
k

)2 ∣∣∣∣ 1
δ2

min
− σ

δ2
max

∣∣∣∣
×
[

N3

(
BeH1

)2
+ N4

(
BeH2

)2

+4BeBsH1H3 + 2
(

BsH3

)2
(5.51)

+2Be

(
N5BeH2

2 − N1BeH2
1 − N1BsH1H3

)
cos 2α

−2Be

(
N6BeH1H2 + N1BsH2H3

)
sin 2α

]
,

where the following notation was introduced:

N1 = 1/ (2 (1 − ν)) (5.52a)

N2 = 1 − 2ν (5.52b)

N3 = 2 + N2
1 (5.52c)

N4 = N2
1
(
1 + 2N2

2
)

(5.52d)

N5 = N2
1 N2 (5.52e)

N6 = N1 + N5, (5.52f)

with ν again being Poisson’s ratio of the material. For further sim-
plification Eq. 5.51 can be rewritten with suited factors C1, C2, and C3

(given in line 2 and 3, line 4, and line 5 in Eq. 5.51, respectively) as

Vδ =b2

(
k⊥h
k

)2 ∣∣∣∣ 1
δ2

min
− σ

δ2
max

∣∣∣∣
×
(

C1 + C2 cos 2α + C3 sin 2α
)

. (5.53)

The parameter σ = ±1 and defines whether the full excitation or
the weak-beam regime is selected, which would set σ = −1 or σ = 1,
respectively. Obviously, the latter case is of higher importance in the
frame of this work. The angle α again denotes the angle between k⊥

h
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and the x-axis êx of the dislocation coordinate system, i.e., be if be ̸= 0.
Before ending this chapter, some properties of Eq. 5.51, that are already
mentioned in [49], will be repeated here due to their importance for
the further considerations:

• The excited volume per line length Vδ is quadratically depending
on the BV length b, i.e., Vδ ∝ b2. In addition, the dependence only
shows terms of order O2(Be, Bs), meaning that Vδ is invariant
with respect to a change in the BV-sign, i. e., under changes
±b, which is in agreement with the symmetry considerations in
Section 5.4.

• For |δmin| , |δmax| → 0 the size of Vδ increases strongly, which
consequently would result in higher intensity. However, we need
to restrict small values from the consideration, since it would
result in excitation of less distorted or even undistorted regions
in the crystal and therefore blur the dislocation image.

• Eq. 5.51 reveals that for the case of a pure screw dislocation
Vδ ∼ (BsH3)

2, which leads to the known extinction rule for
screw dislocations [35]:

h · b = 0. (5.54)

For a pure edge dislocation a similar effect occurs if BeH1 =

BeH2 = 0, which is the case for h ∥ l. So for edge dislocations
we obtain an additional condition to Eq. 5.54 for the extinction
rule [35]:

h · (b× l) = 0. (5.55)

• Eq. 5.53 may be devided in factors that (i) depend solely on the
measurement geometry, i.e. on the configuration of kh and l

(first line of Eq. 5.53); and (ii) the configuration of kh and l and
the BV combined (second line of Eq. 5.53). Case (i) is represented
by the term

(
k⊥h/k

)2
= sin2 η, if η is the angle between kh and

l. Therefore, Vδ ∝ sin2 η, which results in Vδ = 0 = sin2 η for
η = 0, i.e., l ∥ kh, which leads to an additional extinction rule for
XDL, which can be written as |kh × l| = 0.

The simulations and their evaluation in the next chapter will serve
as demonstrations and illustrate the consequences these properties
have on the detected dislocation image and the 3D reconstruction of
an ensemble of projections composed of those images.
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6
S I M U L AT I N G X - R AY D I F F R A C T I O N
L A M I N O G R A P H Y

The last chapters laid out the fundamental concepts of X-ray Diffrac-
tion Laminography (XDL), the basic properties of dislocations, and
different approaches to describe X-ray diffraction by crystals. A suited
theoretical framework to simulate the topographic image formation
mechanism exploited to record XDL quasi projections was presented.
In this chapter we will now use the previous considerations - espe-
cially those in the preceding Chapter 5 - to simulate XDL projections
and investigate the influence of different parameters, ranging from
dislocation properties to X-ray beam characteristics. Therefore, we will
slightly anticipate Chapter 8 to get a first impression, how this affects
the three-dimensional (3D) reconstruction of such simulated data sets.
The aim is to make predictions, that help selecting suitable beamlines
and scanning parameters, which will define the specifications for the
X-ray diffraction instrumentation presented in Chapter 7. Furthermore,
so far the application of XDL has brought to light some characteristics
of the technique that are not yet fully understood. For example, it
turned out that the quality of 3D reconstructions performed on data
from silicon wafers improved, when projections from only one of the
measurement intervals accessible in Laue-transmission geometry (LTG)
were used as input, as opposed to using data from both intervals or
data from scans in Bragg-reflection geometry (BRG). (Note, that in
BRG there are no angular limitations regarding the tomographic angle
ϕ, however, LTG has been identified as the favorable measurement
geometry for capturing 3D structures within the wafer for the reasons
given in Chapter 2 and [49]).
With the new insight provided by the following considerations impor-
tant concepts will be developed and discussed, that build the basis for
enhancements of XDL presented in Chapters 9, 10, and 11.

6.1 calculation and reconstruction of a simulated pro-
jection ensemble

As a starting point, the effective misorientation δ(r) in a plane perpen-
dicular to the line direction l of a dislocation with Burgers vector (BV)
b will be calculated via Eq. 5.43. This two-dimensional (2D) field will
then be binarized according to Eq. 5.39, to determine the contributing
area, which corresponds to the excited volume per line length Vδ. For
an easier investigation of the effects of δmin and δmax, a re-definition of
the local reflectivity will be used, resulting in the form
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Figure 6.1: 2D plots of the local reflectivity Rδ(r), obtained by binarizing δ(r)
for a dislocation with line direction l =

[
101
]

and BV b = a/2 [011]
with a, the lattice constant of silicon. The calculation simulated
different view directions ϕ for a 220-reflection with an X-ray
energy of 25 keV, a Bragg deviation ∆θ =0.002

◦ and δ =0.0007
◦.

The diffracting areas in the vicinity of a dislocation core (indicated
by the yellow dots) are shown in white.

Rδ(r) =

1 if − (∆θ + δ) ⩽ δ(r) ⩽ −(∆θ − δ)

0 else.
(6.1)

This is due to relation 5.23 and can be understood as a transition
from a material property focused misorientation interval defined by
δmin,max to a diffraction focused parameter defining the additional tilt
to achieve weak-beam conditions. It is now meaningful to introduce
the notations ∆θ for the weak-beam deviation or the weak-beam parameter
and δ for the angular acceptance parameter or the angular excitation
interval. Note, that distributing the angular range, that contributes to
the image formation, symmetrically around the deviation from the
Bragg peak is in principle in line with approximations presented in
Appendix C. One then obtains binary maps for the local reflectivity as
shown in Fig. 6.1 for different view angles ϕ. The dislocation core is
here always positioned in the center of the respective 2D-plot, indicated
by a yellow dot. Note, that the images in each column seem almost like
in plane rotations of each other by 180

◦. The quasi symmetry regarding
the view direction, i.e. ϕ, seems to be fulfilled to a high degree for a
Bragg angle of θB = 7.42

◦, as discussed in Section 5.4.
The corresponding set of projections is shown in Fig. 6.2. It is

clearly visible how the simulated detector images from opposite view
directions ϕ appear mirrored at first glance, but also how the brighter
and darker stripes that constitute the image of the dislocation line
switch from top to bottom (and vice versa) with half a full rotation.
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Figure 6.2: Simulated projection images directly calculated from the binary
plots of the local reflectivity Rδ(r) in Fig. 6.1 via geometrical
ray tracing. The detector pixel size was set to 0.125 µm, to make
the structure of the dislocation line image clearly visible. This
demonstrates the view direction dependence of the defined lo-
cal reflectivity Rδ(r), in particular by fluctuating intensities and
varying line width.

This is of course completely in line with the observations made with
regard to the binary reflectivity maps described above.

If now a Simultaneous Iterative Reconstruction Technique (SIRT)
(a description is given in section 8.2.1 and the choice is reasoned in
Section 8.4) is applied to the simulated set of projections one obtains
a first 3D-reconstruction of this artificial data. Fig. 6.3 shows cross
sections, or so-called slices, perpendicular to the tomographic rota-
tion axis Φ ∥ h220; the crystal directions parallel to the image edges
are given in Frame 6.3b. Note, that throughout this thesis by cross
sections or slices we refer to cross sections of a reconstruction volume
perpendicular to the tomographic rotation axis Φ, which is always
oriented parallel to the reciprocal lattice vector corresponding to the
220-reflex, Φ ∥ h220, if not explicitly stated otherwise. (An explanation
for this particular choice instead of selecting the 220-reflex is given in
Appendix H).
The result in Frame 6.3a was obtained from a set of 36 projections
equidistantly distributed over a full rotation of 360°, which would be
only possible for samples that show a rather square- or circle-shaped
cross section perpendicular to the selected reciprocal lattice vector.
With the angular limitations regarding laterally extended samples in
mind, Frame 6.3b and 6.3c show two slices obtained from ensembles
of projections covering 130°-wedges, one centered around the normal
of the front-, the other centered around the normal of the rear-side of
the sample, respectively. Note, that here the data sets corresponding to
the two measurement intervals were reconstructed separately. Again
the rotational step width was set to ∆ϕ =10

◦, leading to 14 projec-
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Figure 6.3: Cross sections perpendicular to the rotation axis Φ and the re-
ciprocal lattice vector h220 through the 3D reconstruction volume,
obtained by applying SIRT, see section 8.2.1. a) Obtained from 36

projections covering the full circular range, i.e. 360°. b) Obtained
from 14 projections within the interval [-65

◦,65
◦], if for ϕ = 0

◦

kh lies in the plane spanned by the sample surface normal [001]
facing the detector and h220. c) Same as b) but for the interval
[115

◦,245
◦]. d) Both acquisition intervals combined were used as

input for the reconstruction. To wedges of 50
◦ each have not been

covered.

tions per acquisition interval, since both, starting- and end-point, i.e.,
ϕStart and ϕEnd = ϕStart+130

◦, were acquisition positions. In contrast
to Frame 6.3b and 6.3c that correspond to the respective measurement
intervals reconstructed separately, Frame 6.3d shows a cross section of
a reconstruction were both projection ensembles from both intervals
were used as input. Compared to 6.3a no projection images from the
two unaccessible angular segments of 50° each (marked red in Fig. 6.4)
were used as input.

Interestingly enough, although the reconstruction in Frame 6.3a
used the highest amount of input information, the result’s quality
is not significantly superior. The higher number of projections used
provides a less blurred image of the dislocation features. However, the
full rotation covers view directions from which the dislocation image
in the projection is very bright and these are opposing each other,
compare Fig. 6.2. Connected to the flipping of dark and bright stripes
in the projections and the rotation of Vδ in the binary maps in Fig. 6.1
we obtain two separate intensity maxima indicating the localization
of the dislocation. Consequently, the diffracting volume is migrating
around the dislocation core with the tomographic rotation and reaches
its maximum size for two ϕ-positions (approximately for ϕ

Vmax
δ

1 ≈ -45
◦

and ϕ
Vmax

δ
2 ≈ 135

◦, see Fig. 6.1 and 6.2). This is an important observa-
tion explaining why in the first application of XDL only incorporating
projections from one interval yielded the better result: Especially with
noise present the two features can easily merge or overlap with other
reconstructed lines, creating an image that suggests lower quality than
the reconstruction of a single projection ensemble.
This has further consequences for handling measurement data: Firstly,
the position of the rotation axis is not accessible by conventional
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(sinogram-based) techniques (also see Chapter 10). Additionally, the
images can contain considerable noise or artifacts, or both, and the line
blurring might be stronger due to effects neglected in the derivation of
the theoretical framework. These factors might lead to the two features
merging into one blurred region further degrading the achievable spa-
tial resolution. More difficulties might arise from contrast fluctuations
in the projections due to inhomogeneities in the beam profile. One
part of the reconstructed volume might show one broad feature, while
other slices display two separate features, that could be misinterpreted
as two individual dislocations.
This first simulation explains and showcases why the merging of pro-
jection data from two acquisition intervals or the reconstruction from
projections covering the full range of 360°, e.g., obtained in BRG or
from samples with a suited geometry, always seemed to yield results
of lower quality than for the case of reconstructions that only used
information from one interval as input. Although, this outcome of two
reconstruction features per dislocation stood nearby considering the
the properties of the effective misorientation δ(r), that were already
shown and investigated in [49], the reconstruction provides confirma-
tion, new insight, and possibilities to improve the capabilities of XDL

as will be shown in the later chapters of this thesis.

6.2 variation of parameters

Based on the conclusions from the last section, considerations will
from now on be restricted to reconstructions, that only involve one
acquisition interval. Investigations will however concern approaches
that assume availability of data from both 130°-wedges that are then
reconstructed separately. To analyze and visualize the results simul-
taneously, one reconstruction will be substracted from the other to
obtain the compounded or composed volume VRec

Comp:

VRec
Comp = VRec

I1
− VRec

I2
. (6.2)

Here, VRec
I1

and VRec
I2

denote the reconstruction volumes obtained by
using projections from measurement interval I1 and I2, respectively.
If not specifically noted otherwise, ϕ = 0

◦ refers to a configuration
where the sample surface with the surface normal parallel to the
crystal direction [001] faces the detector and is orientated parallel
to the diffraction plane. Intervals I1 and I2 are then given by ϕ ∈
[-65

◦,65
◦] and ϕ ∈ [115

◦,245
◦], respectively. Since the background,

i.e., the space not in vicinity of a few µm of a dislocation, is empty
or zero, features stemming from different reconstructions will be
represented by opposite signs. Therefore, in the following figures gray
will represent an empty background, while brighter and darker areas
represent features originating from VRec

I1
and VRec

I2
, respectively. This
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Figure 6.4: Illustration of the XDL-workflow for laterally extended samples:
Projection ensembles PI1 and PI2 are acquired in the two accessible
wedge-shaped angular ranges, denoted by I1 and I2, on the front-
and the rear-side, respectively, while the sample is rotated about
an axis perpendicular to the illustration plane. Note, that usually
we define the interval as I1, in which the [001] surface normal
of the crystal is facing the detector, if the sample is in the center
position of the interval. The sets of projections PI1 and PI2 are then
reconstructed separately to obtain the reconstruction volumes
VRec

I1
and VRec

I2
, which are then merged via subtraction to yield

the composed volume VRec
Comp. Note, that the inclination of the

sample towards the incoming X-ray beam by θ is neglected in this
schematic drawing for the sake of simplicity.

scheme is illustrated in Fig. 6.4 and will be referred to as the 2 Interval
Measurement Scheme.

6.2.1 Dislocation Properties

An obvious first attempt is to consider dislocations with different
properties, i.e., different line directions l and BV b, and how these
affect the reconstruction. It shows that within the presented theoret-
ical framework only the configuration of both plays a role and it is
sufficient to investigate different BVs for three cases of the line direc-
tion: (i) l being (anti-)parallel to the selected reflex, i.e., ±l ∥ hhkl . (ii)
l being perpendicular to the selected reflex, i.e., l ⊥ hhkl . (iii) Any
other configuration. Since dislocation segments fulfilling condition (ii)
are hardly visible in 3D reconstruction images and often have to be
inserted between ending points of line segments by educated guessing,
cases (i) and (iii) represent the focus of the further analysis.

The consideration will be further limited to so-called perfect disloca-
tions as mentioned in Section 3.1. This leaves six possible orientations.
Note, that a change in the sign of the BV would here only switch the
distributions of bright and dark features, while a switch in the sign
of the line direction l would simultaneously switch the sign of the BV,
following the definition of the BV presented in Section 3.1 as in [72].
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Figure 6.5: Cross sections of the reconstruction volumes perpendicular to
the tomographic rotation axis and therefore also perpendicular
to the selected reflex [220]. The upper row - frames a)-f) - show
features stemming from a dislocation with line direction l = [101],
while frames g)-l) correspond to l = [110], i.e., ±l ∥ hhkl ∥ Φ.
Shown are the six possible BVs. The X-ray energy was set to 25

keV. The Bragg deviation ∆θ =0.002
◦ and the diffraction interval

parameter δ =0.0007
◦.

The resulting reconstruction features in an exemplary slice of VRec
Comp

are shown in Fig. 6.5 for l = [101] (case (iii), first row) and l = [110]
(case (i), second row). The first observation to make is, that line di-
rections that are neither parallel or perpendicular to the reflex create
a much more complex reconstruction image. The features show a
point-like symmetry with respect to the dislocation core (which again
is positioned in the center of each image and here indicated by the
yellow dots for better visibility), while they also extend much further
into the volume. The largest extension is found in Frame 6.5a for
b = a/2[110], i.e., a mixed dislocation (bs ̸= 0 ̸= be), where the peaks
of intensity are each distanced about 3.2 to 4.0 µm to the center. For
the pure screw dislocation in Frame 6.5e (with b = a/2[101]) on the
other hand the indicated dislocation positions are very close to the
dislocation core, approximately 1.7 µm. Similar distances are obtained
for b = a/2[110], although the features stemming from this dislocation
in Frame 6.5d seem weaker. This is intuitively clear: Considering the
properties of the displacement field u(r), see Eq. 3.5, we expect BVs

(anti-)parallel to the selected reciprocal lattice vector hhkl to create
distortions the topographic image formation is most sensitive to. On
the contrary, dislocations with b = ±a/2[110] ⊥ h220 should only lead
to weak contrast, if not vanish completely if additionally l ∥ hhkl , as it
is the case in Frame 6.5j (due to the well-known extinction rule). Note,
that for simplicity these distances are measured in the displayed plane
and that the shortest distance from the reconstruction feature to the
dislocation core can be calculated by simple methods of linear algebra,
see appendix D. With this, the shortest distances of the features to
the dislocation core change to 3.2 to 4.9 µm for b = a/2[110], while
the changes for b = a/2[101] and b = a/2[110] are already below
the pixel size (0.25 µm). This results are in good agreement with the
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Figure 6.6: Cross sections through several reconstruction volumes. All fea-
tures stem from a pure screw dislocation with line direction
l = [110] ∥ b = a/2[110] ∥ −h[220]. Frames a) - e) show the ob-
tained results for varying values of the weak-beam parameter ∆θ,
while δ is fixed at 0.0007

◦. In frames f) - j) the angular acceptance
interval size defined by δ is varied, for a constant ∆θ = 0.0025

◦.
The X-ray beam energy is set to 25 keV.

estimated spatial resolution limit of XDL of 3-5 µm given in [2, 48, 49].
For segments (anti-)parallel to the selected reciprocal lattice vector
(second row in Fig. 6.5) we obtain deviations from 1 (Frames 6.5h, 6.5i,
6.5k, 6.5l) to 2.0 (Frame 6.5j) µm - in this case the in-plane distance is
equal to the shortest distance.
From this, we may conclude, that the spatial resolution of XDL is
degraded by different line directions and different BVs to a differ-
ent extend. Predominantly, the mixed dislocation segments (with
bs ̸= 0 ̸= be), that are neither parallel nor perpendicular to the selected
reflex, have the worst effect on the accuracy of the method.

6.2.2 Experimental Parameters

While the specific properties of the dislocations under investigation
can not be changed, experimental parameters like X-ray energy and
the Bragg deviation ∆θ are usually selectable (depending on the range
of the monochromator and the used setup). The range of the diffraction
interval, defined by δmax, δmin or 2δ is depending on certain character-
istics of the beamline, like source-to-sample distance, source size, as
well as the monochromator, see Appendix C. When investigating a
silicon sample, usually energies between 20 and 40 keV are employed
and since there is no significant change between e.g. 25 and 40 keV
regarding the outcome of simulations, the focus will be put on the eas-
ily adjustable Bragg deviation ∆θ and the beamline specific diffraction
interval parameter δ.

A dislocation line with the following properties is a meaningful
choice: l = [110] ∥ −h[220] ∥ b = a/2[110]. The choice of the spatial
orientation defined by l will simplify the interpretation while the
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selection of b will maximize the negative effects of the contrast for-
mation for the reconstruction. The upper five frames of Fig. 6.6 show
how the reconstructed features approach the dislocation core with
increasing ∆θ and therefore improve the resulting spatial resolution
of the measurement, while δ is fixed at 0.0007°. This outcome is to
expected, because the further the incidence angle of the beam deviates
from the corresponding Bragg angle of the undistorted lattice, the
more sensitive one becomes to the strongly distorted areas close to
the dislocation core. In Frame 6.6a on the other hand, the deviation is
so small, that larger regions with very little distortion are illuminated,
i.e., contrast is created further away from the dislocation core. At the
same time one has to pay attention to the fact that the diffracting
volume becomes smaller and smaller with increasing ∆θ and although
the simulation still indicates clear visibility at values of ∆θ = 0.005

◦,
reality has shown that the signal is hardly visible if the laminographic
tilt angle is moved so far out on a flank of the rocking curve. Dur-
ing the application of XDL the selection of a suited Bragg deviation
∆θ becomes a compromise between the width and the visibility of a
dislocation line in the topograph. To enable careful adjustment the
sample manipulation has to be performed with high angular precision,
preferably with a step size of about 0.0001

◦. This will also serve as a
specification for the dedicated instrumentation, which is subject to the
next chapter. (Although, alignment of silicon samples has been per-
formed with step sizes of approximately 0.00025

◦, other applications
might require higher resolution.)
For Frames 6.6f to 6.6j the angular acceptance range 2δ was varied
from [0.0004

◦,0.0008
◦, ...,0.0020

◦] for a fixed ∆θ = 0.0025
◦. Again, the

effect - a broadening of the features - is intuitively clear, due to the
diffracting area growing with δ. However, it is more important that
the broadening effect in this range is rather weak, since this increases
the number of potential beamlines that could be used for successful
application of XDL.

6.3 contrast intensity of dislocation lines

As a last part of this chapter the expressions for the excited volume per
line length 5.53 will be used to approximate the intensity of the image
contrast stemming from a dislocation detected on the detector plane.
Therefore, we make the assumption that the intensity is proportional
to the excited volume

I ∝ Vδ, (6.3)

which is commonly used, when a mosaic model is applied [42,
47, 87]. The effect the excited volume has on an acquired projection
is already demonstrated in Fig. 6.1 and 6.2. The white area, i.e. Vδ,
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Figure 6.7: Excited Volume per line length over tomographic angle ϕ, based
on Eq. 5.51. The calculation was performed for an X-ray energy
of 25 keV and line direction of l = [101] for the six relevant BV

configurations of perfect dislocations.

in frames 6.1b and 6.1f results in thin lines of considerably weaker
contrast in the corresponding frames of Fig. 6.2, than e.g. Frames 6.1d
and 6.1h.

Looking at the excited volume per line length and its dependence
on the tomographic angle ϕ, i.e., the view direction, from another per-
spective, Fig. 6.7 shows plots of Vδ(ϕ) for the same BV-configurations,
that were used to obtain the reconstruction slices in Fig. 6.5. Here,
Eq. 5.51 was evaluated, the line direction was set to l = [101] as in
Fig. 6.1 and moreover all other parameters were kept constant (i.e.,
E = 25 keV; ∆θ = 0.002

◦, δ = 0.0007
◦). One observes that intensity

minima and maxima occur at similar view directions, and therefore
the BV-dependence seems to only have a major influence on the over-
all intensity and not on its progression over ϕ. To strengthen this
assumption one can now separately investigate the purely geometrical
contribution v1(k) and the factors depending on the BV-components
Be and Bs denoted as v2(Be, Bs, α), according to equation 5.53 given by

v1(k) =

(
k⊥h
k

)2

(6.4)

v2(Be, Bs, α) = C1 + C2 cos α + C3 sin α. (6.5)

Fig. 6.8 shows how the position of the minima and maxima of
intensity - or more precisely of the excited volume per line length -
is predominately determined by the line direction which manifests
in v1(k), see Fig. 6.8a. The BV-dependent part shows a rather similar
progression over ϕ for all relevant BV-configurations. This is a rather
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Figure 6.8: Separation of Eq. 5.53 into the geometrical part a), only depending
on the measurement configuration, i.e., the relative arrangement
of kh and dislocation line direction l, and the contribution de-
pending on the BV b). The parameters are the same as in Fig.
6.7.

unfortunate outcome, since the intensity profile seems to indicate the
line direction l much stronger, than the BV. However, the line direction
of a dislocation segment can easily be extracted from the appearance in
certain projection images (and of course from a reconstruction volume),
while determining the BV in the conventional way via X-ray White
Beam Topography (XWBT) is much more laborious. We will revisit the
question, to which degree the BV-distribution can be derived from XDL

measurement data without the need for additional measurements in
Chapter 12 of this work.





7
R E A L I Z AT I O N O F D E D I C AT E D I N S T R U M E N TAT I O N

This chapter will address the instrumentational aspects of X-ray
Diffraction Laminography (XDL) and novel X-ray diffraction imag-
ing techniques in more detail. Since synchrotron radiation is utilized,
one relies on the equipment of suited beamlines to realize the beam
properties required for image acquisition (e.g. a monochromator). In
many cases these beamlines may also provide adequate detector sys-
tems and sometimes even the possibility to tilt the detector by 2θB to
align the detector plane perpendicular to the diffracted X-ray beam –
this e.g., was the case at ID15A and ID19 at the European Synchrotron
Radiation Facility (ESRF). For these reasons the focus will exclusively
be put on sample alignment and positioning during a measurement.
In this regard, the sample needs to be mounted on a rotation axis,
which can be tilted towards or away from the incoming beam. While
the precision regarding the position of the rotation axis is not crucial
and requirements are usually fulfilled by air-bearing rotary stages,
its stability with respect to tilt (i.e., its angular error) is. Furthermore,
the selected reciprocal lattice vector needs to be aligned parallel to
the rotation axis, another step that demands for careful positioning.
The requirements for high accuracy of angular motion (overall angu-
lar stability below 0.001°), stem from exploiting diffraction contrast
in weak-beam mode and the connected challenges, see Chapter 6.
Furthermore, translational motion of the sample with respect to the
rotation axis for Region of Interest (ROI) selection needs to be enabled.
Preferably a sub-µm resolution in translation should be realized to
achieve spatial resolutions below (∼ 0.1 µm) the intrinsic limit of 3-5
µm. The accuracy in direct space becomes even more crucial when
aiming at an improvement of XDL’s spatial resolution down to 1-3 µm,
as drawn out in the later chapters of this thesis.
Although, laminography has been utilized for many scientific and
industrial applications [88–92], it is still not as widely used as the
special case of tomography. While tomographic setups are commonly
available at specialized end stations, sample manipulator systems al-
lowing a tilt of the rotation axis with respect to the incoming beam
direction are rather rare. In addition, laminography stations designed
for applications using absorption or phase contrast might not provide
the angular precision requirements for diffraction imaging in weak-
beam.
Concluding, the aim is the realization of a light (weighting up to 30 to
40 kg) and mobile sample manipulator system to enable an easy inte-
gration into beamline infrastructure, while at the same time providing

71
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the necessary precision in direct and angular space.
It is important to stress that the required degrees of freedom and
the sequential arrangement of the motors enabling them influence
each other. In other words, changing the conceptual design of the
manipulator system might increase or decrease the number of relevant
degrees of freedom and the number of stages involved in the com-
pilation. Therefore, and for easier understanding, first, a conceptual
design, representing a meaningful compromise of flexibility, stability,
and precision, will be presented. Based on this approach, the required
degrees of freedom will be outlined and the precision requirements
will be derived based on basic knowledge, prior experience and the
simulations in Chapter 6. Following these considerations, the selected
devices and their compilation will be presented. Section 7.4 will ad-
dress a possible approach to characterize the sample manipulator and
measurement data will allow estimating the limitations regarding mo-
tion precision and stability of the system. Finally, the obtained results
will be discussed and the current state of the system will be presented.

7.1 conceptual design

In a first attempt, leading industrial manufacturers were contacted and
asked to propose solutions for a sample manipulator system suited
for the specific demands of laminographic diffraction imaging. Nego-
tiations did not lead to satisfying results, the proposed realizations
would have either been too heavy (in the magnitude of 100 to 1000

kg) and too large in their spatial extension, or otherwise it could not
be guaranteed that the precision requirements were met. Therefore, a
compilation of several suited devices (in the following also called mo-
tors or stages) based on the “topo-tomographic” setup presented in [47]
was proposed. Similar systems were also used for the measurements
in [2, 48, 49], indicating that the realization of suited instrumentation
for diffraction-based laminographic approaches is possible. The basic
idea is placing a goniometer in the bottom (for tilting into Bragg con-
dition), followed by rotary stage in the middle (for changing the view
direction during a scan) and additional stages on top to manipulate
the sample with respect to the rotation axis, also see Fig. 7.1.

7.1.1 Degrees of Freedom

Based on the proposed stack of devices the necessary degrees of
freedom the instrument needs to provide will be summarized. Here,
the system will be divided into (i) a sample stack or sample manipulator
and (ii) the base-structure. The sample stack comprises all motors active
during a measurement, e.g., during a XDL-scan. The base structure
on the other hand only enables the alignment of the sample stack
itself with respect to the incoming beam. In the best case scenario
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this sample stack alignment only has to be performed once in the
beginning of a measurement campaign.

7.1.1.1 Sample Manipulator

Revisiting Fig. 2.6 in Section 2.3 two rotational degrees of freedom,
that need to be provided by the sample stack, become obvious at first
glance:

• the laminographic tilt axis Θ,

• and the tomographic rotation axis Φ.

It is important to note, that Fig. 2.6 already illustrates that the ROI of
the crystal volume needs to coincide not only with the impingement
point of the incoming X-ray beam but also with the center of rotation
of the laminographic tilt Θ. In the following this will often be referred
to as the Pivot point. Assuming this was not the case, the illuminated
crystal volume would change with variation of θ, making the device
unsuited for Rocking Curve Imaging (RCI), where the sample is rocked,
i.e., θ is varied - often in a stepwise manner - e.g., in order to detect
strain in the sample or measure local tilts due to lattice distortions
with 1 µm2 resolution [38, 39, 93, 94]. Consequently, additional de-
grees of freedom need to be added to be able to translate the sample
with respect to the Pivot point for ROI-selection. Note, that this should
also enable alignment of the sample with respect to the tomographic
rotation axis Φ, since by careful stacking of the individual components
we anticipate the Pivot point to be located on axis Φ. Furthermore,
a procedure that is referred to as sample fine alignment has to be per-
formed after placing the crystal region of interest in the pivot point.
This basically means small inclinations of the sample (usually below
5° depending on the sample mounting and possible miscut) to achieve
parallel orientation of the selected reciprocal lattice vector and the
tomographic rotation axis, i.e., hhkl ∥ Φ, ensuring that the Bragg con-
dition is fulfilled for all view directions in the accessible angular range
of ϕ. This adds five necessary degrees of freedom:

• three translational degrees of freedom xS, yS, and zS in the sam-
ple coordinate system as illustrated in Fig. 2.6 for ROI selection
and positioning the sample with respect to the tomographic
rotation axis

• and two rotations ωx, ωy for the inclination of the sample to align
hhkl ∥ Φ. (Note, that the third rotation ωz is in principal only in-
troducing an offset to ϕ, since Φ ∥ ẑS, and therefore, a rotational
degree of freedom ωz to rotate about ẑS is unnecessary.)
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Figure 7.1: Schematic view of the proposed sample manipulator system. The
different components are shown in different colors for clear dis-
tinguishability. The gray circle indicates the rotary or tilt motion
of goniometer Θ with the Pivot point, i.e., the Center of Rota-
tion (CoR), in the middle.

7.1.1.2 Base structure

Continuing with the base structure, aligning the laminographic tilt
axis Θ parallel to the normal of the diffraction plane nED , Θ ∥ nED ,
needs to be enabled. In principle, this requires three rotational degrees
of freedom in the laboratory coordinate system θL

x,y,z. Furthermore, we
need to be able to place the Pivot point of the goniometer (and there-
fore the tomographic rotation axis Φ) in the incoming beam via two
translations xL and zL. As shown in Fig. 2.6, the laboratory coordinate
system is defined by the vertical zL-axis and the xL-axis being oriented
perpendicular to the incoming X-rays, i.e., x̂L ⊥ k0 ⊥ ẑL ⊥ x̂L. A third
translation yL ∥ k0 is not strictly required, however it might prove to
be convenient to place the sample closer to the detector.
It is noteworthy, that many beamlines provide instrumentation capable
of performing the steps necessary for the sample stack alignment. For
instance, a tomography table with µm resolution often represents a
sufficient base structure. Since such equipment is usually aligned with
respect to the incoming beam with a high level of precision, the rota-
tion axis alone enables configuring θ ∥ nED . As an example the sample
manipulator was mounted on top of a medium resolution tomography
table at ID19 at the ESRF, Grenoble, France. For more examples see
Appendix E where the instrumentation is shown integrated into four
different beamline environments.

7.1.2 Proposed Compilation of Sample Stack and Base Structure

The last section has shown, that in addition to the two obvious degrees
of freedom we require - namely laminographic tilt Θ and tomographic
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rotation Φ - we need a variety of translations and rotations to suc-
cessfully acquire images from different view directions exploiting
diffraction contrasts.
The proposed solution - in more detail - employs a cradle-like go-
niometer to tilt an air-bearing rotation axis (as it is often used for
tomographic data acquisition) towards the beam. Instead of small
goniometers on top of the rotation axis, the utilization of piezo motor
driven parallel kinematics to enable ROI-selection and sample fine
alignment seems more convenient. Parallel kinematics usually provide
six degrees of freedom (three translational and three rotational), mak-
ing them a suitable solution to the challenging problem of enabling
complex motion while occupying only limited space and keeping
the overall system lightweight. Since also the base structure should
provide six degrees of freedom in the ideal case a hexapod with a load
capacity of up to approximately 50 kg and sufficient specifications re-
garding motion accuracy represents an optimal solution. A schematic
view of the proposed conceptional design is shown in Fig. 7.1.
Of course, a solution relying on a cradle-like tilting device is strictly
limited in the angular range of θ from about -15° to +15°. This directly
limits the reflexes and energies that may be selected for image acqui-
sition. However, so far, only 220- and 004-reflexes (or their negative
counterparts) have been exploited by means of XDL and by suited
energy settings tilt angles remained under 10°. Furthermore, tilt stages
relying on this concepts promise high stability.

7.2 precision requirements

Based on experimental experience, it turns out that a system compiled
of the selected devices presented in the next section provides sufficient
long-term stability and the required resolution in translational space.
Concluding from the simulations in Chapter 6 the resolution limit is
approximately 0.5 to 1 µm (This is only possible for certain configu-
rations of line direction l and Burgers vector (BV) b, see Section 6.2).
Furthermore, the minimal incremental motion the parallel kinematics
are capable of are significantly below the order of magnitude of µm. It
would need expensive, time-consuming and challenging characteriza-
tion methods to determine the true limits in translational stability and
motion of the system. Performing this task seems unreasonable, since,
for the time being, it would even be impossible to perceive motion
errors in this regard with detector systems commonly used for XDL

or Multi-Azimuth Rocking Curve Imaging (MARCI) data acquisition.
Their effective pixel size ranges from 0.36 to 0.96 µm resulting in
image resolution limits of at least 0.72 to 1.92 µm. Consequently, at
least for the initial purpose of the device, laid out in this work, the
requirements regarding motion and stability in direct space can be
considered to be fulfilled. If in the future the field of applications of the
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instrument expands or a lower effective pixel size and thereby higher
image resolution is realized, such a characterization might become
necessary, of course.
In contrast, the overall angular stability during tomographic rotation
is a way more serious concern. First applications have revealed that
fine alignment procedures and data acquisition become increasingly
challenging and time intensive, if angular errors become too signif-
icant. Image contrast properties formated in the weak-beam regime
change within the µrad range (∼ 10−4◦) of tilt angle θ. Furthermore,
the simulations in Chapter 5 have shown how the crystal volume that
fulfills the Bragg condition changes its localization with alterations
of the weak-beam parameter ∆θ. Since the contrast features approach
the dislocation core with increasing ∆θ leading to less significant in-
consistencies in the three-dimensional (3D) reconstruction problem,
high values of ∆θ seem desirable. At the time, the size of the excited
crystal volume decreases with increasing ∆θ if other parameters (e.g.,
angular acceptance δ) remain constant and therefore contrast gets
weaker, see Fig. 6.6. Those two factors have to be balanced out by
a careful adjustment of the deviation from the Bragg peak of the
undistorted crystal lattice, which in turn requires high resolution in
angular motion. Therefore, the minimal incremental movement of the
laminographic tilt axis should be in the magnitude of 10

−4◦. In order
to minimize time-consuming rocking scans for re-calibration of the
selected weak-beam condition, firstly, a nearly perfect fine alignment
(Φ ∥ hhkl) has to be enabled and, secondly, the system needs to be
stable enough in angular space to maintain this condition during
rotation about Φ. Anticipating projection acquisition without interme-
diate re-alignment procedures, the angular error or wobble should stay
bellow 10

−3◦, otherwise the regions contributing to the signal would
expand to far into the crystal or vanish completely.

7.3 compilation of suited devices

According to the previous discussions, available devices on the open
market were carefully considered and finally a set of stages was com-
piled and commissioned. These motors will now be briefly described
from top to bottom:

7.3.1 Parallel Kinematics

For the sample fine alignment and selection of the ROI a SpaceFab
Q-Motion 845 by PI GmbH & Co. KG was chosen. The tripod-like
device provides six degrees of freedom and in zero-position it has a
height of 77 mm, weighting 1.9 kg.
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Figure 7.2: Technical drawing of the sample manipulator system compiled
from three individual devices and two adapter plates. The six
cables attached to the SpaceFab (parallel kinematics) are guided
through the adapter plates and the aperture of the rotary stage to
avoid entanglement.

7.3.2 Tomographic Rotation: Air-Bearing Rotary Stages

As mentioned above, smooth and stable motion, i.e., a low angular
error or so-called wobble, is crucial for successful measurements. There-
fore, only air-bearing rotary stages are taken into consideration. The
RT150S by Leuven Air-Bearings offers a solution with very little build-
up in height and a large aperture, which can be used for managing
the cables of the parallel kinematics.

7.3.3 Laminographic Tilt: Goniometer

In order to perform high-precision angular motion of the upper part of
the sample manipulator (comprised of parallel kinematics and rotary
stage), as e.g., required during rocking scans, a 1-circle segment with a
1:20 gear by Huber Diffraktionstechnik GmbH & Co. KG was selected.

Compiling the selected components enables samples of up to 100

mm in diameter for circular shaped or edge length for square shaped
wafers to be placed with the Pivot point coinciding with the center of
the sample. More detailed information about the specifications of the
individual devices can be found in Appendix E.
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7.4 characterization

During the first successful XDL-measurements intermediate rocking
scans were performed almost every 3.5◦ in ϕ, to re-calibrate the weak-
beam condition and assure suited contrast conditions. More precisely,
during image recording in a 130

◦ acquisition interval (resulting from
the restrictions for laterally extended samples in Laue-transmission
geometry (LTG) mentioned in Section 2.3) a total of 35 rocking scans
were performed for re-alignment purposes. Assuming 2 seconds expo-
sure time and sampling the rocking curve with 50 steps, this already
leads to 2 × 50 × 35 s = 3500 sec ≈ 1 h in additional acquisition time
per interval, which may easily double, due to the motor movement
of θ between the individual steps in effective measurement duration.
The development of a dedicated instrumentation aims at maintaining
suited weak-beam conditions during a full rotation of the tomographic
rotation axis Φ. Other aspects that influence the overall stability of
the setup are the stability of the parallel kinematics on top and of the
goniometer underneath. Here, the assumption is made that the sample
holder provides sufficient stability, while the stress it introduces to the
ROI in the sample remains weak enough to record images following
a rocking curve only altered by the dislocation arrangement under
investigation.

7.4.1 Theoretical Background

To be able to investigate the overall angular stability of the setup, one
may consider the θB-variation for a case in which the fine alignment
Φ ∥ hhkl is not perfectly achieved. Starting with a selected reciprocal
lattice vector

hhkl =

h0
x

h0
y

h0
z

 (7.1)

.
and rotating this vector about the tomographic rotation axis Φ via

RΦ(ϕ) =

cos (ϕ) − sin (ϕ) 0

sin (ϕ) cos (ϕ) 0

0 0 1

 (7.2)

one obtains:
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RΦ(ϕ)hhkl =

cos (ϕ) − sin (ϕ) 0

sin (ϕ) cos (ϕ) 0

0 0 1


h0
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h0
y

h0
z
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=


cos (ϕ)h0

x − sin (ϕ)h0
y

sin (ϕ)h0
x + cos (ϕ)h0

y

h0
z

 =

hx(ϕ)

hy(ϕ)

h0
z

 . (7.3)

Note, that hereby hx,y(ϕ) can be expressed as

hx(ϕ) = h
[
cos(ϕ) tan(ωx)− sin(ϕ) tan(ωy)

]
, (7.4)

hx(ϕ) = h
[
cos(ϕ) tan(ωx)− sin(ϕ) tan(ωy)

]
, (7.5)

where h0
x,y = h tan(ωx,y) was used, with ωx,y defining the inclination

of the reciprocal lattice vector with respect to the rotation axis Φ as
shown in Fig. 5.1a. Inserting this into Eq. 5.19 one obtains

θB = 2 arctan

[
2kh0

z ±
√

4k2 [h2
x(ϕ) + (h0

z)
2]− h4

h2 − 2khx(ϕ)

]
+ θ0. (7.6)

where h0
z =

√
h2 − (h0

x)
2 − (h0

y)
2 can be used to express the Bragg

angle θB as a function of the view direction given by ϕ and the two
inclination parameters ωx and ωy as

θB(ϕ, ωx, ωy, θ0) =

2 arctan
[

1
h2 − 2khx(ϕ)

(
2k
√

h2 − (h0
x)

2 − (h0
y)

2

±
√

4k2
[

h2 − h2
y(ϕ)

]
− h4

)]
+ θ0. (7.7)

Here, an offset θ0, has been included, which might result from a
tilt of either the whole instrumentation with respect to the incidence
beam by the underlying base-structure or deviations stemming from
the adapter plates.

7.4.2 Experimental Outline

The sample manipulator system can now be tested by mounting a
sample in Bragg-reflection geometry (BRG) in the Pivot point of the
tilt goniometer and using a monochromatic beam to scan a set of
rocking scans for different ϕ during a full rotation of the tomographic
rotation axis. The scans can then be analyzed and the Bragg peak θB
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Figure 7.3: Plot of Eq. 7.7, showing the Bragg angle θB in dependence of the
tomographic rotation angle ϕ for a mis-aligned reciprocal lattice
vector. Both mis-alignment parameters, ωx and ωx, are set to the
same value for each plot. The offset θ0 = 0◦ and the calculations
were carried out for an X-ray energy of EX−Ray = 25.0 keV being
diffracted by the 004 crystal planes of a silicon sample.

can be extracted in a specific ROI, either the center of rotation on the
sample surface, i.e., the intersection point of the sample surface and
the rotation axis Φ, or a region with this point in the middle. This will
ensure that the measured signal is not distorted by inhomogeneities,
like e.g., strain in the sample, since always the same crystal volume
is diffracting and possible deviations will be compensated due to the
alignment of hhkl with respect to Φ.
In order to determine the center of rotation on the sample surface and
therefore in the Field of View (FoV), a needle can be fixed on the sample
with the tip touching the sample surface. It is advisable to acquire
a set of 5 to 10 images from different view directions to determine
the center of rotation in advance: The positions of the needle tip in
the FoV can then be extracted and used to fit an ellipse. The center
of rotation is then given by the center of the ellipse. Afterwards the
needle should be removed before starting the actual measurement,
since it may shadow the incoming or the diffracted beam and thereby
influence the contrast stemming from the ROI. To show the effect we
here quickly forward to Fig. 7.5, which shows two pairs of rocking
scans acquired before and after a rotation about 360°. This of course
means, that the angular position ϕ is actually the same and thus the
found Bragg peaks should not deviate. In Frames 7.5a and 7.5b the
ROI was illuminated without disturbance, while frames 7.5c and 7.5d
show measurements where the center of rotation was shadowed by
the needle. Although, the determination of the resulting positions
θmax is possible for the data in 7.5c and 7.5d and the found error is
in the magnitude of 10−4◦, which actually represents the resolution
limit of the 1-circle segment 5020.10, we observe a sharp decline in
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Figure 7.4: Experimental setup utilizing a double crystal monochromator for
characterization measurements at ID19, ESRF, Grenoble, France.

counts. Additionally we obtain a better agreement for the scans shown
in frames 7.5a and 7.5b:

∆θa,b
−200◦,160◦ = |11.1712◦ − 11.1711◦| = 1 × 10−4◦ (7.8)

∆θc,d
−160◦,200◦ = |11.1718◦ − 11.1715◦| = 3 × 10−4◦. (7.9)

Several of the these stability measurements were performed at dif-
ferent end stations. Here tests performed at the ID19 beamline at the
ESRF, Grenoble, France, will be of major interest:
At ID19 a Si-111 Double Crystal Monochromator (DCM) was utilized.
The energy of the monochromatized beam was set to 23.567 keV. A
CCD detector system with an effective pixel size of 0.96 µm was used
to record the intensity profile of the beam diffracted by a silicon sam-
ple, here exploiting the 004-reflex (hhkl = h004) oriented parallel to the
surface normal of the sample, see Fig. 7.4. Note, that the experimental
conditions provided at ID19 are particularly well suited for this kind
of X-ray diffraction imaging techniques. The first application of XDL,
[2, 48] have also been conducted at this beamline.

7.4.3 Measurement Evaluation

After the determination of the center of rotation, the counts in detector
pixels closest to the found position can be analyzed. In the following,
the peak positions of the rocking curves were determined by applying
a Gaussian fit and extracting the maximum position b = θmax of the
fitted function

g(θ) = ae−(
θ−b

c )
2

, (7.10)

as shown in Fig. 7.5. One hereby obtains a set of peak positions
θmax,i - one for every view angle ϕi. This allows plotting the Bragg
peak as a function of the view direction, i.e., θB(ϕ), according to Eq.
7.7.
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Figure 7.5: Rocking curves measured (blue dots) at ID19, ESRF, Grenoble,
France, with the parameters mentioned in Section 7.4.2. A Gaus-
sian function (red line) was fitted to the data to determine the
respective maximum positions θmax, which are indicated by the
gray lines. The decline in counts in frames c) and d) results
from the needle shadowing the beam at the ROI. Note, that these
rocking scans were performed during a complete stability mea-
surement of 41 rocking scans with a step size ∆ϕ = 10

◦ in the
tomographic rotation, i.e., a total overlap of five rocking scans,
acquired at the same ϕ-position but after a rotation of 360◦ and
approximately a complete scan duration of 2 to 3 hours in be-
tween. This also proves the long-term stability of the instrument
for typical measurement durations.

The maximum deviation between the measured Bragg angle θB(ϕ)

and the respective value of the fitted function θFIT
B (ϕ) can be intro-

duced as

∆θmax = MAX
[∣∣∣θB(ϕi)− θFIT

B (ϕi)
∣∣∣] (7.11)

and a measure for the overall-error as

δ(θ) =

√√√√ 1
N

N

∑
i=1

[
θB(ϕi)− θFIT

B (ϕi)
]2 (7.12)

where N denotes the number of rocking scans, i.e., N = 41 for the
presented case.
At first glance, the measurement data shown in Fig. 7.6a seems to
have only poor agreement with the shape of the analytical function
shown in Fig. 7.3 but at the same time we have to acknowledge, that
the Bragg angle θB varies in a very small range. Furthermore, we find
three local minima at approximately ϕ = −120◦, 0◦, and 120◦. Thus,
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the fitting model might be improved by adding a cosine function in
the form:

θ
c1,2
B (ϕ, ωx, ωy, θ0) =

2 arctan
[

1
h2 − 2khx(ϕ)

(
2k
√

h2 − (h0
x)

2 − (h0
y)

2

±
√

4k2
[

h2 − h2
y(ϕ)

]
− h4

)]
+ θ0

+ c1 cos(3ϕ − c2). (7.13)

Figure 7.6: Results from the stability measurements at ID19, ESRF. In frame
a) the data points are represented by black dots, while the red
line shows the fit using the original function given in Eq. 7.7. The
blue line shows the result based on the updated model given by
Eq. 7.13. Frame b) shows the obtained cosine-function separately.

The result for this function is shown separately in 7.6b and improves
the agreement of measurement and fitting model significantly (the
best choice for c1,2 turned out to be c1 = -0.0008321

◦ and c2 = 3.153
◦).

The explanation is given by the threefold symmetry of the parallel
kinematics on top. As mentioned before, the SpaceFab Q-Motion is
tripod-like: Three legs are mounted onto compiled stacks of piezo
motors, carrying the top-plate. For any given orientation of these legs
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with respect to the incoming beam direction k0 and therefore the
inclination direction of the stack, the stability seems to vary (with
three periods in 360

◦) and the SpaceFab seems to introduce a small
additional tilt to the sample. The results are summarized in table 7.1.

ωx/10
−4◦ ωx/10

−4◦ θ0/10
−4◦ ∆θmax/10

−4◦ δ(θ)/10
−4◦

θFIT
cos 4.2 1.3 -24.8 6.5 3.5

θFIT
3.4 1.3 -24.2 11.1 6.8

Table 7.1: Results from the stability measurements at ID19, at the ESRF. θFIT
cos

refers to the fitting function that is incorporating the three-fold
symmetry of the parallel kinematics via a cosine function. The
second line, i.e. θFIT, shows the results for the original fit function
for comparison.

Finally, the difference between measurement and fit function, i.e.,

∆θB = θ
exp
B,i (ϕi)− θFIT

B (ϕ), (7.14)

may be plotted over the respective ϕ-values to illustrate the per-
formance of the instrument, see Fig. 7.7. Since the influence of the
SpaceFab’s three-fold symmetry can in principle be considered an
instability, we also include the results for no additional cosine func-
tion used. This is also meaningful due to the fact, that compensation
during a measurement is definitely possible via suitable script im-
plementation, however, it remains questionable if this effort pays
off. Incorporating the three-fold symmetry obviously leads to better
results, almost by a factor of 2 in maximum deviation ∆θmax and
the overall error δ(θ). However, the maximum deviation does hardly
exceed 10

−3◦ even if there is no cosine function included in the fit
function.

7.4.4 Angular Resolution

Next to the angular stability during rotation about the tomographic
axis Φ the angular resolution of the laminographic tilt axis Θ is of
major importance. This refers to the minimal step size the stage is able
to move. For silicon, an incremental step size of θi+1 − θi ≈ 2.5−10◦

has proven to be sufficient for achieving suitable weak-beam condi-
tions for projection acquisition. However, materials with considerably
higher dislocation densities, like e.g., CdTe and in some cases GaAs,
sometimes show lattice distortions that result in higher demands or
even make it impossible to reach homogeneous weak-beam conditions
over the whole FoV. These challenges can be handled by MARCI, which
enables the computation of Virtual Weak-Beam (VWB)-projections, a
technique that is currently in development, also see the short descrip-
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Figure 7.7: Deviation ∆θB as defined in Eq. 7.14 for the two cases: (i) The red
line shows the deviation at position ϕ for the original model, while
the blue line includes the cosine function to take the SpaceFab’s
symmetry into account.

Figure 7.8: Measurement data acquired for a silicon sample in LTG at 25 keV,
exploiting the 220-reflex. The data was recorded at P23, Deutsches
Elektronen Synchrotron (DESY) - PETRA III, Hamburg, Germany.
a) Exemplary rocking scan of 100 steps in θ covering a range of
approximately 0.01

◦. b) The step sizes θi+1 − θi during the scan
shown in a). c) The mean step size θi+1 − θi of 100 steps for 16

rocking scans at different view directions ϕ.

tion in Section 2.4. For this, and other applications, like regular RCI,
high-resolution sampling of the rocking curve is required.

Fig. 7.8a shows a rocking scan measured with the X-ray diffraction
imaging station (i.e., sample manipulator and base structure) in its
final state. A silicon sample was scanned, exploiting the 220-reflex at
25 keV, and the step size could be minimized down to 10

−4◦. This has
been the most precise sampling achieved with the instrument so far.
In this regime the step size varies significantly as shown in Fig. 7.8b,
which shows θi+1 − θi for a rocking scan encompassing 100 steps in
θ, i.e., i ∈ [0;99]. However, the crucial aspect is sampling the rocking
curves with steps as small as possible. Equidistant sampling is only
of minor concern, if the exact motor positions corresponding to the
recorded images are known, which is ensured by encoder read-out.
Furthermore, Fig. 7.8c proves that the setup’s performance is reliable
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in this manner over several rocking scans with intermediate rotation
about Φ.

7.5 summary and conclusion

Within the frame of this work a dedicated instrumentation for X-ray
diffraction imaging techniques has been compiled, commissioned, and
characterized. In its final state the minimal incremental step size of the
goniometer, i.e., in θ, is roughly 0.0001

◦, which allows careful selec-
tion of suited weak-beam parameters ∆θ and rocking scans with high
angular resolution. The angular error is in a magnitude that allows
for full rotation without losing Bragg condition. However, in the case
of XDL, projection acquisition without intermediate rocking scans is
not advisable, due to the high sensitivity of the image quality to the
tilt angle θ. At least 5 to 10 rocking scans for re-alignment purposes
are recommended during a 130

◦ measurement interval to ensure high
image quality. Although the close inspection of rocking scans is not
part of this work, it is noteworthy, that a trend to perform even higher
numbers of rocking scans during XDL-scans has been forming: Tech-
niques like MARCI provide additional information and enable new
ways of data processing, like VWB image calculation.
The sample manipulator system is relatively small (approximately
30 × 30 × 30 cm3) and the weight does not exceed 30 kg. Therefore,
the sample stack is easily integrated into beamline infrastructure. A
HP550 hexapod serves as an optional base structure. Due to the high
number of degrees of freedom it provides, it is favorable, nevertheless,
suited beamline equipment has also been utilized several times, also
see Appendix E.
The whole system can be controlled via a dedicated control server
that also offers the possibility to connect a CCD camera in order to
easily control sample manipulation and image acquisition via one
interface, see Fig. 7.9. This is advantageous because especially inte-
grating self-owned stages into beamline control systems can cause
many problems and is often time-consuming for several reasons (e.g.,
driver incompatibilities, IP-adress conflicts, etc.). In combination with
dedicated motor controllers and control server the presented X-ray
diffraction imaging station represents a plug-and-play solution, which
is usually ready for operation within a few hours after arrival at the
beamline.
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Figure 7.9: Technical drawing of the sample manipulator system including
the (optional) base-structure, with schematical illustration of the
controlling equipment. Sample manipulation and image acquisi-
tion are handled by the control server and easily controllable via
one user interface, e.g., a conventional notebook.
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I N V E S T I G AT I O N O F S U I T E D R E C O N S T R U C T I O N
T E C H N I Q U E S

Optimizing the three-dimensional (3D) reconstruction procedure of
tomographic and laminographic image data is an ongoing topic of
research, for novel imaging techniques and applications as well as
for well established 3D imaging methods. This ranges from medical
imaging (e.g., by computed tomography) used among others in diag-
nosis for bone and vessel imaging [95] to electron tomography, e.g., to
3D-map materials approaching atomic scale resolution [26, 96]. In the
case of electron tomography, often samples and sample holders limit
the complete angular range of 180° to roughly 140° being accessible
for image acquisition. Commonly, this is referred to as the ‘missing
wedge’ and reduces the final quality of the 3D reconstruction image
[97]. Obviously, this restriction is similar to the limited acquisition
range of X-ray Diffraction Laminography (XDL) in Laue-transmission
geometry (LTG), illustrated in more detail in Section 2.3. In addition,
the number of projections to be recorded can either be limited by
available measurement time or due to the specimen’s sensitivity to
radiation. This may also lower the image quality of the 3D result.
The wide range of challenges associated with handling this kind of
projection data sets, whether they consist of X-ray topographs or are
Transmission Electron Microscopy (TEM) based, motivates the investi-
gation of different reconstruction algorithms in order to find robust
techniques for the 3D reconstruction procedure. Therefore, the follow-
ing chapter will focus on the reduction of the required number of
projections, while maintaining a level of quality of the reconstruc-
tion image that allows a final segmentation by line tracing. We will
summarize the main characteristics of XDL data sets, regarding the 3D

structure under investigation as well as the specific properties of the
topographic quasi projections that stem from the underlying contrast
formation mechanism described in Chapter 5. Two algorithms will be
tested on the characteristics of XDL projections individually and in
combination - where it is feasible - and the respective performance
will be compared to Filtered Backprojection (FBP), which is still widely
utilized and in particular was utilized in the previous XDL studies in
[2, 48].

8.1 main characteristics of typical xdl data

For the case of silicon, low dislocation densities embedded in a nearly
perfect crystal are of interest (there may be point-defects present, but

89
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no small angle grain boundaries or large sites of plastic deformation).
This means we are handling sparse volumes of several mm3 in size
that contain arrangements of partially straight, line-like features. The
desired result of the reconstruction can therefore be considered as
binary: Either a certain point or voxel belongs to the perfect (here
meaning dislocation-free) part of the crystal, resulting in a value of 0,
or it is occupied by a dislocation line, i.e., the value of the voxel is 1.
However, these properties may be similar to other application cases
and especially they do not contradict the criteria for projections. Thus,
in order to make a clear distinction of certain characteristics that will
become clearer in the following, we label these as regular characteristics,
also see Fig. 8.2.
As discussed in Chapter 5 we have to expect intensity fluctuations in
the line contrast with changing view angle ϕ, except for dislocation
line directions parallel to the selected reciprocal lattice vector: l ∥ hhkl .
This property of XDL data-sets violates the projection criteria since in
the common sense of tomographic projections an object should not
change from one view angle to another. Consequently, this will lead to
inconsistencies that the utilized reconstruction technique will need to
overcome. Since usually the image data is preprocessed by means of
absorption correction with respect to the path lengths of the X-rays for
every respective view direction, one could attempt to approach this
feature performing a second correction according to the theoretical
prediction of the intensity variation. However, the intensities behavior
over ϕ is depending on the line direction l and the Burgers vector
b. This means a correction would require the clear separation of all
individual segments in a complex arrangement, which would demand
extensive effort. The most straight forward way would by itself require
a high-quality reconstruction to begin with. We will also desist from
binarizing the images to achieve similar contrast intensity for all
dislocation segments. Inhomogeneities in the beam profile usually
lead to regions of different contrast intensity in real measurement data.
Furthermore, the previous reconstructions obtained by FBP indicate
that the efforts of preprocessing related to this issue might prove to be
unnecessary.
As a second specific characteristic we declare the position of the line
contrast in the topographic images and its dependence on the view
direction. Based on the theoretical framework presented in Chapter
5 we know that the volume containing the distorted crystal lattice
that fulfills the Bragg-condition for θ = θB + ∆θ does not only change
its size but also circulates around the dislocation core with changing
view angle ϕ. Consequently, image contrast created by strain in the
vicinity of a dislocation core will indicate a different position of the
respective feature in the volume from one projection to another. In
the case of FBP this leads to a blurring of the line features in the
reconstruction. However, it needs to be seen if other techniques treat
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these inconsistencies in the localization of dislocation lines in a similar
way or if the iterative comparison of intermediate steps with input
data turns out inconclusive, finally leading the algorithm to fail.
Since the intensity fluctuations and the contrast shift both introduce a
dependency on the view angle to the object function, consequently,
the projection criteria is violated. Similar problems may occur in other
3D reconstruction problem, still these are important and very specific
challenges regarding the case of XDL and they will therefore be labeled
as specific characteristics. In the following, the focus will be put on the
effects of the specific characteristics.

8.2 selection of reconstruction techniques

As mentioned above, so far only FBP has been used to obtain recon-
structions by means of XDL. Still up until today the method is widely
used in tomography and since previous XDL studies were rather an
utilization of FBP and not an investigation of its performance, it will
be included in the testing, also for comparison to make estimations
on what to expect from the other techniques once they are applied to
measurement data.
Secondly, the Simultaneous Iterative Reconstruction Technique (SIRT)
[98] was selected to be tested. As a third candidate we investigate the
Discrete Algebraic Reconstruction Technique (DART) [99, 100] which is
a rather novel method designed to handle in particular discrete data
sets with only few gray values. Especially but not only in electron
tomography these two approaches are broadly utilized and adapted
[101–105]. In the following, a brief overview over the basic concepts of
the two methods will be given.

8.2.1 Simultaneous Iterative Reconstruction Technique

SIRT - proposed in [98] - follows the basic concepts described already
in Section 2.1.2.2. However, implementations of SIRT do not change the
cell values f j with each projection, i.e., with each line in Eq. 2.12. These
values rather remain unchanged during one iteration and are updated
in the end according to the average of all calculated correction terms:

∆fj =
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M

M
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=
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M
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In the case of XDL this might be a suitable approach to handle the
inconsistencies. Changing the result every time information from the
next projection is available could result in a back and forth alteration
of the image voxels fj, whereas averaging over all projections might
yield a blurred approximation, hopefully with a clear localization of
the dislocation feature at the position of highest overlap.

8.2.2 Discrete Algebraic Reconstruction Trechnique

A novel technique, that has been developed in the recent years, is the
Discrete Algebraic Reconstruction Technique - or short: DART. Aiming
to provide an elegant and robust solution for reconstruction problems
with sets of only a small number of projections or projections from
only a small angular range, DART makes use of a priori knowledge
about the materials present in the reconstruction volume. In our case,
we are of course not dealing with different materials to be represented
by different gray values. However, as discussed above a perfect recon-
struction would be a binary volume, in which a voxel either represents
dislocation-free space or is occupied by a dislocation line. Since DART

has also proven to handle noisy projection data particularly well, it
seems like a technique suited for the XDL reconstruction problem.
However, again the important question is how it is able to handle the
inconsistencies present in XDL data sets.
In principle, DART relies on an Algebraic Reconstruction Method (ARM)
as a subroutine. Here, SIRT is chosen for the same reasons given in
section 8.2.1. DART starts with a regular ARM-reconstruction to which
a segmentation via thresholding is applied to categorize the present
materials and assign different gray values accordingly. As a next step,
the volume is devided into fixed (F) and free (U) voxels. This can be
achieved, e.g., by collecting all voxels that are neighbours to a voxel
with a different gray value. In a binary image this would mean that the
background voxels with value 0 as well as the voxels within the struc-
ture with value 1 are defined as fixed, while the boundary voxels are
defined as free. The next ARM-reconstruction is then confined to the
free voxels F, this vastly reduces the number of variables in the linear
equation system 2.12 while the number of equations stays the same.
Afterwards a stop criterion can be checked and the next DART iteration
is performed if the criterion is not met. Before the next segmentation
step, however, a smoothing is performed by gaussian blurring, which
has shown to improve the overall result, since with limiting the free
pixels the ARM will try to match noise in just this subset of pixels
resulting in heavy fluctuations. This workflow is also schematically
shown in Fig. 8.1. Note, that the final iteration always ends with an
ARM-reconstruction, i.e., the result is not strictly discretized to the
defined gray values, whether they are binary or more complex.
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Figure 8.1: Schematic workflow of the discrete algebraic reconstruction Tech-
nique (DART).

The process may further be enhanced by adding a set of random
voxels to the group of free voxels F. This may help to find inclusions
in the volume that might otherwise be overlooked.
It is however noteworthy, that although DART seems very promising,
it relies on the assumption that the object function is well-defined not
only regarding its localization in the volume but also with respect
to its gray levels. Due to the intensity fluctuations and the contrast
shift in XDL projections this is not true for our application case. Thus,
we may face problems created during the respective steps of a DART

iteration, e.g., one could assume that defining a set of fixed pixels for
a line-like feature whose position is travelling through the volume will
eventually lead to the failure of the technique. This becomes even more
likely when paying respect to the circumstance that not only position
but also intensity varies from one projection to another. It is also
noteworthy that in comparison to SIRT, DART in our application case
is supposed to provide an almost binary image. This is achieved by
defining the allowed gray values accordingly and the corresponding
segmentations performed in every iteration. Eventually, the algorithm
has to fit contradicting data points to binary values, which might lead
to an outcome of lower quality compared to the application of FBP or
SIRT.

8.3 reconstruction of simulated data sets

To determine the performance of the three techniques and how well
they handle the inconsistencies, stemming from the topographic image
formation, two separate approaches are proposed, this is also illus-
trated in Fig. 8.2: Firstly, the reconstruction techniques will be applied
to projections simulated by means of the theoretical framework as
presented in Chapter 6. This will result in volumes containing only one
(or only few) dislocation(s), but therefore the projections contain both
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Figure 8.2: Schematic view showing the three major properties of XDL data
sets, devided into regular and specific characteristics. While com-
plex 3D structures with intensity fluctuations can also be evaluated
quantitatively by comparing the initial to the reconstruction vol-
ume, we restrict the analysis of simulated projection (as presented
in Chapter 6) data sets (incorporating both specific characteristics)
to a qualitative comparison.

specific characteristics - namely intensity fluctuations and contrast
shift. The results will be compared in a purely qualitative fashion.
Secondly, an artificial volume containing an arrangement of line-like
features represented in a binary fashion will be used for performance
tests. Projections will be computed and artificial noise will be added
in order to approach realistic conditions. Results from projections with
and without intensity fluctuations will then be compared to the initial
volume quantitatively and qualitatively.
This two-faceted approach is motivated by the fact that such a quanti-
tative evaluation is simply not feasible, if the data contains a contrast
shift. In a given volume the position of a dislocation is localized, while
in the projections it is not. Consequently, introducing a contrast shift
to a set of projections computed from an initial volume would yield a
reconstruction volume, in which the dislocation lines are positioned
differently as in the initial volume.
Another noteworthy point is that one could compare the projections
used as input with a set computed from the reconstruction result.
This would reduce computation times and is in fact done very often.
However, both special characteristics make this approach unfeasible.
The projections computed from the result would obviously not contain
any inconsistensies, since they are based on the well-defined object
function provided by the reconstruction volume (which is not view
direction dependent anymore). Therefore, for the evaluation of recon-
structions of line-like features with and without intensity fluctuations
we will rely on a direct comparison of initial and reconstruction vol-
ume.
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Figure 8.3: Exemplary slices (perpendicular to the rotation axis) of recon-
structions of simulated projections (see Chapters 5 and 6) of
a dislocation with line direction l = [101] and Burgers vector
b = a/2[110] utilizing the 220-reflex at an energy of 25 keV. The
respective reconstruction techniques utilized are: a) FBP, b) SIRT,
and c) DART with 4 DART iterations and 2 gray values, i.e. {0,1}.
For every technique the sets of projections from the two acquisi-
tion interval were reconstructed individually and then merged
according to the approach introduced in Section 6.2.

All reconstructions presented within this work have either been ob-
tained by using TOFU for the application of FBP, a part of the UFO-
framework [106], or by utilizing the ASTRA Toolbox for SIRT and DART

based reconstructions [107, 108].

8.3.1 Effects of Contrast Shift

Based on the results in Chapter 6 the investigation starts with the
reconstructions of two ensembles of projections, PI1 and PI2 , from two
acquisition intervals in LTG. Each set of projections consists of 14 pro-
jections with view directions within a 130°-wedge, compare Chapter
6. The X-ray energy was set to EX-ray = 25 keV resulting in a Bragg
angle θB = 7.42

◦ for the 220-reflex of silicon. The Bragg deviation is
∆θ = 0.002

◦ and the diffraction interval is defined by δ = 0.0007
◦. The

dislocation line has a direction of l = [101] and the Burgers vector (BV)
is b = a/2[110]. Of course, this selection of parameters is intended
to create a particularly high contrast shift. As shown in Fig. 6.5 this
configuration of l and b leads to excitation relatively far from the
dislocation core and thereby to strong inconsistencies in the data sets.
In addition the weak-beam parameter is relatively small (but realistic,
see Chapter 9) and thus results in excitation further away from the
dislocation core.
Cross sections of the reconstruction volumes perpendicular to the rota-
tion axis are shown in Fig. 8.3, again the dislocation core is positioned
in the center of each slice. The FBP result in Frame 8.3a shows how the
result is basically an overlap of backprojections of the projections. The
ray-like artifacts indicate the view directions of the respective projec-
tions. They are clearly visible for only 14 projections per interval and
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would decrease in visibility with an increasing number of projections
nproj. However, the darkest and brightest features indicating the dislo-
cation positions obtained from the two intervals are clearly localized.
Frame 8.3b was obtained using SIRT and we directly observe how the
artifacts reduce drastically in comparison to FBP. Apart from some
weak stripe-like features the image is very clean and the dislocation
positions are shown by the crescent moon shaped dark and bright
features. DART seems to run into problems facing the inconsistencies in
the projection data. The features are more stretched out and contrast
maxima are only given buy several black and bright dots (or pixels)
and not as clearly visible as in the SIRT reconstruction. It is likely that
the additional steps DART performs with every ARM reconstruction
(here 4 equal to the number of DART iterations) simply do not con-
verge with this level of inconsistencies in the input. However, it is
noteworthy, that DART here only assumes two values, i.e., 1 and 0. In
the end the final reconstruction is saved before and after segmentation
via a final thresholding. What is shown here is the final reconstruction
before thresholding, i.e., the data is not binary yet. Allowing more gray
values might improve the result but an example with 5 gray values
in Appendix F indicates only a neglectable effect. At same time this
diminishes the suitability of DART regarding the anticipated binary
result.
Drawing a first conclusion from these results, we find that SIRT pro-
vides the best reconstruction for the investigated parameter set. Apart
from the quality of the reconstruction, SIRT is also easer to apply:
While DART requires a set of input parameters which have to be care-
fully optimized for a given problem, SIRT only requires the number
of iterations to perform and optionally allows for upper and lower
constraints (e.g., no values below 0 in the reconstruction volume).

8.3.2 Line Structures in Sparse Volumes

The 3D structure we use in the following is binary and in its shape
and distribution is based on a real dislocation arrangement captured
by XDL, it was presented in [2, 48, 49]. Hereby, we ensure that the pro-
jection sets emulate realistic conditions regarding dislocation densities
and crystal volume size. The volume under investigation is 1418 ×
1418 × 1518 voxels large, which with an effective pixel size of 0.75

µm during the respective measurement corresponds to 1891 × 1891 ×
2024 µm3 ≈ 7.237 mm3. A set of an arbitrary number (in the following
denoted as nproj) of projections will be computed and artificial noise
will be added to each image. An example is given in Fig. 8.4 with
a projection of the artificial structure in Frame 8.4a and the same
projection with added noise in Frame 8.4b. Since, the BV-distribution
within the original arrangement is known, we are able to modify each
dislocation line segment (i.e., the straight parts of a dislocation line)
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Figure 8.4: Exemplary projections from a simulated binary volume. The
view direction is given by a 20°-rotation about a vertical axis
starting from the surface normal of the virtual wafer volume,
this axis is afterwards tilted by the laminographic-angle of 7.42°
(corresponding to an X-ray energy of 25 keV and hhkl = h220 for
silicon) towards the viewer. The projection is shown without noise
in a) and with added artificial noise in b).

in each projection by its intensity fluctuation defined by the view
angle ϕ, the line direction l and the BV b. Essentially, this requires a
segmentation by line tracing of the original volume, classifying all
segments with a specific line direction and BV. Projections of these
partial structures can than be multiplied with factors corresponding
to the intensity profiles presented in Fig. 6.7. Applying this procedure
to all partial volumes containing only dislocations with the same BV

and line directions, one obtains the set of projections of the complete
structure by simply summing up all projections with the same view
angle.
The evaluation relies on a voxel-to-voxel comparison of initial and ob-
tained reconstruction volume, as mentioned above. In order to account
for the fact, that the initial volume is binary and the reconstruction
volume in general is not, a thresholding method will be applied to
binarize the obtained reconstruction. This can also be seen as a first
automated segmentation step. The workflow is also illustrated in Fig.
8.5.

Regarding the procedure to binarize the reconstruction volume,
nowadays, a variety of thresholding methods is available [109]. In
the following, a maximum entropy-based thresholding technique was
applied [110]. It is a widely used algorithm and yielded better results
than e.g., the well-known IsoData method [111]. After the binarization
of the result we compute the accumulated voxel error as
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Figure 8.5: Illustration of the workflow to compare reconstructions obtained
via different techniques for projection sets with and without
intensity fluctuations.

σ =
Ni ,Nj,Nk

∑
i,j,k=1

∣∣∣vinit
ijk − vRec

ijk

∣∣∣ (8.2)

with vinit
ijk and vRec

ijk denoting the values of the voxel at (ijk) in the
initial original volume and the reconstruction volume, respectively.

Figure 8.6: a) Accumulated voxel error σ over number of projections nproj
used for the reconstruction. The data points for FBP, DART, and
SIRT in black, blue, and red, respectively, are connected by dashed
lines to show the overall trend. Here, only noise was added to the
projections. b) Same as in a) but now with intensity fluctuations
introduced to the respective projection data sets. For the evalua-
tion the volume was reduced to the relevant section containing
the structure, yielding a size of 600 × 1200 × 1300 voxel = 936.0
× 10

6 voxel of which in the original volume 824385 voxel have
value 1, i.e., represent a dislocation line.

The results shown in Fig. 8.6 show how FBP is the only technique
that benefits from an increasing number of projections, while the
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voxel error for SIRT and DART seems to hardly change when increasing
the number of projections from 50 to 700. Frame 8.6a shows that for
regular 3D reconstruction of noisy projections without any special XDL-
features DART yields the best results for any number of projections.
This was expected since the technique is optimized for this kind
of reconstruction problem. SIRT also shows constant performance,
although the error count is considerably higher (about 1.5 times the
one of DART). If one now introduces inconsistencies in the form of
intensity fluctuations to the data sets, the results change. In general
higher deviations from the original volume are observed. And again
the quality of the DART-reconstructions suffers in particular due to
the object function now depending on the view direction. In this case,
shown in Fig. 8.6b, SIRT seems to yield the best result, while for higher
numbers of projections (nproj > 300) FBP approaches the performance
of DART. One also recognizes a slight increase in error counts for
increasing nproj in the SIRT-reconstructions. Looking at the respective
reconstructions one finds, that this circumstance is due to an interplay
of the reconstruction and the thresholding: With increasing nproj the
line features in the reconstruction become slightly larger and are not
cropped as advantageously for the evaluation. Having a look at an
exemplary slice in Fig. 8.7 one finds in Frames 8.7h and 8.7i that the
quality improves significantly despite a higher error count. Fig. 8.7
also supports the other conclusions drawn from the results in Fig. 8.6:

• Frames 8.7b and 8.7c show how DART yields almost perfect re-
constructions already for only nproj = 50 projections, if the input
data contains no inconsistencies. With the introduction of inten-
sity fluctuations, however, the quality drastically decreases. It
is also noteworthy that in comparison to SIRT DART provides an
almost binary image. The reason for this are the segmentations
performed in every iteration, but the attempting to fit contradict-
ing data points to binary values eventually leads the algorithm
to fail.

• SIRT on the other hand provides reconstructions of sufficient
quality for 50 projections, too, see Frame 8.7d. But here the
results improve noticeably with more input information as can be
seen in Frame 8.7e. On the other hand, SIRT proves its resilience
against inhomogeneities within the data set, compare Frames
8.7h and 8.7i with 8.7d and 8.7e, respectively.

• In addition, it is noteworthy that DART relies on a larger set of
several parameters and adjustments improve the result also for
the case where intensity fluctuations are included. However, a
far more crucial challenge seems to be connected to the contrast
shift, for more details see Section 8.3 and Appendix F.
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Figure 8.7: Exemplary slices from a) the original volume, showing the cross-
section of the evaluated volume in its entire size; b) and c) and
d) and e) DART- and SIRT-reconstructions for different numbers
of projections with only noise added, respectively; f) and g) and
h) and i) DART- and SIRT-reconstructions for different numbers of
projections with noise and intensity fluctuations, respectively.

8.3.3 Incorporation of A Priori Knowledge

As mentioned before, algebraic reconstruction techniques easily enable
the incorporation of a priori knowledge. This is done by adding a so
called mask to the projection data input. A mask can be described
as a simple binary pattern corresponding either to a projection or a
slice from the reconstruction volume, defining the areas where fea-
tures are present and cutting out all empty space, i.e., not allowing
the algorithm to take empty voxels into account. Obviously, this can
support the reconstruction technique and lead to better results. For
most XDL data sets we know that the reconstruction volume is par-
ticularly sparse. The structure used for the analysis in Section 8.3.2,
for example, only occupies 0.088 % of the investigated volume and
it is based on real measurement data and thus represents a realistic
dislocation arrangement in silicon. Therefore, this section will intro-
duce a simple technique that provides suited masks for projection
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data and the reconstruction volume of a given structure. As a first step,
a thresholding value ρ needs to be selected for the projection data,
allowing the computation of an inverted set of projections, meaning
that every pixel in a projection with a value below the threshold is set
to 1 and pixels with a value equal or above the threshold are set to
zero. The goal is to assign 1 to a vast majority of pixels in a projection
that do not indicate a part of a dislocation line. This set of inverted pro-
jections is then backprojected into the reconstruction volume, yielding
a volume that has high-valued features in regions where the majority
of projections imply empty space. If one now applies another thresh-
olding procedure to the obtained volume with thresholding value ν,
where every voxel above ν is set to zero and the values below ν to 1,
respectively, this yields the volume mask Mvol. Experience has shown
that in many cases, the parameters ρ and ν can quickly be selected in
a way, that the mask result Mvol already represents not only a mask
but a first medium quality reconstruction of the structure. Taking it
one step further, one may now create a set of projection masks Mproj

by simply computing projections based on Mvol and binarizing the
result. Again this exploits a way of averaging over all projections,
before the result is modified, in order to handle the inconsistencies
in a reliable way. The computation times of this masking approach
are very short in comparison to more complex techniques like SIRT

or DART. This is due to the fact that the whole process is very similar
to only one iteration of SIRT. Therefore, even a very careful search for
a suited parameter set (ρ, ν) can be successfully completed in short
amounts of time (approximately 5 to 20 minutes). Additionally, the
choice of ρ and ν directly controls how much tolerance the scheme
applies to fluctuating intensities and shifts of the dislocations lines
from one projection to another. This convenient adjustability is the
reason why the technique will here exemplarily be applied directly
to real measurement data, skipping the step of testing procedures on
artificial or simulated data sets.

A possible outcome of this masking technique, that will from now
on be referred to as Empty Volume Backprojection (EVBP) is shown in
Fig. 8.8. Note, that the artificial data used in the previous section is
based on the measurement data used here. Therefore, the structure
is identical and one may use the artificial volume in Frame 8.8e for a
qualitative comparison with the obtained volume mask in Frame 8.8f.
For this particular application the parameters ρ and ν were selected to
yield very strict criteria. This ist already visible in the projection masks
in Frames 8.8c and 8.8d, which almost look like line segmentations
of the projections in 8.8a and 8.8b. This choice demonstrates how
well some line features are captured in the volume mask 8.8f and
how it may serve as an intermediate result when reconstructing a
structure. However, careful comparison with Frame 8.8e shows that
some features are lost, others appear in Mvol but not in the true
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Figure 8.8: Exemplary masks for projection data and reconstruction volume.
a) and b) Projections from different view directions taken from
the measurement data the previously used artificial data is based
on. c) and d) Binary projection masks corresponding to a) and
b), respectively. e) Slice from the artificial volume, which may
here serve to display the true structure for comparison. f) Slice
from the obtained volume mask corresponding to e). Only 35

projections were used to compute the masks. In the measurement
the 220-reflex of silicon was used with an X-ray energy of 40 keV
and a weak-beam parameter ∆θ = 0.002

◦. The projection data
was absorption corrected and a band-pass filter was applied in
the preprocessing. As preparation for the masking technique an
intensity cut-off was performed to constraint values in the images
to the interval [0;0.2] and the thresholding parameters were set to
ρ =0.02 and ν =0.4.

structure. It goes to show that this approach has to be treated with
caution: When computing masks to support a technique like SIRT it is
always advisable to set ρ and ν rather generously, to allow tolerance
space for inconsistencies and avoid cutting of certain features in the
final reconstruction. Often times it is also advantageous to compute
rather narrow masks and broaden the features by a few pixels (or
voxels) afterwards.

8.4 summary and discussion

Three different reconstruction techniques have been tested regarding
the main characteristics of XDL data. Not surprisingly, Algebraic Re-
construction Techniques (ART) methods showed a significantly better
performance for regular data sets, meaning projection ensembles that
show no inconsistencies, especially when dealing with a small number
of projections and a significant level of noise. This is a widely known
fact as already mentioned before. More insightful are the tests that
incorporate the specific properties of XDL projection ensembles, namely
the view direction dependent intensity fluctuations of dislocation line
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contrast, and the also view direction dependent localization of the
diffracting crystal volume, here also referred to as contrast shift.
In the two cases of (i) only intensity fluctuations introduced to an
arrangement of line features and (ii) intensity fluctuations and con-
trast shift in simulated projections of single dislocations the promising
DART algorithm failed to produce superior results. Responsible are
the DART-iterations, designed to fit (little) input information to a 3D

volume in a consistent manner. This assumed consistency is not in
par with the reality of XDL’s contrast formation. In Appendix F it is
shown that a reduction of the number of DART-iterations can improve
the result for case (i). This is obvious, since less iterations effectively
mean that DART approaches SIRT (if SIRT is selected as the employed
ARM algorithm), and it is noteworthy that by careful parameter setting
DART also for this case can produce better results than SIRT. The more
crucial case is however represented by (ii), see Section 8.3.1 and in
particular Fig. 8.3. In this case a straight forward attempt to utilize
DART in a fashion more tolerant towards the specific characteristics of
topographic projections is to allow more than two gray levels, i.e., not
searching for a binary but a grayscale solution. However, increasing
segmentation values from { 0.0 , 1.0 } to { 0.00 , 0.25 , 0.50 , 0.75 , 1.00 }
does not improve the reconstruction significantly, also see Appendix
F.
Another aspect to take into account is computational effort and simple
applicability. While FBP offers fast computation and simple applica-
tion, SIRT computations require more time and memory. Configuration
allows setting constraints for the solution, the number of iterations
and the incorporation of masking data for projections and reconstruc-
tion volume. DART also enables masking but requires a much higher
number of input parameters. This makes straight forward utilization
difficult, although automated routines have been developed to deter-
mine an optimal parameter set [112]. Naturally, computation times
increase linearly with the number of DART-iterations, making recon-
structions more time-consuming in comparison to SIRT.
Concluding, SIRT is the best suited reconstruction technique for the
XDL reconstruction problem for two major reasons, showing its su-
periority to FBP and DART. Firstly, SIRT yields better results than FBP,
especially for very small numbers of projections. Secondly, it han-
dles inconsistencies in XDL data sets apparently far better than DART.
Therefore, for the further investigations within this work, SIRT will
be applied to all data sets if not explicitly declared otherwise. The
content of the next chapter will concern the question how far the
number of projections can be reduced regarding real measurement
data, furthermore, support of SIRT by EVBP will be tested.
On a last note, it is important to stress, that EVBP not only as masking
support but also as a single tool is extremely powerful and can provide
reconstruction results of sufficient quality. Especially, closer inspection
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of the backprojection volume before the segmentation step to obtain
the volume mask Mvol is encouraged.
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M I N I M I Z I N G T H E N U M B E R O F P R O J E C T I O N S

In this chapter the Simultaneous Iterative Reconstruction Technique
(SIRT) will be applied to measurement data with the support of Empty
Volume Backprojection (EVBP). Here, the main objective is to reduce the
numbers of projections used as input, while maintaining a sufficient
quality of the reconstruction. The usual workflow after the recovering
of the three-dimensional (3D) dislocation structure from projection
images is to perform a segmentation by line tracing. This enables
displaying the individual dislocations separately, isolating a certain
Region of Interest (ROI), and displaying it from every desired view
direction, and, furthermore, further analysis and characterization of
the structure. Therefore, a reconstruction of sufficient quality here refers
to a result that allows these respective processing steps.
At the time of writing, the structure already shown in in Fig. 8.8 rep-
resents the dislocation arrangement that has been studied, analyzed,
and characterized to the highest degree. The sample "Cr_7" (a silicon
wafer of approximately 700 µm thickness, with a surface normal of
[001]) was indented with a Berkovich tip applying a load of 400 mN.
Afterwards, the sample was annealed in a mirror furnace above the
brittle-to-ductile transition temperature. The whole heating process
was captured in two-dimensional (2D) topographs by X-ray White
Beam Topography (XWBT) at the Topography Station of the Imaging
Cluster at the Karlsruhe Institute of Technology (KIT) synchrotron
light source. The X-ray Diffraction Laminography (XDL)-measurement
was carried out at ID19 at the European Synchrotron Radiation Fa-
cility (ESRF). Further comprehensive measurements were performed
on the sample revealing the Burgers vector (BV)-distribution (by XWBT

again at the Topography Station of the Imaging Cluster at the KIT

synchrotron light source) and correlating the dislocation half loops
to surface features by circular polarized visible light differential in-
terference contrast microscopy. The results have been published in [2,
48, 49], more information about the measurement is summarized in
Appendix H. The 3D reconstruction was obtained by utilizing Filtered
Backprojection (FBP) with 700 projections from I1 as defined in Sec-
tion 6.2 and will here serve as a guideline to judge the quality of
the reconstruction provided by SIRT with fewer projections from the
same angular acquisition range of 130

◦. The whole XDL workflow from
data acquisition, over preprocessing of projections, creating masks via
EVBP, and reconstructing the volume, to the final segmentation via
line tracing is illustrated in Fig. 9.1. Note, that the preprocessing steps
Fourier band-pass filtering - to emphasize features of certain size, e.g.
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Figure 9.1: Workflow of XDL, from data acquisition to the final segmented 3D

dislocation arrangement.

Figure 9.2: a) 3D rendering of the FBP reconstruction volume segmented by
line-tracing. 700 projections from an acquisition interval of an
angular range of 130◦ with the indent facing the detector (i.e.
from interval I1) were used as input. b) 3D rendering of the SIRT

(supported by EVBP) reconstruction volume segmented by line-
tracing. Here, every 10th projection from the whole data set was
used, i.e. a total of 70 projections.

the line-width of dislocation line - and intensity cut-off - to achieve a
more homogeneous intensity of different dislocations - are described
in more detail in [49]. These two techniques are usually applied to all
data sets, after a dark-field and the absorption correction.

9.1 comparing fbp and sirt reconstructions

It is noteworthy, that manual segmentation by line tracing involves
some degree of subjective interpretation. This, in combination with the
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spatial resolution limit of 3 to 5 µm, is the reason why a quantitative
analysis is not meaningful in this context and the focus is put on
qualitative comparison. Comparing the two results, one finds that on
first glance hardly any difference is noticeable, although the number
of projections was reduced by exactly one order of magnitude, see
Fig. 9.2. However, investigating and comparing the respective recon-
struction volumes slice-by-slice reveals at least some minor differences,
that are shown in Fig. 9.3. Two differences between the segmented
dislocation arrangements each involve a pair of dislocations: In both
cases the starting points of the dislocations agree, but the end points
are switched: In the first case the two dislocations follow trajectories
so close to one another for a few hundred µm that a clear separation
is not possible anymore. In the second case the two segmented dis-
location lines have different directions and seem to cross each other
in the segmentation based on the SIRT reconstruction, while they just
approach each other but never actually cross in the result obtained via
FBP. (Note, that only the recovered lines seem to cross. The dislocation
cores themselves may never approach each other closer than a few
hundred atomic layers, but the strain fields can still overlap.)
Frame 9.3b shows four rather small dislocation line segments that
were simply not traceable in the SIRT reconstruction and, therefore, are
completely missing in the result. These segments are located closely to
the initial damage site, i.e. the nano-indent. This region usually falls
victim to contrast features of much higher intensity than the rest of the
dislocation structure, making line segmentation in the vicinity (up to
distances of 50 to 150 µm) of the indentation site particularly difficult.

9.2 discussion

Firstly, it is important to mention that due to the spatial resolution
limit of XDL, it is simply not possible to determine the correct line
paths of the dislocations shown in Fig. 9.3a. Unfortunately, both pairs
of dislocations pair-wise share the same BV, otherwise drawing con-
clusions based on the BV-distribution would have been an option.
One could make the argument, that the case of a crossing of the two
dislocation lines in the SIRT-based segmentation (the dislocation pair
shown at the bottom in Frame 9.3a) is more probable than the two
dislocations approaching each other and changing directions once
they are within a few µm distanced from one another. However, with
only data from XDL and XWBT available, one has no way to be certain.
Nevertheless, the similarity of the results and therefore the similarity
of the level of quality of the reconstructions, is a very positive outcome,
considering the fact that the number of used projections was reduced
by a factor of 10. This is not intended to imply that an ensemble of 700

projections is necessary to successfully reconstruct the structure via
FBP. The minimum amount of information has not been determined.
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Figure 9.3: Differences between the line tracing segmentations performed
on the FBP and SIRT reconstructions. a) The dislocation lines high-
lighted in black were traced differently in the two segmentations.
In the frames schematic drawings show the paths of the respective
dislocation lines more clearly, here colored in blue and red for
easier visibility of the deviations. b) The segments in the middle
of the arrangement highlighted in red could not be traced in the
SIRT reconstruction.

However, 70 projections are not sufficient to reach a comparable result
when using FBP and therefore with this first application of the EVBP-
supported SIRT it has been confirmed, that the necessary amount of
projections can be reduced drastically by incorporating a priori knowl-
edge and employing a suited reconstruction algorithm. Eventually,
this will enable more complex measurement campaigns (examples
are given in Chapter 13 of this thesis) by significantly shortening the
measurement duration required for a single XDL-scan.
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When it comes to the application of tomography or laminography
one important parameter for the reconstruction, which has not been
considered yet is the position of the rotation axis in the respective
projection images. The importance is obvious since a misplaced rota-
tion axis will directly lead to artifacts. In particular, line-like features
oriented parallel to the rotation axis would appear not as dots but as
circular features in cross sections of the reconstruction volume perpen-
dicular to the rotation axis. For most cases, this is a well investigated
subject and methods to determine the rotation axis position - often
referred to as the Center of Rotation (CoR) - from a given data set are
well established, but also get improved up to this date for tomographic
[113–115] and laminographic reconstructions [116].
Regarding regular tomography (i.e., θ = 0◦) these calibration tech-
niques are often sinogram-based and can be classified into four cate-
gories: (i) center-of-sinogram methods, (ii) geometrical methods, (iii)
iterative methods, and (iv) opposite-angle methods [117–120]. Center-
of-sinogram methods exploit the fact, that features will flip on the
other side of the rotation axis with a rotation of ϕ → ϕ + 180◦. The
rotation axis then has to be positioned exactly between the features’
positions in the respective projections. Geometrical methods allow for
the line connecting the X-ray focus or source and the CoR not to be
perpendicular to the detector plane. Iterative approaches are trial-and-
error techniques. The CoR is altered and reconstructions are calculated
until the image quality of the reconstruction reaches a certain abortion
criterion. The opposite-angle method makes use of the X-ray passing
the CoR being the only one projecting the same feature onto the same
location of the detector for a rotation ϕ → ϕ + 180◦. However, with the
generalization from tomography to laminography these approaches
have to be modified. Furthermore, all these approaches except for the
iterative methods generally assume a localized object function that
does not change with the view direction. Obviously, this assumption
is invalid for X-ray Diffraction Laminography (XDL): Not only do we
have fluctuating intensity of the projected features with varying tomo-
graphic rotation angle ϕ, but also features change there position, as
has been shown in Chapters 5 and 6.
Usually, the CoR should be determined during the alignment of the
sample manipulator (discussed in Chapter 7) with a wire or a tip
consisting of a highly absorbing material. Of course, the material has
to be selected by taking into account the energy of the monochromatic
X-ray beam and while energies of 20 to 40 keV (suitable for silicon
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Figure 10.1: Comparison of reconstruction slices for a regular straight line
feature and dislocations with two different Burgers vector (BV)-
configurations. The CoR is altered to demonstrate the effect on the
reconstruction image. The simulations regarding the dislocation
lines have been executed with the same parameters used in Fig.
6.5.

samples) leave a wide range of possibilities, higher energies of about
60 (for GaAs) or even 120 (for CdTe) keV can make this determination
challenging. However, we can never completely rule out changes in
the position of the rotation axis during a measurement campaign,
due to, e.g., instabilities in the setup or the base structure, detector
re-positioning or exchange, or simply human failure.

Therefore, in the following approaches to determine the correct
CoR for XDL data sets will be considered. These data sets at a mini-
mum encompass an ensemble of projections and rocking scans taken
within one acquisition interval without any additional knowledge
about the CoR, but the assumption of a parallel orientation of the
rotation axis Φ and the detector columns is made. In order to illus-
trate the challenges related to XDL reconstructions arising from the
topographic contrast formation, Fig. 10.1 shows exemplary projections
and reconstruction slices of a regular straight, vertical line in Frames
Fig. 10.1a-10.1d and the corresponding images for an equally posi-
tioned and oriented dislocation line with BV b = a/2[110] in Frames
10.1e-10.1h and b = a/2[011] in Frames 10.1i-10.1l. Since the data
represents simulations, the exact CoR x0

CoR is known (exactly in the
center of the projections) and each column of reconstruction slices (i.e,.
(i) Frames 10.1b, 10.1f, and 10.1j; (ii) Frames 10.1c, 10.1g, and 10.1k;
(iii) Frames 10.1d, 10.1h, 10.1l) shows the outcome for a different CoR
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xCoR = x0
CoR + ∆xCoR. Taking a look at the regular line feature, show-

ing no intensity fluctuations or contrast shift, the composed volume
VRec

Comp for a misplaced rotation axis, in Frames 10.1b and 10.1d, looks
very similar compared to reconstructions of simulated projections,
which inhabit specific XDL characteristics, if the CoR is set correctly,
see Frame 10.1g. Note, that for the regular line feature the separate
reconstructions corresponding to data from the acquisition intervals
I1 and I2 should cancel each other out when merged in VRec

Comp since
VRec

Comp = VRec
I1

− VRec
I2

. Therefore, Frame 10.1c shows no features as
it is to be expected. Furthermore, dislocation features reconstructed
from data recorded in different intervals (i.e., dark and bright features)
switch there respective positions with respect to the dislocation core
located in the center of every slice, see Frames 10.1h and 10.1l. Draw-
ing conclusions from the first simulations in Fig. 10.1, it is obvious that
the inconsistensies in XDL data lead to reconstruction features that on
first glance appear like artifacts arising from an incorrectly positioned
rotation axis.

10.1 effects of a misplaced rotation axis

Before presenting techniques to handle the challenges arising from the
specific image formation process exploited by XDL, first a misplaced
rotation axis at xCoR = x0

CoR + ∆xCoR, with x0
CoR denoting the correct

position, will be considered. The calculations will be carried out for
the easiest case of a dislocation line parallel to the rotation axis, i.e.,
l = [110]. At the same time, the selection is again intended to maxi-
mize the effects of the contrast shift an therefore the BV b = a/2[110]
- also parallel to the rotation axis - is selected. In order to enable an
automated computation, that estimates the displacement of features
in the reconstruction with respect to the actual position of the dislo-
cation core for a large set of xCoR-values, here a Center of Mass (CoM)
approach is introduced: Within the separate reconstruction volumes
VI1 and VI2 one calculates the CoM as

rCoM =
1
cΣ

Ni ,Nj

∑
i=ni ,
j=nj

ci,jri,j, (10.1)

where ci,j denotes the value of the pixel (i,j) of the reconstruction
slice and cΣ denotes the count integrated over the Region of Interest
(ROI). In this case the sum in Eq. 10.1 suggests a rectangular shape for
the ROI, which of course can be customized. In particular, broad masks
obtained by Empty Volume Backprojection (EVBP) can after some
processing provide ROIs for the individual dislocation line features
even in rather dense and complex dislocation arrangements, where a
manual definition would be time consuming. For the reconstruction
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Figure 10.2: The effects of a displaced rotation axis for the case of XDL re-
constructions on the basis of simulations. Frames a)-e): Corre-
sponding reconstruction slices for different positions of the CoR.
The calculated CoM is highlighted in blue and red in the features
stemming from I1 and I2, respectively. f) Plot of the distance
from CoMs of the features in VI1 and VI2 to the dislocation core in
blue and red, respectively. The simulations were performed for
an X-ray energy of 25 keV, with a Bragg deviation of ∆θ = 0.002

◦

and δ = 0.0007
◦. Note, that here the misplacement parameter is

denoted in µm, but when handling measurement data we will
transition to a notation in pixels or columns of pixels. Also the
simulation-based slices are here colored in blue for an easier
distinction from measurement data (in grayscale).

of simulated data, simply finding the position of the maximum in the
reconstruction feature and enclosing it by a simple geometrical shape
would be a reasonable alternative.

In Fig. 10.2 the rCoM is indicated with a blue or red dot for features
originating from acquisition intervals I1 (bright blue) and I2 (dark
blue), respectively, see Frames 10.2a-10.2e. The crescent moon shaped
features extend further away from the dislocation core in the center
of each frame with increasing absolute value of ∆xCoR. The second
observation is, that the bright and dark features flip the sides at
a certain value of ∆xCoR: In Frames 10.2a-10.2c the bright features
(representing VI1) are located on the right of the dislocation core,
while the dark features are positioned on the left. In Frames 10.2d
and 10.2e it is the other way around. For the case presented in Fig.
10.2 the specific value of the contrast flippening is ∆xFlip

CoR ≈ 1.5 µm,
however, for a specific dislocation the exact value depends on a variety
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of parameters, mainly on l, b, ∆θ. Of course, this is not surprising, but
nevertheless, it raises the question how one could determine the right
distribution of the respective features. This could become important
for further investigating the relative position of features with respect to
each other, e.g., in order to conclude on properties of the dislocations
directly from XDL data sets. For example, the localization of such
features with respect to the dislocation core is directly connected
to the sign of the BV, see Section 5.4, meaning that bright and dark
features would switch places if the BV-sign is inverted. Regarding
the evaluation in Frame 10.2f, one finds that the minimum distance
from reconstruction features to the dislocation core is not reached for
the correct position of the rotation axis, but actually for a small shift,
which is here resulting in ∆xCoR = 2 µm with a minimal distance of
∆sV1 = 1.7 µm for the data from I1 and a shift of ∆xCoR = 1 µm with
minimal distance of ∆sV2 = 1.9 µm for the data from I2, respectively.
This is explained by the features being shifted onto the position of
the dislocation core for slight alterations of xCoR in the right direction,
which leads both dislocation line features to overlap. Apart from that,
the error in localization follows a nearly linear dependence on ∆xCoR,
with both reconstructions showing very similar behavior. This is also
the case for a line direction not parallel but inclined with respect to
the rotation axis Φ, which is in more detail discussed in Appendix D.
Note, that in the here presented case the in-plane distance shown in
the slices is equal to the true three-dimensional (3D) distance to the
dislocation core, which changes if the line direction is inclined to the
rotation axis.

10.2 approaches to determine the center of rotation

In this section, two closely related approaches to estimate the correct
position of the CoR will be presented. First, a scheme will be developed
on how one can conclude on the correct distribution of the features
originating from VRec

I1
and VRec

I2
in the compounded reconstruction

volume VRec
comp. The second technique yields a direct approximation of

the rotation axis’ position exploiting the same properties of contrast
in XDL projection data as the first one.

Fig. 10.3 illustrates the problem by means of measurement data:
Although, the slices show features that appear more dotty and less
smooth compared to simulations, one generally finds the same result
with bright and dark features corresponding to information from
the respective acquisition intervals, which evolve into crescent moon
shapes if the CoR is increasingly deviating from its correct position.
However, for now we can not know whether the distribution in Frame
Fig. 10.3c or 10.3d is the correct one. Note, that in these two frames
bright and dark features switch positions. Again the slices presented
here show a region of the reconstruction volume where most of the
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Figure 10.3: a) Reconstruction slice of a dislocation structure in the silicon
sample A100_400_3. b)-f) the highlighted region in a) for differ-
ent parameters xCoR. The data was acquired at an energy of 25

keV, exploiting the 220-reflex. Here a Bragg deviation of ∆θ =
0.003

◦ was selected and both acquisition intervals were covered
with 14 rocking scans (each consisting of 24 images) and 14 pro-
jections. More information about the sample and measurement
is provided in Appendix H. The CoR is given in the figure in
pixels with a total width of the projection images of 2004 pixels.

dislocation segments (in particular the segments shown in Frames
10.3b to 10.3f) follow a direction perpendicular to the slice plane, i.e.,
l = [110].

10.2.1 Aligning Reconstruction Features

As already mentioned above, one needs to exploit certain properties
of the contrast formation mechanism utilized by XDL in order to
determine the correct localization of the reconstruction features with
respect to each other. In particular, the symmetry relation 5.47 is of
major importance. A consequence of this property is, that a change in
the sign of the weak-beam parameter ∆θ, i.e., transitioning from one
flank of the rocking curve to the other, is equivalent to a change in
the BV-sign and therefore, according to the quasi symmetry regarding
the view direction kh given in Eq. 5.49, similar to a rotation about Φ

by 180
◦. Obviously, the dislocation image will change its orientation

according to the view direction, if l ∦ Φ ∥ hhkl , but the excited crystal
region in the vicinity of the dislocation core is almost the same. This
is presented on the basis of the local reflectivity Rδ in more detail in
Appendix B.
If one now considers a dislocation line with l = [101] and an arbitrary
BV resulting in a perfect dislocation, we can observe the flip in the
projection image, when ∆θ changes its sign. As already discussed
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Figure 10.4: Projection images and cross sections for dislocations with dif-
ferent BVs. As illustrated by the sketch on the left the first row
(Frames a) to f)) are simulated projection images with a line
of direction l = [101], indicated by the red square at the [101]-
segment. Frames g) to l) and Frames m) to r) show the corre-
sponding reconstruction slices for the same line direction and
l = [110], respectively, indicated by the corresponding blue
parallelograms.

in Chapter 6 for perfect dislocations, we need to consider twelve BV-
configurations, which pair-wise only differ in their sign. Therefore, we
may divide the possible BVs into two groups:

• Group 1 G1:

b =
a
2
{[110], [101], [011], [110], [101], [011]} and (10.2)

• Group 2 G2:

b =
a
2
{[110], [101], [011], [110], [101], [011]} (10.3)

with

G1 = (−1)× G2. (10.4)

Fig. 10.4 explains the motivation for this specific classification:
Frames 10.4a to 10.4f show the result of subtracting a simulated projec-
tion image calculated with a Bragg deviation of ∆θ = −0.003◦ from a
projection obtained by setting ∆θ = 0.003◦ while all other parameters
remain unchanged. The images can be understood in a similar way
as the slices of the compound volume VRec

Comp: The gray background
represents values of zero, while the dark features show the projec-
tion image for ∆θ = -0.003

◦ and the bright features belong to ∆θ =
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0.003
◦, respectively. Note, that for all BVs in group G1 the dark dislo-

cation line is located above its bright counterpart. Consequently, an
inverted result would be obtained, if this procedure was performed for
G2. Investigating this change in the contrast localization was already
proposed in [49] in order to identify the sign of a known BV (e.g.,
determined by X-ray White Beam Topography (XWBT)). Here, however,
the direction of the flip is used to conclude on the correct appearance of
features in the reconstruction. It is important to note, that while dark
and bright features in the calculated projections in Frames 10.4a to
10.4f correspond to the transition ∆θ → −∆θ, dark and bright features
in the reconstruction cross sections in Frames 10.4g to 10.4r correspond
to features reconstructed from projection ensembles from different
acquisition intervals, i.e., the transition ϕ → ϕ+ 180

◦. Furthermore,
Fig. 10.4 shows reconstruction slices for l = [101] and l = [110]. The
reasoning for this is simple: The contrast flip in a projection is usually
easier to spot for dislocation line direction not parallel or perpendicu-
lar to the rotation axis. On the other hand, aligning the reconstruction
features in a region with such an inclined orientation of the dislo-
cation line is less intuitive. Furthermore, the features for l = [110]
and b ̸= ±a/2[110] are located much closer to each other, in many
cases allowing for a better approximation of the correct CoR. With this
knowledge one is now able to conclude on the correct positioning of
reconstruction features stemming from data from different acquisi-
tion intervals simply by investigating images from rocking scans. As
mentioned before in Chapter 7 these rocking scans are often necessary
to ensure suited weak-beam conditions for projection acquisition in
the whole interval range of 130

◦, but as demonstrated here also offer
additional information about reconstruction parameters and thereby
about dislocation properties.

Rocking scan data available from scans of the sample A100_400_3

now enables to compare data from the measurement to the simulated
findings. Here, the convention is introduced that the result of the
projection subtraction ∆P is always defined as the image obtained
when subtracting the image recorded at smaller angle θ from the
image acquired beyond θB, i.e.,

∆Pi,j(ϕ) = Pθi(ϕ)− Pθi(ϕ) with θi > θB > θj. (10.5)

This then yields the images shown in Frames 10.4b to 10.4e, while
Frame 10.4a provides a projection image of the entire dislocation
structure, where the investigated region is highlighted. Especially
Frame 10.4b clearly shows that here the bright feature is located
higher. Note, that Frame 10.4e shows darker features on top, however,
the orientation of the dislocation line on the image has changed due
to the rotation (ϕ = 56◦) and the frame is therefore not suited for a
comparison to Fig. 10.4. The outcome is the opposite of the flip seen
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Figure 10.5: Number of counts integrated over the full image over angle θ
during four rocking scans of the silicon sample A100_400_3. The
measurement parameters are the same as given in the caption of
Fig. 10.4. In each frame the green and blue dotted lines indicate
the angular acquisition positions for the images that were then
used to analyze the contrast flip.

Figure 10.6: a) Projection image of the dislocation arrangement in the silicon
sample A100_400_3. The area highlighted in gray was investi-
gated regarding the contrast flip of the dislocation line. b)-e)
Subtraction of the two images recorded at the indicated posi-
tions (green and blue lines in 10.5) from the four rocking scans
corresponding to the data shown in Fig. 10.5.

in Fig. 10.4 and one may conclude that the involved BV belongs to
group G2. Consequently, the right distribution of the features in the
reconstruction slices in this case is: dark features on the right side
of the dislocation core, bright features on the left, which means that
Frame 10.3d in Fig. with xCoR = 1008 (here denoted in pixel columns
from left to right) is the best estimate for the correct CoR-position.
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Figure 10.7: Slices of a volume obtained by reconstructing an estimate of the
dislocation core in projection images. The CoR-position changes
from one frame to another. Frame c) for xCoR = 1008 represents
the best result, which is in agreement with the result of the
minimization technique introduced in this section. Again the
CoR is given in the figure in pixels with a total width of the
projection images of 2004 pixels.

10.2.2 Estimating the Dislocation Core

Obviously, for the approach presented in the previous section, ana-
lyzing one rocking scan, e.g., the one corresponding to Fig. 10.5a and
Frame 10.6b, would have been sufficient. However, utilizing several
of these projection subtractions ∆Pi,j(ϕ) acquired from different tomo-
graphic angles ϕ is necessary for the second approach. The basic idea
is, that the dislocation core can be estimated by tracing the transition
from the bright to the dark dislocation line. This can either be done
by hand with a suited image processing software or by edge detec-
tion techniques (like, e.g., calculating a gradient image of ∆Pi,j(ϕ)).
Since for the given data set extracting the dislocation core for four
different view directions is sufficient it is unnecessary to employ elab-
orate techniques at this point. Extracting the transition lines manually
and constraining the reconstruction volume to the region where the
dislocation line is located, one then compares slices corresponding
to different xCoR-positions. A straight forward approach is to elimi-
nate the straight stripes passing through the whole image and only
hold on to the intersections of at least two stripes. This can easily be
done either by thresholding or by optimizing the reconstruction (e.g.,
perform more Simultaneous Iterative Reconstruction Technique (SIRT)-
iterations). A search for the frame with the minimum integrated count
number then usually yields the best suited position of the CoR, in
this case given by xCoR = 1008. Five slices calculated with different
parameters xCoR are shown in Fig. 10.7. Note, that for easier visibility
here a line thickness of 2 to 3 pixels was selected for the line tracing of
the dislocation core in the projections. This can be decreased in order
to achieve higher precision.

10.3 discussion

In order to conduct a meaningful discussion about the findings of this
chapter, one needs to acknowledge that successful reconstruction of
XDL data sets is possible without applying the techniques presented
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in the last sections or knowing the position of the rotation axis from
sample manipulator alignment. This may be achieved by trial-and-
error, sinogram based methods, mainly a simple center-of-sinogram
approach due to its straight forward applicability, or the utilization of
automated CoR determination tools.
However, especially sinogram based determination may lead to mis-
placements ∆xCoR ̸= 0 with respect to the physical rotation axis Φ, due
to the contrast properties of XDL projections, resulting in resolution
degradation of unknown quantity. Furthermore, a precise determina-
tion of the physical rotation axis Φ is critical for estimations regarding
the achieved spatial resolution. Therefore, approximating Φ by recon-
structing an estimate of the dislocation core improves reproducibility
and accuracy of results, especially, if only data from one acquisition in-
terval is incorporated. It is recommendable to perform the procedures
for different line directions and in vertically different positions of the
volume for higher accuracy and determining possible tilts between Φ

and the detector columns.
The true significance of the presented developments lies in the ap-
proach for the correct alignment of features from dislocations in the
reconstruction volumes VRec

1 and VRec
2 with respect to each other. Not

only can this technique be used to confirm a determined CoR, it also
allows extracting signs of the BV in the dislocation arrangement. In
particular, when dealing with complex structures like the one in sam-
ple Cr_7 (see Chapter 9), it is improbable that a BV sign determination
is possible for every individual dislocation only from topographic im-
ages and their subtraction from one another. At least, the task would
be time-consuming and cumbersome. By shifting the analysis from
2D topographic images to the 3D volume a successful extraction of
every single BV-sign is much more convenient, therefore faster, and a
lot more feasible. The underlying concept of a comprehensive investi-
gation of topographic images and the corresponding reconstruction
volumes VRec

1,2 will be elaborated further in Chapter 12.

Concluding, it is strongly recommended to acquire projection en-
sembles from both acquisition intervals and at least a small number of
intermediate rocking scans from suited view directions ϕ. The infor-
mation this data contains about the CoR does not only give access to
the signs of the BVs, it also provides an important base for comparison
between simulations and measurement data, as demonstrated later in
Section 11.3.
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The repetitive atomic displacement along the dislocation line is re-
alized on length scales in the magnitude of the lattice constant a of
the respective material, i.e., in the Å-regime (for silicon: a = 5.43102

Å = 5.43102×10−10 m). But as has been shown in [49] and in this
work, the contrast utilized by X-ray Diffraction Laminography (XDL) is
created by regions of the crystal volume in a distance to the dislocation
core of much higher magnitude (several µm), resulting in an intrinsic
resolution limit of the technique. However, state of the art methods
employing lenses that are placed in the diffracted beam, referred to as
X-ray dark-field microscopy, today reach spatial resolutions down to
200 nm - in this case defined by the dislocation line width in the image
at half-widths at half-maximum [44]. It is stated, that there seems to be
no fundamental physical reason prohibiting a substantial increase in
spatial resolution of these approaches, especially with progress being
made regarding the numerical apertures of multilayer Laue lenses
[121] and the increase in brilliance (up to factors of 10 to 100 times)
of radiation sources coming with the next generation of synchrotrons
[122], one example being the European Synchrotron Radiation Facil-
ity (ESRF), which went back into operation after an upgrade in 2020,
[123], [124].
The question arising is whether one considers strain in the crystal
lattice in the vicinity of a dislocation as the object to be imaged or the
dislocation core, whose position can only be estimated, since it is invis-
ible to the exploited contrast mechanism. The obvious problem with
the first perspective is that the determined position of a dislocation is
then depending on a set of parameters (e.g., the weak-beam parame-
ter ∆θ and the view direction kh) and the Burgers vector (BV) of the
respective dislocation (see the investigations in Chapter 6, especially
Fig. 6.5). Therefore, while already projections from one acquisition
interval indicate different positions for one and the same dislocation
line, a second measurement (also from the same acquisition interval)
with different parameters might again show deviating positions in
the crystal volume. This is why the following considerations aim to
develop an approach that allows estimating the dislocation core posi-
tion more precisely, while at the same time eliminating dependencies
on measurement parameters and dislocation properties. Furthermore,
such an estimate could be considered as an enhancement of the spatial
resolution of the resulting three-dimensional (3D) image.
It is noteworthy at this point, that in the case of XDL also the effective
pixel size of the detector system is a limiting factor: So far, lenses have

121
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not been incorporated, since the technique was originally developed to
capture large-scale structures with extensions on the mm-scale. With a
Field of View (FoV) of several mm2 and volume sizes of several mm3,
the smallest effective pixel size during XDL-measurements was 0.36

µm. Maintaining this purpose, this approach aims for a spatial resolu-
tion of about 1 to 2 µm in comparison to the previously estimated 3 to
5 µm, [2, 48].

11.1 estimating the position of the dislocation core

In order to obtain a more accurate approximation of the position of
the dislocation core, i.e., the localization of the atomic displacement, a
tool already utilized in the previous chapter represents a meaningful
approach: By calculating the Center of Mass (CoM) of the respective
reconstruction features stemming from the two projection ensembles
acquired in the intervals I1 and I2 according to Eq. 10.1 one obtains
two results in the vicinity of the dislocation core, denoted as rCoMi

with i = 1,2 (for the respective reconstruction volumes VRec
i=1,2). If Eq.

5.49 can be regarded as a valid with only minor distortions, these
would result in a quasi symmetry. A subsequent step to improve the
estimation of the dislocation core is then to compute the mean position

rCoM =
rCoM1 + rCoM2

2
, (11.1)

which can again be considered a CoM. Assigning the same weight to
the two respective positions rCoM1 and rCoM2 is meaningful, since the
two features might differ in their intensity because of inhomogeneities
in the beam, due to the slight violation of the quasi symmetry, or due
to entirely numerical reasons, arising during the 3D reconstruction.
Consequently, it is here assumed that the differences in the voxel
values of VRec

1 and VRec
2 should be neglected and the positions rCoMi

considered as equally credible.

11.1.1 Influence of Dislocation Properties

First, the approach is applied to volume slices obtained by reconstruct-
ing simulated data sets, here again restricting the consideration to line
directions l = [101] and l = [110], as in Chapter 6. Since the selected
pixel size of 0.25 µm used here is already on a level that hinders an
investigation by eye, the distances from the respective CoMs to the
dislocation core are also given in numbers in Tab. H.1.

As Fig. 11.1 already indicates the CoM-approach yields accurate
estimations for the position of the dislocation core, regardless of which
BV the dislocation has. (Note, that in the following, simulations will be
colored in shades of blue for an easier distinction from measurement
data. This is confirmed by the values for the distance ∆sCoMi of the
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Figure 11.1: The CoM-approach applied to single reconstruction slices of sim-
ulated projection data sets with different BVs and line directions.
BV and line direction configurations correspond to the ones pre-
sented in Fig. 6.5. The same parameters were used, i.e. E = 25

keV, ∆θ = 0.002
◦, and δ = 0.0007

◦. The CoM positions for the
reconstruction volumes V1 and V2 are pointed out in blue and
red. The estimated position of the dislocation core is indicated by
the pink dot, while the true position is marked by a green circle.
In frame a) the selected Region of Interest (ROI)s are highlighted
with light blue and red for respective reconstruction volumes.

b (×2/a) [110] [101] [011] [110] [101] [011]

∆sCoM/µm 0.21 0.13 0.07 0.53 0.11 0.05

∆sCoM1 /µm 2.58 1.87 1.80 0.87 0.86 1.5

∆sCoM2 /µm 2.35 1.67 1.67 0.39 0.63 1.43

Table 11.1: Distances ∆sCoM(i)
from the dislocation core to the positions

rCoM(i)
of the CoMs of the features in the respective reconstruction

volumes VRec
1 , VRec

2 and the mean position of the two. Here, for
the case of a line direction l = [101] and the six relevant BVs. Note,
that this is the shortest distance in 3D, not the in-plane distance.

b (×2/a) [110] [101] [011] [110] [101] [011]

∆sCoM/µm 0.18 0.21 0.21 - 0.21 0.21

∆sCoM1 /µm 1.62 0.91 0.90 - 0.90 0.91

∆sCoM2 /µm 1.36 0.62 0.63 - 0.63 0.62

Table 11.2: Distances ∆sCoM(i)
from the dislocation core to the positions

rCoM(i)
of the CoMs of the features in the respective reconstruction

volumes V1, V2 and the mean position of the two. Here, for the
case of a line direction l = [110] and the six relevant BVs. Note,
that here the shortest distance in 3D is equal to the in-plane dis-
tance.

respective CoM-positions rCoMi to the dislocation core in Table H.1
and Table 11.2 for line directions l = [101] and l = [110], respectively.
Note, that every value of ∆sCoM for the estimate of the core position is
below 0.25 µm, which was the selected pixel size for these simulations.



124 accessing the dislocation core position

This almost holds true for the in-plane distance, which visually is
easier to grasp in Fig. 11.1, too: For l = [101] ∆sCoMi=1,2 reach values
up to 5.1 µm, while the maximum value computed for ∆sCoM remains
below 0.27 µm. For l = [110] the in-plane distance and the shortest
3D-distance are identical, of course. This is important in the sense, that
in particular segmentation but also further analysis sometimes rely
on a slice-by-slice investigation, and thereby, in some cases a precise
estimation of the dislocation core position in single slices is much
more important than the true distance in 3D.
Furthermore, the results indicate, that the quasi symmetry with respect
to the view direction ϕ given in Eq. 5.49 (see Section 5.4 and Appendix
B) is fulfilled to a degree that leads to a similar (quasi) symmetry of
the positions rCoMi with respect to the dislocation core. Regarding the
overall concept presented here, this is a crucial conclusion.

11.1.2 Center of Mass and Center of Rotation

Although, in the previous chapter techniques were developed to deter-
mine the Center of Rotation (CoR) with a high level of precision and
confidence, it is meaningful to analyze how resilient the CoM-approach
is to deviations ∆xCoR from the correct position of the rotation axis
xCoR. This is due to the fact, that it sometimes turns out advantageous
to misplace the rotation axis slightly (∆xCoR < 3 µm), in order to
artificially converge the features from the two reconstruction volumes
VRec

1 and VRec
2 . Experience has shown that this can help to improve

visibility in the reconstruction slices and thereby simplify the line
tracing segmentation, if the two volumes are summed up instead of
subtracted (as it is done to obtain VRec

Comp). The simple explanation
is that especially in dense arrangements, where dislocation lines are
located only a few µm away from each other, certain parts and details
might be captured better by projections from one acquisition interval
than by the ones recorded in the opposing interval. We therefore,
perform simulations with different settings of ∆xCoR and compute the
mean distances ∆sCoM over a set of reconstruction slices.

Frame 11.2a shows, that the CoM-approach is very stable regarding
errors in the CoR. Even for significant deviations ∆xCoR one obtains
results, that for the most part are still more accurate than reconstruc-
tions that rely on data from only one acquisition interval. The latter
is shown in Frame 11.2b. In this case, there exists an almost linear
relation between the misplacement of the CoR, ∆xCoR, and the distance
∆sCoMi=1,2 between the CoM positions rCoMi of the features in the indi-
vidual reconstructions and the dislocation core. One also finds, that
for different configurations of l and b we find different settings for
the CoR, that yield the best estimate for the position of the dislocation
core. This is explained by the BV-dependent distribution: In the case
of l = [101] and b = [110], see Fig. 11.1 Frame 11.1a, it will require
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Figure 11.2: a) Mean distance ∆sCoM from the dislocation core to the CoM-
position rCoM for different line directions and BVs. b) Mean dis-
tance ∆sCoMi=1,2 from the dislocation core to the CoM-positions
rCoMi=1,2 of the respective reconstruction volumes VRec

1 and VRec
2

for different line directions and BVs. For comparison the y-axis
range covered in a) has been indicated in gray. The simula-
tions have been carried out for the parameters EX-ray = 25 keV,
∆θ = 0.002

◦, δ =0.0007
◦, exploiting the 220-reflex of silicon. The

mean of the distances were calculated over 200 slices equally
distributed around the center-slice in z- or 220-direction of the
respective volumes.

a larger deviation in the CoR to shift the respective features onto the
core position, than in other configurations.
Another important observation is that a misplaced CoR has a stronger
effect on the CoM-estimate of the dislocation core position, if the line
direction is inclined with respect to the rotation axis, i.e. Φ ̸∥ l ̸⊥ Φ.
For this, two possible reasons have to considered: (i) The more ex-
tended reconstruction features, by introducing ∆xCoR ̸= 0 µm get
distorted in a way, leading to a less accurate result. Or (ii) the reason
is the localization of the dislocation line: For the case of l = [110] the
position of the dislocation core is coinciding with the CoR - and with
the center of the reconstruction slices for that matter - in all of the 200

incorporated slices. This is not the case for l = [101], where the dislo-
cation core crosses the rotation axis only in one slice (or depending
on the computation between two slices). For the other slices, due to
the inclination, the dislocation is not coinciding with the rotation axis.
Although, one might intuitively tend to reason (i), the latter would
have crucial implications for an intended shift of the CoR in order to
ease line tracing: Imaging of dislocation lines further away from CoR

would suffer in accuracy and the correct positioning of the rotation
axis would become even more important. However, as it is shown in
Appendix G this is not the case and the worse estimates for Φ ̸∥ l ̸⊥ Φ

are entirely stemming from the more complex reconstruction features.
Concluding, the CoM-approach proves to be highly resilient to a mis-
placed rotation axis and, furthermore, provides an estimate of the
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Figure 11.3: Slices of the 3D reconstruction volume comprising the dislocation
structure in sample A100_400_3. a) Cross section of the entire
crystal volume containing the dislocation structure. The area
highlighted in bright gray is enlarged in the following frames.
b) A reconstruction with a shift of the CoR of ∆xCoR = - 8 pxl =
-5.76 µm with respect to the CoR determined in Chapter 10. Note,
that here different parameters were used for the masking via
Empty Volume Backprojection (EVBP), than in the frames c) and
d). c) The CoR was set according to the findings in Chapter 10, i.e.
∆xCoR = 0 pxl= 0 µm. d) Here, we shifted the rotation axis in the
other direction by ∆xCoR = 5 pxl = 3.6 µm. The position of the
area shown in the slices is indicated by the gray parallelogram in
Fig. 11.6, where the entire dislocation arrangement is shown. The
reconstructions were obtained with the Simultaneous Iterative
Reconstruction Technique (SIRT) supported by EVBP. The CoR is
given in the figure in pixels with a total width of the projection
images of 2004 pixels.

dislocation core position, which is not only more accurate than the
respective reconstruction features in VRec

1 and VRec
2 , the estimate is also

nearly independent of measurement parameters (also see Appendix
G) and dislocation properties.

11.1.3 An Exemplary Application

Before continuing with the possible ways of implementing the CoM-
approach, a first application to measurement data will be demon-
strated. This will exemplarily show the possibilities to improve and
manipulate reconstructions in order to achieve the best results. For
this purpose, again the projections of the silicon sample A100_400_3

will be used, which were already introduced in the previous chapter:
14 Projections were recorded per acquisition interval at an energy of
EX-ray = 25 keV, exploiting the 220-reflex. The Bragg deviation was set
to ∆θ = 0.003

◦ and the excitation interval is estimated by δ = 0.0007
◦,

according to the properties of the P23-beamline, Deutsches Elektronen
Synchrotron (DESY) - Petra III, Hamburg, in Germany. More informa-
tion about the sample and the measurement is given in Appendix
H.
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With a variation of the rotation axis position one again observes a
flip in the features in Fig. 11.3: While Frames 11.3c and 11.3d show the
correct distribution (here: bright below dark features), a shift of the
CoR in the negative direction leads to the bright features being located
above the dark features of one and the same dislocation. The red dots
are indicating an estimate of the dislocation core position, that has
simply been set by eye, but note: The red dots occupy the exact same
positions in all three frames, their locations have not been altered from
one frame to another. This can be considered a first demonstration of
the CoM-approach’s resilience to misplacements of the rotation axis.
Furthermore, Fig. 11.3 shows how also a parameter variation of the
EVBP-masking technique can help significantly to analyze data and
track dislocation lines: While the slice in Frame 11.3b appears much
cleaner, with almost no noise, disturbing features increase in the last
two frames. They are highlighted in the green ellipse (ii) in Frame
11.3c. At the same time, some bright features are hardly visible in
Frame 11.3b marked by (i). In Frames 11.3c and 11.3d, however, their
visibility has improved significantly.

11.2 implementation

Although, the simulations and their outcome presented in the previ-
ous section are very promising, applying the CoM approach to real
dislocation structures is a challenging task: In simulated data sets
reconstruction volumes that only contain features stemming from
one single dislocation. Obviously, in this case determining the po-
sitions of the respective CoMs rCoMi=1,2 and subsequently calculating
their mean position rCoM is easily automated. However, considering
arrangements of dislocation that are more complex, e.g., the structure
in sample Cr_7 shown in Chapter 9, quickly problems arise in regions
of the reconstruction volume where features from several dislocations
approach each other or even overlap. To some degree this can be
approached by using several reconstructions with different settings of
the CoR, but this does not solve the problem entirely. In this regard,
here two approaches on how to handle more complex dislocation
structures will be presented and the obtained results will be compared.
First, a straight forward Mean of Segmented Lines (MSL)-approach
will be introduced and, secondly, the Mean of Calculated Centers of
Mass (MCC)-scheme, which opens possibilities to automate the line
tracing to some degree, will be presented.

11.2.1 Mean of Segmented Lines

The first way to apply the CoM-technique to a data set, that cap-
tures a complex dislocation arrangement is straight forward: After
the projection ensembles acquired in the intervals I1 and I2 have been
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Figure 11.4: Schematic workflow of the two ways to implement the CoM-
approach: left MSL; right MCC.

reconstructed separately to obtain VRec
1 and VRec

1 the segmentation via
line tracing is carried out also separately in the two volumes. The two
results can then easily be combined to yield the final result. This is
simply done by calculating the mean positions rCoM for every disloca-
tion and slice. A schematic overview of the workflow is shown in Fig.
11.4 on the left.
The disadvantages of this approach are, firstly, that the line tracing
has to be performed twice (once for VRec

1 and once VRec
2 , respectively),

which effectively doubles the effort necessary for the segmentation.
Secondly, a segmentation by line tracing in a slice-by-slice fashion is to
some degree subjective. This concerns the exact position of the traced
line in the perhaps blurred and slightly extended reconstruction fea-
ture as well as the individual paths of dislocations that cross or follow
trajectories with only a few µm or less in between. A direct example
for this subjectiveness has already been presented in Chapter 9, where
two reconstructions and their respective segmentations (performed
by two different people) yielded different paths for two pairs of dislo-
cations, see Fig. 9.3. On the other hand, the MSL is easily performed,
if the two projection ensembles each allow successful reconstruction
and line tracing, which has to be regarded a criteria for the successful
application of XDL to begin with, of course. Therefore, MSL can by
default be considered as applicable.

Applying the MSL-approach to a rather simple structure in the
silicon sample A100_400_3, which was already presented in Chapter
10, yields cross sections like the ones exemplarily shown in Fig. 11.5. In
this case, for the CoR determined in the previous chapter, the features
from the two reconstruction volumes are already located very close to
each other, see Frame 11.5b. This is due to the line direction of most
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Figure 11.5: Reconstruction slices of a dislocation structure in the silicon sam-
ple A100_400_3 segmented with the MSL-Scheme. a) For better
visibility a cross section of a reconstruction volume obtained by
misplacing the rotation axis by ∆xCoR = 5 pxl = 3.6 µm. b) The
corresponding reconstruction slice for ∆xCoR = 0 pxl = 0.0 µm.
c) The final result obtained by MSL. In frames a) and b) the lines
segmented from VRec

1 are represented by the blue dots, the red
dots mark the positions of the lines extracted from VRec

2 . The
green dots indicate the positions of the mean position or the CoM

and correspond to the white dots in frame c). The CoR is given
in the figure in pixels with a total width of the projection images
of 2004 pixels.

visible segments (l = [110]) but also due to the selection of ∆θ = 0.003
◦.

Therefore, Fig. 11.5 also shows the application to a cross section where
the CoR was misplaced by 3.6 µm for the purpose of better illustration
of the technique (this is also the case for the illustration of the entire
structure in Fig. 11.6, where the localization of the slices shown in
Fig. 11.5 is indicated by the gray parallelogram). Note, that in the
Frames 11.5a and 11.5b the green dots indicating the dislocation core
position are located at exactly the same positions (this is also the
case for the white dots in 11.5c, again indicating the resilience of the
CoM-approach to misplacements of the rotation axis). However, for
any further investigations the result obtained from a reconstruction
volume which was calculated with xCoR = 1008 pxl will be used, i.e.,
where ∆xCor = 0.0 µm according to the findings in Chapter 10.

11.2.2 Mean of Calculated Centers-of-Mass

The second implementation, the MCC-scheme, allows for a segmen-
tation of the CoM in semi-automated fashion. As a first step a mask,
that enables isolating the features of the individual dislocation lines,
needs to be applied to the volumes. In many cases, if the local dis-
location density is not too high, i.e., if the dislocations are spatially
separated by approximately 10 to 20 µm of dislocation-free crystal
volume (in-plane, i.e., in the cross sections perpendicular to the rota-
tion axis), the same mask can be used for VRec

1 and VRec
2 . This is of

course to some degree also influenced by measurement parameters
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Figure 11.6: 2D-image of a 3D-rendering of the complete dislocation structure
in silicon sample A100_400_3. Again the reconstructed dislo-
cation lines stemming from VRec

1 and VRec
2 are colored in blue

and red, respectively, while the CoM-position estimating the path
of the dislocation core are colored in turquoise. a) The whole
dislocation arrangement. The gray slice indicates the area shown
in Fig. 11.3 and Fig. 11.5. b) Enlargement of the right hand-side
of a). Note that here again reconstructions were obtained by
misplacing the rotation axis by ∆xCoR = 3.2 µm for a better il-
lustration of the CoM-approach. Also note, that the gray - almost
horizontal - segments in frame a) could not be captured by XDL

and had to be inserted artificially. This is due to the extinction
rule, since they all have the BV b = ±a/2[110].

∆θ and δ as well as the line direction l and BV b of the respective dislo-
cation segment. For dislocations that are located closer to one another,
this approach is problematic, since overlapping features of different
dislocations will falsify the calculation and eventually degrade the
precision of the dislocation core position estimate. Therefore, the first
exemplary demonstration of MCC will be restricted to the 26 selected
line segments highlighted in Fig. 11.7.

A suited mask can be obtained by a rough segmentation of a regular
volume mask obtained by EVBP. An exemplary cross section of such a
mask volume is shown in Frame 11.8a. After the individual dislocation
features have been isolated, rCoMi are simply calculated for i = 1, 2
and every dislocation line feature. Afterwards, the mean position
of two corresponding CoMs is determined. One then obtains slices
like the cross section shown in Frame 11.8b, where the CoM-positions
corresponding to the features in VRec

1 and VRec
2 are indicated in red

and blue, respectively. The mean position, or the final CoM-position,
which is the estimate for the position of the dislocation core is marked
in green. Extracting these coordinates then yields the result, which
can be binarized (as shown in Frame 11.8c) or indexed for further
processing.

11.2.3 Comparison of the two Implementations

Previous to the general discussion of the CoM-approach, the two imple-
mentations presented in the previous two sections will be compared.
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Figure 11.7: Two-dimensional (2D)-image of a 3D rendering of the disloca-
tion structure in the silicon sample A100_400_3. The 26 seg-
ments highlighted in blue are well suited for applying the MCC-
approach.

Figure 11.8: Exemplary cross sections of volumes corresponding to the sev-
eral processing steps of MCC: a) Volume mask that enables isola-
tion of individual dislocation line features for the calculations.
b) Enlarged area highlighted in a): The mask was applied to
slices obtained by a SIRT-reconstruction. The respective CoMs are
indicated by blue and red dots, corresponding to features in
VRec

1 and VRec
2 , respectively. The estimate of the dislocation core

position, which is again shown solely as result in c) is here
colored in green.

Since one simply does not know the exact position of the dislocation
core in the reconstruction volumes obtained from measurement data,
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Figure 11.9: The mean deviation ∆rCoM,i for the 26 dislocation segments with
indexes i shown in Fig. 11.7. The in-plane distances between the
MCC- and the MSL-approach are calculated in slices j perpendic-
ular to the rotation axis, afterwards the mean is calculated. The
error bars indicate the standard deviation, also see Eq. 11.2 and
11.3.

one here has to rely on a quantitative comparison of the results from
MSL and MCC. This is meaningful, because relying on simulations it is
known that MCC yields estimates for the dislocations which are closer
to the truth than a simple segmentation of features from either one of
the two volumes VRec

1 and VRec
2 by up to 3 to 5 µm. Note, that this and

the following values refer to the in-plane distance, i.e., the distance
in the slice plane, which is perpendicular to the rotation axis, not to
the shortest distance in 3D, which is plotted for different settings of
the xCoR in Fig. 11.2. Since MCC had to be restricted to the 26 line
segments shown in Fig. 11.7, the mean difference compared to the
MSL-results over all relevant slices is plotted over the segment index,
the corresponding standard deviation are indicated by error bars:

∆rCoMi =
1
ni

z

ni
z

∑
j=zi

0

∣∣∣rMCC
CoMi,j,⊥ − rMSL

CoMi,j,⊥

∣∣∣ (11.2)

σ(∆rCoMi) =
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∣∣∣− ∆rCoMi

)2

(11.3)

For the most part, as shown in Fig. 11.9, the difference between
the two approaches is below 2 µm. For almost half of the line seg-
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ments the estimates of the dislocation core position deviate only by
1 µm or less. The general trend of an increasing ∆rCoM,i with rising
dislocation segment index i, can be understood by the dominating
line direction: While the lower indices include large parts of segments
with direction l = [110], the higher indexed lines are inclined with
respect to the rotation axis, i.e., neither parallel nor perpendicular
to Φ. Since the reconstruction features for those line directions are
located further away from the core than it is the case for segments
with l = [110], this results in higher mean deviations ∆rCoM,i and
also higher standard deviations σ(∆rCoMi). Furthermore, one has to
acknowledge that a computation via MCC is susceptible to errors, that
can be avoided when performing a careful manual segmentation by
tracing the lines in a slice-by-slice manner. An example can be seen in
Frame 11.5a: In the bottom left corner, highlighted in a gray rectangle,
three segmented lines are indicated by the colored dots. However,
in this slice the features of the individual lines almost merge to one
blurred area. Taking only this slice into account, it is hardly possible
to identify three separate dislocations. While information from other
slices and extrapolation reveals the three lines and enables a successful
segmentation via MSL, this particular slice (among other similar slices)
will distort the MCC result since the approach handles information
from slices completely separately.
Concluding, both approaches yield results that differ only in a few
pixels (in most cases only 2 to 3 pixels, i.e., 1 to 2 µm with the here
present effective pixel size of 0.72 µm). Thus, the approaches already
push the limitations in spatial resolution stemming from the detector
system. While at this development stage, a manual segmentation in
the fashion of MSL is strongly suggested, the prospect of an automated
line extraction is highly attractive. Manual line tracing is time inten-
sive and the effort doubles with the utilization of the CoM-approach in
comparison to restricting the analysis to a projection ensemble from
only one acquisition interval. Novel segmentation frameworks, like
e.g., Biomedisa developed for segmentation of data from biomedical
imaging [125], are tools that might turn out very useful also for tracing
dislocation lines in reconstruction volumes captured by XDL. First
test runs suggested this, however, it seems that further testing and
adaptation of such techniques is necessary before they can be applied
in a reliable and routinized fashion.

11.3 quantitative testing

In order to draw a final conclusion regarding the CoM-approach, a last
comparison of measurement-based results and simulations will be
consulted. Therefore, Fig. 11.10 shows cross sections perpendicular to
the rotation axis through the respective reconstruction volumes VRec

1
and VRec

2 . Note, that here the SIRT reconstruction was again supported
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Figure 11.10: Selected reconstruction slices obtained from simulated and
measurement data in comparison. The BV is b = a/2[110] in all
cases. Cross sections from VRec

1 are shown in the upper, slices
from VRec

2 in the lower row, respectively. The simulations are
colored in blue while the corresponding slices from the mea-
surement are grayscale images. Compared are reconstructions
of dislocations with line directions a) l = [101], b) l = [110],
and c) l = [011], covering the entire half loop structure. The
measurement was executed exploiting the 220-reflex of silicon,
with an X-ray beam energy of EX−ray = 25 keV. According to
Appendix C the weak-beam parameter and the angular exci-
tation interval were calculated as ∆θSim = 0.0028

◦ and δSim =
0.0009

◦.

by EVBP, resulting in the sharp edges of the features in the measure-
ment data.
Of special interest are the distances between the corresponding CoM

positions rCoM,i=1,2, calculated for the individual volumes for measure-
ment and simulation. They are given in Table 11.3 for the dislocation
shown in 11.10 (line "A100_400_3 - l1") and for another dislocation
with the same properties (line "A100_400_3 - l2"). Dislocations with
the BV b = a/2[110] were selected, since this configuration yields the
highest deviations from the dislocation core.

l [101] [110] [011]

A100_400_3 - l1 6.66 µm 1.58 µm 6.43 µm

A100_400_3 - l2 6.31 µm 0.79 µm 6.34 µm

Simulations 6.69 µm 1.60 µm 6.69 µm

Table 11.3: Distances between the CoMs calculated for the respective intervals,
|rCoM,1 − rCoM,2| for two dislocations with b = a/2[110] in sam-
ple A100_400_3 and corresponding simulations. Line A100_400_3

- l1 corresponds to the exemplary cross sections in Fig. 11.10.

The results show a high level of agreement. Not only do the slices
from simulations and measurements in Fig. 11.10 show similar shapes,
but also the distances between the respective CoM positions corre-
sponding to volumes VRec

1 and VRec
2 extracted from experimental data

and noted in Tab. 11.3 are in close line with the simulations. This
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could be achieved by calculating the effective Bragg deviation and
the corresponding excitation interval as shown in Appendix C. Fur-
thermore, the physical CoR was calculated according to Section 10.2.2
for positions in the image corresponding to the respective dislocation
segments, revealing a tilt of approximately 0.2181

◦ of the axis Φ with
respect to the detector columns. Usually, this could be neglected for
a reconstruction, however, in the context of quantitative comparison
between measurement and simulations it has been incorporated. Fur-
thermore, the data shown here was recorded with an effective pixel
size of 0.36 µm, which in combination with the detector optics yields a
spatial resolution of 0.72 µm. This represents the finest resolution ever
used for XDL projection acquisition and while processing data sets
of mm3-sized crystal volumes with this resolution is extensive and
in many cases not necessary, it is meaningful to exhaust the possible
limit for this particular evaluation.
However, it is important at this point to stress, that the here pre-
sented slices were picked at random, only ensuring that no artifacts
are present, that could falsify the results. Although, the outcome at-
tributes a high level of validity to the theoretical framework for the
case of silicon, further more comprehensive studies would be required
to confirm this. The value of 0.79 µm for the second [110]-segment
with a simulation result of 1.60 µm already indicates that the localiza-
tion of the CoMs calculated in this fashion might fluctuate significantly
from slice to slice.

11.4 discussion

Although, the majority of results show good agreement between simu-
lations and measurement, possible reasons for deviations are broadly
scattered and maybe grouped into three categories:

• The assumptions the theoretical framework is based upon: In the
considerations in Chapter 5 we assume isotropy of the material,
which is of course only fulfilled to a certain degree. Silicon
may show sufficient isotropic properties, but especially when
considering compound semiconductors or crystals of non-cubic
structure, this circumstance has to be carefully considered and
revised. Furthermore, we use linear elasticity to describe the
dislocation displacement field u(r). Another factor in this regard
is the kinetic approximation of the diffraction mechanism.

• Secondly, simplifications have been introduced when imple-
menting the contrast formation via the geometrical ray tracing
approach: Here, straight parallel rays are assumed to model the
diffracted X-ray signal. The diffracting volume does not change
the ray direction. In this regard, estimates of the resulting un-
certainty are given by equations 5.36 and 5.37 and in Appendix



136 accessing the dislocation core position

A, although they are in most cases rather small (of the same
magnitude as the effective pixel size). Additionally, the local
reflectivity is defined as a binary property: A unit of the crystal
volume either contributes as strongly as any other or not at all
to the contrast formation on the detector plane.

• The last category is given by uncertainties during data acquisi-
tion. Here, the most crucial factor is the weak-beam parameter
∆θ. During an XDL-scan the Bragg peak and the corresponding
angle θB is determined at several positions ϕ in one interval
during projection recording. This is done by rocking scans, but
since changing the illuminated crystal volume for this purpose
is highly disadvantageous and endangers the success of the scan-
ning procedure, the signal is distorted not only by dislocations
in the FoV. Often times an indent-like damage on the sample is
the origin of the dislocation structure. Therefore, the determined
Bragg angle θB is not the Bragg angle of the undistorted crystal
lattice and an additional shift ∆θDist to the laminographic angle
as (θ = θB + ∆θDist) + ∆θ is introduced. This is neglected in
corresponding simulations.

Despite these shortcomings, the approach presented in this chapter
still represents a highly useful tool. Overall, predictions derived by
the calculations are valid also for measurement data, although their
numerical accuracy has to be considered with caution. The conclusion,
that the mean- or CoM-position of corresponding line features from the
respective reconstruction volumes is a better estimate of the position
of the dislocation core, than a segmentation of only one reconstruction
can provide, seems highly plausible. Furthermore, we nearly com-
pletely exclude influences dislocation properties (like line direction
and BV) and measurement parameters (like weak-beam and diffraction
interval parameters, ∆θ and δ, respectively) have on the final estimate
of the core position.
The presented data set from the silicon sample A100_400_3 was
recorded with ∆θ = 0.003

◦. Based on experience, this can be con-
sidered as rather high: With a further increase in the weak-beam
parameter, visibility of dislocation lines almost vanishes in noise. Con-
sequently, the signal is created almost as close as possible to the
dislocation core and still the application of the CoM-scheme improves
the result, although it is here pushing the resolution limit of the em-
ployed detector system given by 1.44 µm in most cases presented
here (especially for line directions l = ±[110]). Aiming for further
refinements it may be necessary to decrease the effective pixel size
and the resolution limit of the optics. One case with an effective pixel
size of 0.36 µm and thus a resolution limit of 0.72 µm (with suitable
detector optics) was presented. This resolution limit becomes mean-
ingful, when applying the CoM approach.
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Concluding on the basis of the preceding simulations, the agreement
between simulations and measurement in Table 11.3 and assuming
that the deviations between the two possible implementations of CoM-
approach (apart from some outliners) plotted in Fig. 11.9 represent
an average error of the technique, with the respective CoM positions
being distributed randomly around the position of the dislocation
core, the achieved spatial resolution should be estimated to about 1 to
2.5 µm (the limit of the detector system always serving as an absolute
minimum).
For further studies it would be meaningful to start by conceptualizing
measurements that allow an approximation of the distortion shift
in the Bragg peak ∆θDist, e.g., by recording projections for different
∆θ (also with different signs) and match them by investigating the
resulting reconstructions. This can be simulated first by calculating
projections for a specific Bragg deviation using an approach developed
very recently, called Virtual Weak-Beam (VWB): Rocking scans are used
for a pixel-wise fitting of the rocking curve, which then allows con-
structing an image on any angular position of the rocking curve by
interpolation. Another possibility is to refine the simulations, e.g., by
switching from a strictly binary local reflectivity to a scalar field or
even allow ray trajectories not parallel to the original (virtual) ray.
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T O WA R D S B U R G E R S V E C T O R D E T E R M I N AT I O N

For the comprehensive characterization of a dislocation arrangement
another important aspect following the three-dimensional (3D) struc-
ture is the Burgers vector (BV) distribution. This refers to assigning
the correct BV to every individual dislocation line in the arrange-
ment. Regarding X-ray imaging the common approach to achieve
this assignment is the recording of several topographic images of the
same structure for different reflexes via X-ray White Beam Topogra-
phy (XWBT). By comparing a set of X-ray topographs (often recorded
on high resolution X-ray film), one may then conclude on the direction
(not the sign) of the BV of a given dislocation [34, 49, 126], due to the
extinction rule, see Section 5.5. As it has been shown in Chapter 10

and [49], the position of the line contrast in different frames during
a rocking scan on opposite sides of the Bragg peak (i.e. θi < θB < θj)
then reveals the sign of the BV. This means, that with data from X-ray
Diffraction Laminography (XDL) alone, we can only access the sign of
the BVs, while up to this point the determination of their orientation
requires an entirely different measurement setup and therefore turns
out extensively time-consuming. Especially, aiming for quasi in situ
studies in 3D with measurement schemes where a sample treatment is
applied between several XDL-scans to obtain snap shots of the evolu-
tion of dislocation arrangements, this is hardly feasible. Determining
the BV distribution for every single step would require XWBT measure-
ments (involving several sample mountings and setup modifications)
with every subsequent sample treatment.
This raises the question if it is possible to access also the orientation of
a dislocation’s BV directly from i) XDL projections, ii) data from inter-
mediate rocking scans, or iii) the 3D reconstruction volumes (i.e. from
the separately reconstructed volumes VRec

1,2 or the compounded vol-
ume VRec

Comp). The following will present some approaches and discuss
the related challenges with the aim to further extend the information
made accessible by XDL.

12.1 topographic line contrast

Referring to the considerations presented in Sections 5.5 and the cor-
responding simulations in Section 6.3 a nearby approach to determine
the BV-orientation of a dislocation would be to investigate the intensity
profile of the dislocation line over the tomographic rotation angle ϕ.

For easier readability Frame 12.1a again shows the intensity profile
of different BVs for a perfect dislocation with line direction l = [101]
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Figure 12.1: Excited volume per line length over tomographic rotation angle
ϕ. a) All relevant BVs of a perfect dislocation with l = [101]. b)
Enlargement of the section containing the minima at positions
ϕ ∈ [20

◦;50
◦]. The same color-code as in a) has been used. c)

Simulations for all relevant BVs of a perfect dislocation with
l = [110]. The calculations were performed for an energy of 25

keV for the 220-reflex of silicon. The weak-beam parameter was
set to ∆θ = 0.002

◦ and δ = 0.0007
◦.

as in Fig. 6.7. Here, the gray bars indicate the angular sections that are
not accessible for a laterally extended sample in Laue-transmission
geometry (LTG). However, line intensity in the tomographic image is
highly influenced by intensity fluctuations in the cross section of the
incoming beam and therefore not easily comparable to simulations.
This challenge can be overcome by specifically paying attention to the
localization of intensity minima (or maxima for that matter), since
they are located in a small (accessible) angular range. This means that
in the vicinity of a minima the dislocation image does not move large
distances in the image while rotating about Φ. In Frame 12.1b the
minima between ϕ ∈ [20

◦;50
◦] are shown in more detail. Unfortunately,

we find that according to the calculations three minima are found at
the same angle positions, the values are noted down in Tab. 12.1.

b = a/2× [110] [101] [011] [110] [101] [011]

ϕmin 35.3◦ 30.1◦ 35.3◦ 32.2◦ 35.3◦ 43.0◦

Table 12.1: Positions ϕmin of the intensity minima shown in frame b) of Fig.
12.1.

Furthermore, Frame 12.1c shows how the expected intensity is not
changing if the line direction of the dislocation segment is l = [110],
i.e., parallel to the selected reciprocal lattice vector and the rota-
tion axis: l ∥ h220 ∥ Φ. While one obtains the strongest contrast
for b = a/2[110], all other BVs yield the same intensity (or excited
volume per line length Vδ, where often a linear connection is assumed
as mentioned in Section 6.3 and [42, 47, 87]) except for b = a/2[110],
which is invisible in agreement with the extinction rule. Although, this
seems to provide sufficient criteria to determine the BV distribution
of a dislocation, assuming a suited way to extract the line intensity



12.1 topographic line contrast 141

Figure 12.2: Exemplary projection data of two different samples, measured
at two different beamlines: a) Sample Cr_7 at an energy of 40

keV with a weak-beam parameter of ∆θ = 0.002
◦, recorded

at ID19 of the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. b) Sample A100_400_3 at an energy of 25

keV with a weak-beam parameter of ∆θ = 0.003
◦, recorded at

P23 of the Deutsches Elektronen Synchrotron (DESY), Hamburg,
Germany. The green trapezoid A frames non-visible segments
with l = [110]. More details on samples and measurements can
be found in Appendix H.

normalized to the profile of the incoming X-ray beam is found, one
faces another problem, when dealing with complex dislocation ar-
rangements: The practicability of extracting the required information
for every individual dislocation segment in a complex arrangement
is highly unlikely. For several dislocations this will be impossible,
especially for view directions, which are orientated parallel to pre-
ferred glide planes. To illustrate this, Fig. 12.2 shows two exemplary
projections of structures in the samples Cr_7 and A100_400_3, which
have already served as examples in the previous chapters.

While in Frame 12.2a the dislocations located on slip planes on
the left of the center are clearly separable, the ones on the right of
the center start to overlap more and more. In Frame 12.2b the view
direction is slightly different: Here, the dislocations on the left of
the center are located close to each other, judging from the viewer’s
perspective.
In summary, the feasibility of this approach is strongly connected to
the complexity of the dislocation arrangement under investigation.
While for structures comparable to the one present in the silicon
sample A100_400_3 it might in fact be possible to extract sufficient
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information about a majority of the present dislocations, this seems
unlikely for structures of similar complexity as the arrangement in
Cr_7. Here, it might only be possible to determine BVs of dislocations,
that propagated far away from the evolution origin in the center of the
structure. Nevertheless, it needs to be stressed that some information
can be extracted in a straight forward manner: Looking closer at frame
12.2b one finds that the middle segments of the horizontal half loops,
which should be located in the light green trapezoid A are completely
invisible. This already allows to conclude that they are subject to the
extinction rule and therefore b = ±a/2[110].

12.2 reconstruction features

In order to enable the extraction of information about the BV distribu-
tion also for complex dislocation arrangements like the one present in
Cr_7, now another approach will be demonstrated. This is based on
the fact, that according to the simulations in Chapter 6 different BVs
result in a different localization of the reconstructed features even if
the line direction remains unchanged, as is shown in Fig. 6.5. The ad-
vantage is, that investigations regarding features in the reconstructions
should in general be possible, if the individual dislocation lines are
resolvable and separable via XDL, since the resulting 3D image enables
inspection from arbitrary view directions. Particularly, the analysis
of cross sections perpendicular to the predominantly preferred line
direction of dislocations (often parallel to the rotation axis Φ ∥ h220)
proves to be very useful.

By careful investigation of cross sections as they are exemplarily
shown in Fig. 12.3 we are able to find distinctive differences in the
shape of features stemming from different dislocation lines, or in
the relative positions of features in VRec

1 and VRec
2 originating from

one and the same dislocation line. It also turns out, that varying the
position of the rotation axis xCoR can be useful for the investigation.
In Frames 12.3b to 12.3f similar features are exemplarily circled in
green, while another feature that shows slight differences is circled
in red. Since these features all belong to dislocation segments with
line direction l = [011] one may conclude, that they have different BVs.
It is noteworthy, that this technique has to applied with caution: The
features highlighted in yellow in Frame 12.3a seem to show a very
unique behavior. In particular, bright and dark contrast features flip
prior to all other features from all other visible dislocation lines, as
can be seen in Frame 12.3f. This however does not indicate a different
BV. The reason is rather that this is the only line in the shown slices
that already changed to the line direction l = [110]. To achieve a
grouping of all dislocations in the volume an investigation of a large
number of slices is necessary. However, eventually a categorization
can be provided, that does not reveal the exact orientation of the
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Figure 12.3: Cross sections perpendicular to the rotation axis Φ of the disloca-
tion arrangement in the silicon sample Cr_7. The reconstruction
was obtained via Empty Volume Backprojection (EVBP) from
projection ensembles (70 projections per acquisition interval)
acquired at 40 keV with a weak-beam parameter of ∆θ = 0.002

◦,
exploiting the 220-reflex. Frames b)-f) show the highlighted area
in frame a) for different settings of the Center of Rotation (CoR),
in order to reveal the different distribution of reconstruction fea-
tures corresponding to dislocations with a different BV. Examples
are highlighted in colored circles (red and green).

individual BVs but at least which dislocations have the same BV. Fig.
12.4 shows the final result for the dislocation structure in Cr_7, which
is in agreement with results from XWBT shown in [48, 49].

12.3 summary and outlook

In this Chapter it was demonstrated how projection and rocking scan
data in combination with 3D reconstruction images can be utilized
to access the BV distribution in complex dislocation arrangements by
relying only on XDL data.
Although, neither of the two approaches provides the whole informa-
tion, a combination of the two techniques seems very promising and
should be subject of further methodological developments. Assum-
ing the BVs of a sufficient number of individual dislocations can be
determined from contrast analysis in the projection images, this in
combination with the grouping of reconstruction features might allow
assigning the correct BV to every dislocation. Furthermore, the sign
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Figure 12.4: 2D-rendering of a 3D image of the dislocation arrangement in
Cr_7. The reconstruction features in cross sections perpendicular
to the rotation axis were analyzed and compared for different
dislocations with the same line direction. The distinct differ-
ences in appearance allowed a categorization of dislocations
corresponding to their respective BVs. While the orientation of
the different BVs could not be determined, dislocations with iden-
tical BVs could be grouped together, providing an intermediate
result.

could then be determined by analyzing the contrast flip in rocking
scan data and the feature distribution in VRec

Comp, as shown in Chapter
10 and partially in [49].
Further investigations should also include determination of suited
weak-beam parameter settings. In the here presented case of Cr_7 the
Bragg deviation was set to ∆θ = 0.002

◦. Comparison to other data sets
gave the impression, that such weak-beam conditions (i.e. ∼ 0.002

◦)
are more favorable for the analysis of reconstruction features than
exciting regions of the volume particularly close to the dislocation
core (i.e. with ∆θ ∼ 0.0030

◦ or 0.0035
◦). However, this has not been

investigated in detail and thus could not be confirmed yet.
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Q UA S I 4 D I M A G I N G O F D I S L O C AT I O N S

As a first demonstration of the extended capabilities of X-ray Diffrac-
tion Laminography (XDL) enabled by the methodological develop-
ments conducted within this work, here an approach for the quasi
four-dimensional (4D) imaging of dislocation - also referred to as quasi
in situ three-dimensional (3D) imaging of dislocations - will be pre-
sented. In particular, the challenges that had to be overcome will be
elaborated, especially in relation to this thesis.

13.1 concept and challenges

Since acquisition of XDL projection sets was very time consuming,
with sample alignment taking several hours and subsequent recording
adding up to even days, a genuine in situ approach, which would
also mean performing the complex sample manipulation in a heating
environment, did not seem feasible. Therefore, a first approach to
capture dislocation dynamics in a quasi 4D fashion was proposed. This
is realized by a gradual sample treatment with intermediate XDL scans,
to record snap shots of the emerging dislocation arrangement.

Fig. 13.1 illustrates this workflow for the special cases presented
later: First, silicon samples are intentionally damaged by nano-indenta-
tion in order to emulate the introduction of scratches or microcracks by
handling during typical processing steps. In semiconductor device fab-
rication the materials are often heated, e.g, during CMOS processing.
This may lead to the nucleation of dislocations, evolving into complex
structures and propagating into previously dislocation-free regions of
the wafer far from the initial damage site (on mm and even cm scale).
In the here presented case a mirror furnace is utilized to simulate these
annealing treatments, more information can be found in [127–130].
Nevertheless, it is important to note, that the measurement scheme
is of course not limited to heating; in principle, any form of sample
treatment, which can be performed gradually with one processing
step not taking longer than few hours and which does not introduce
large scale damages (∼ mm2) to the sample surfaces (prohibiting X-ray
topography with µm resolution), is applicable in a straight forward
manner.
The challenges connected to this approach can be summarized as
follows:

• The mirror furnace has to be carefully calibrated. In previous
two-dimensional (2D) in situ studies the furnace was placed in
the beam and the evolution of the dislocation arrangement could
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Figure 13.1: Sample preparation by means of nano-indentation and mea-
surement scheme for the acquisition of quasi in situ XDL-data: a
gradual heating treatment alternating with XDL scans.

be directly observed via X-ray White Beam Topography (XWBT).
Due to the demands of XDL regarding monochromatic beam
properties and stability, direct observation by, e.g., performing
sample manipulation for XDL within the furnace, is not feasi-
ble. Therefore, the annealing has to be performed blind in a
reproducible step-wise manner.

• Consequently, sample alignment for XDL has to be performed
after every treatment step. Therefore, also this procedure requires
reproducibility, which is achieved by dedicated sample holders
and the utilization of the dedicated sample manipulator allowing
the implementation of scripts for a semi-automated alignment,
see Chapter 7.

• Scanning procedures had to be accelerated, to maximize the
number of snap shots during the successive sample treatment,
which results in a higher resolution of the dynamical processes.
This was achieved by (i) reliable performance of the instrumen-
tation - mainly the sample manipulator, and (ii) the reduction of
the required number of projections.

Here, particularly the latter two bullet points are strongly related to
the developments presented in this work, see Chapters 7, 8, and 9.

13.2 measurements and results

In both presented cases the 20 × 20 mm2 samples were cut from a
750 µm thick polished (both sides) wafer with a [001]-surface normal.
Prior to the measurement the samples ware indented five times with a
load of F = 350 mN and F = 300 mN, for the studies in Section 13.2.1
and in Section 13.2.2, respectively. During the annealing the samples
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had to be heated above the brittle-to-ductile temperature for only a
few seconds to provoke dislocation propagation. If heated longer, the
evolution would have progressed to fast, degrading the resolution of
the dynamics. Here, the temperatures reached were around 1150

◦K or
880

◦C and were only applied for durations of 10 to 20 s each cycle.

13.2.1 Exemplary Quasi 4D Study

In the first case, the initial damage sites, i.e. the indents, were arranged
forming an X-pattern, also see Fig. 13.2. The measurements were con-
ducted at ID19, at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. The energy of the monochromatic X-ray beam (a
111 silicon Double Crystal Monochromator (DCM) was utilized) was
set to EX-ray = 23.567 keV, resulting in a Bragg angle of θB = 7.871

◦

for the 220-reflex of silicon. For the different measurement steps the
Bragg deviation was varied between 0.0025

◦ and 0.003
◦.

Since it was one of the first measurements of its kind and alignment
as well as positioning procedures during scans experienced a signif-
icant speed-up due to the introduction of the sample manipulator
(described in Chapter 7), relatively high numbers of projections were
recorded to ensure a successful reconstruction: 525 projections were
recorded in interval I1 with 15 intermediate rocking scans (encompass-
ing 24 steps) and 105 projections were recorded in interval I2 with
only 3 intermediate rocking scans (also encompassing 24 steps), re-
spectively. However, testing showed that 262 projections are sufficient
for a successful 3D reconstruction (the actual minimum of required
projections might be even lower).

Fig. 13.2 shows three subsequent snap shots of the emerging dislo-
cation arrangements. The red arrow-like triangles indicate the sample
treatment. Although, more than the three steps shown here have been
performed, often times the annealing was too short to result in sub-
stantial development of the structure. It turned out, that the blind
annealing was the most difficult aspect of the whole measurement
campaign and was also defining the resolution limit for the dynamics.
The BV distribution was determined in a separate experiment at
the Topography Station of the Imaging Cluster at the Karlsruhe In-
stitute of Technology (KIT) synchrotron light source in Eggenstein-
Leopoldshafen, Germany. Since this was only possible for the final
state, the intermediate steps had to be approximated. In this regard
the developments in Chapter 12 could provide additional assurance
and in the future even make XWBT-measurements obsolete.

13.2.2 Dislocation-Dislocation Interaction

In this example the indents were arranged in a horizontal line, i.e.
along the [110] crystal direction of the sample. The gradual anneal-
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Figure 13.2: Three 3D snap shots of a dislocation arrangement emerging
around five initial damage sites during a gradual annealing. The
Burgers vector (BV)s determined by XWBT for the final state of
the structures are shown in color-code, with colors changing
from light to dark with the individual evolution steps. The
arrow-like triangles indicate the intermediate sample treatments:
An annealing above the brittle-to-ductile temperature to about
1150

◦K or 880
◦C for 10 s in the first and 20 s in the second

heating sequence, respectively.
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ing was applied in a similar fashion as in the previous case. The
experiments were carried out at P23, Deutsches Elektronen Syn-
chrotron (DESY) - PETRAIII, Hamburg, Germany. The energy of the
monochromatic X-ray beam was set to 25 keV (again a silicon 111 DCM

was utilized), which exploiting the 220-reflex of silicon resulted in a
measured Bragg angle of θB = 7.56

◦. For the 3D reconstruction 240

projections were acquired in one acquisition interval for each snap-
shot with a Bragg deviation ∆θ varying between 0.0025

◦ and 0.003
◦

for the respective scans.

Figure 13.3: 2D weak-beam topographs (XDL projections) of three evolution
steps of dislocation arrangement emerging around five initial
damage sites during a gradual annealing. a)-c) show the com-
plete FoV, while d)-f) show the areas highlighted in light gray
for the respective snap-shots. g) The interacting dislocations
highlighted in yellow in Frames d), e), and f) isolated from the
3D reconstructions obtained from projection ensembles corre-
sponding to the evolution steps shown in a), b), and c). The BV

was determined a b = ±a/2[101]. Note, that the color-code only
serves visualization purposes here.

Fig. 13.3 shows XDL projections of the emerging dislocation struc-
tures from a view direction corresponding to typical X-ray topography
measurement, i.e., the surface normal [001] of the sample lying in
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the diffraction plane. Frames 13.3a to 13.3c show the whole captured
Field of View (FoV), while Frames 13.3d to 13.3f show a Region of
Interest (ROI) between two indents enlarged (highlighted in light gray
in the corresponding frames). In the here presented quasi in situ study
a dislocation-dislocation interaction was observed, the involved dislo-
cations are highlighted in green. It is noteworthy, that this event would
have been hard or even impossible to detect, if only the presented 2D

data was available (corresponding to conventional X-ray topography).
The 3D information made accessible by XDL provides certain confirma-
tion of the interaction and allows isolating the involved segments for
further analysis, as shown in Frame 13.3g, demonstrating the benefits
of this quasi 4D imaging technique.

A more detailed analysis, relating the 3D data to the external thermal
forces, can be found in [131] along with further information about the
samples. The segmentation and BV-determination conducted in the
frame of [131] and the permission for the adaption of Figures for this
work is thankfully acknowledged and highly appreciated.

13.3 summary and conclusion

The quasi in situ capabilities of XDL, enabled by the substantial devel-
opments and improvements regarding data acquisition and processing
achieved within this work, have successfully been demonstrated. Dis-
location dynamics were captured in 3D in damaged silicon wafers,
that underwent a gradual annealing. The dedicated instrumentation
and the significant reduction of required projections represent the key
milestones in this regard. Several measurement campaigns have been
performed so far and the method is drawing more and more attention.
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A P P L I C AT I O N T O O T H E R M AT E R I A L S

This chapter will give a short summary of applications of X-ray Diffrac-
tion Laminography (XDL) to other materials apart from silicon. As
already stated in Chapter 1, many observations indicated the three-
dimensional (3D) nature of dislocations before 3D imaging was enabled.
With the significance of elastic anisotropy especially the application
of XDL to non-cubic structures could become relevant in the future.
Nevertheless, the intention is rather to present feasibility and a short
discussion of the challenges related to imaging dislocations in these
materials, than a detailed discussion of the material properties and
the defects present within them.

14.1 gallium arsenide

At the point of writing, two feasibility studies were conducted with
Gallium arsenide samples, one with a liquid encapsulated Czochralski
(LEC) grown wafer with a complex intrinsic dislocation network, i.e.,
defects stemming from the growth process, and a second on a vertical
gradient freeze (VGF) grown wafer, that also experienced a heating
treatment.

14.1.1 GaAs grown by the Liquid Encapsulated Czochralski Method

The example shown in FIg. 14.1 was the first feasibility study of XDL’s
application to GaAs. The measurement was performed at ID19, ESRF,
Grenoble, France. A X-ray beam energy of 60 keV was selected, which
- exploiting the 220-reflex - resulted in a Bragg angle of θB = 2.96

◦,
the Bragg deviation was set to ∆θ = 0.0045

◦ and the reconstruction
was carried out utilizing 100 projections from one acquisition interval.
Fig. 14.1 also shows an XWBT image of the 40 mm diameter wafer,
the area highlighted in green was selected for the XDL feasibility
study. In Frames 14.1b to 14.1e two-dimensional (2D) images of the
3D dislocation network from different view directions are shown. The
spatial resolution achieved here is in the µm range while the detector
resolution is given by 1.92 µm (two times the effective pixel size, since
suited optics were used). This example shows the challenges especially
related to data processing like segmentation and analysis, regarding
more complex structures than the ones known from silicon, even if
a sufficient spatial resolution is achieved. Since dislocation networks
like this one, seemed too complex for a first in situ attempt, it was
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Figure 14.1: a) Mapping of the complete wafer, obtained by stitching sev-
eral X-ray White Beam Topography (XWBT) images together,
recorded at the Topography Station of the Imaging Cluster at the
Karlsruhe Institute of Technology (KIT) synchrotron light source,
Eggenstein-Leopoldshafen, Germany. The area highlighted in
green was later scanned by XDL at ID19, European Synchrotron
Radiation Facility (ESRF), Grenoble, France. b)-e) Images of the
3D volume from different view directions. The cellular structure
of the dislocation network becomes especially visible in c).

decided to switch to VGF grown samples, which initially presented
dislocation-free crystal volumes.

14.1.2 GaAs grown by the Vertical Gradient Freeze Method

XDL was applied successfully to a GaAs sample cut from a 100 mm
diameter VGF grown wafer with a thickness varying between 625 and
650 µm.
Similar to the application in Chapter 13 the sample was indented with
a Berkovich-tip with a load of 400 mN and subsequently annealed.
The intermediate scans were performed at P07, Deutsches Elektronen
Synchrotron (DESY) - Petra III, Hamburg, Germany. An energy of
65.5 keV was selected for the monochromatic beam, resulting in a
Bragg angle of θB = 2.7141

◦ for the 220-reflection in Laue-transmission
geometry (LTG) (with the surface normal being oriented along the [001]
crystal direction). A weak-beam parameter of ∆θ = 0.003

◦ allowed
recording quasi projections with contrast properties enabling a 3D

reconstruction. However, it turned out that not all three dislocation
half loops were visible in the same topographic images. Surprisingly,
their visibility was depending on the selected weak-beam condition,
with certain half loops becoming visible for θ = θB + ∆θ and others
for θ = θB − ∆θ. This phenomenon has not been explained yet and is
subject to further research. Eventually rocking scans had to be used
to calculate projections containing all three dislocation half loops via
Virtual Weak-Beam (VWB). Afterwards a Filtered Backprojection (FBP)
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Figure 14.2: Inclined arm dislocations originating from a nano-indent (400

mN Load), extending into dislocation-free crystal areas, and
approaching the opposite side of the wafer: a) Image of the
segmented dislocations obtained from a 3D reconstruction. b)
The corresponding glide planes in the wafer. Perpendicular view
onto the (111) glide plane enabled by the 3D result: Two disloca-
tions half loops are shown, each consisting of screw dislocation
segments connected by a 60

◦ segments (the Burgers vector (BV)s
of the screw segments, therefore are ±a/2[011] and ±a/2[101]
parallel to the line directions indicated in the illustration).

reconstruction was carried out, yielding the presented results.
Here, only one state of the dislocation structure is shown in Fig.
14.2, showing inclined arm dislocations evolving around an indent. A
more detailed discussion is presented [131], correlating these results
with findings from comprehensive XWBT studies, and concluding on
extensions and modifications to the 3D dislocation model presented
in [132] for materials crystallizing in the zinc-blende structure. Apart
from the confirmation of the model, which was developed based on 2D

topography data, this 3D result further allowed measuring distances
in high precision, e.g., the distance between the screw segments close
to the indent was found to be varying between 15 and 40 µm for the
different half loops.
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14.2 aluminum nitride

Although, AlN shows a non-cubic hexagonal wurtzite structure in this
case it enabled a straight forward application without any significant
alterations to the case of silicon. The presented data was recorded at
P23, DESY - Petra III, Hamburg, Germany. The monochromatic X-ray
beam energy was set to 22 keV, exploiting the 1010-reflex in LTG this
resulted in a measured Bragg angle of θB = 6.0◦. The Bragg deviation
was again set to ∆θ = 0.003

◦.

Figure 14.3: a)-c) Projections from different view directions. d) Exemplary
slice from the reconstruction volume. The interface highlighted
in b) is visible in the cross-section as well, also highlighted in
light gray.

Despite the similar parameter set, as for the case of silicon, the
here presented example highlights the advanced possibilities for in-
vestigations, that are enabled by a truly 3D image of the structure:
While the straight line character of dislocation segments in silicon and
their strict orientation on certain crystal planes and in certain crystal
directions already allows a good impression of the 3D geometry of the
arrangement also with only 2D topographs available, the arrangement
captured in AlN is way more challenging to analyze. The topographic
images from certain view directions already indicate the presence of
an interface highlighted in gray in Frame 14.3b. However, its exact
orientation and especially the orientation of dislocations in this plane
is difficult (if not nearly impossible) to extract from 2D date alone.
With performing a 3D reconstruction one is finally able to isolate a
Region of Interest (ROI) of an arbitrary shape and localization from the
volume and inspect it from arbitrary view directions. For example, a
3D box could be defined containing the interface in order to inspect it
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from a perpendicular view. The extend of this ROI-box along the view
direction can of course be adjusted as well, ranging from a view µm
to approximately 1 mm (limited by the Field of View (FoV)), and thus
encompassing exactly the desired regions of the crystal volume.
Exemplarily this is shown in Fig. 14.4: The interface has been isolated
and while Frame 14.4a shows an almost perpendicular view onto the
interface plane, the in-plane view in Frame 14.4c reveals that most
dislocations are really located on a thin plane with some paths extend-
ing into the rest of the volume. Here, the Frames 14.4a, 14.4b, and
14.4c, show the interface from view directions ϕ1, ϕ2 = ϕ1 + 45◦, and
ϕ3 = ϕ1 + 90◦, this time perpendicular to the rotation axis defined
during the measurement without a laminographic tilt θ. However,
any view direction can be realized, it just turns out that these are
convenient to illustrate the localization of the dislocations. The box
that was defined around the interface, in this case has a thickness of
approximately 144 µm and thus, all dislocations not localized within
this box are not visible.

Figure 14.4: Interface isolated from remaining crystal volume by manipulat-
ing the 3D reconstruction volume. a) From an almost perpen-
dicular view direction to the interface plane. b) Another view
direction obtained by rotating about 45

◦ about the physical rota-
tion axis Φ defined during data acquisition. c) In-plane view of
the interface, i.e. rotated by 90

◦ with respect to a). Here, the view
directions are truly perpendicular to Φ without a laminographic
tilt θ, which is only possible via a reconstructed 3D image.

14.3 silicon carbide

XDL in its conventional application reaches its limits, when investigat-
ing structures that change there appearance radically with varying
Bragg deviation ∆θ. This is illustrated at the example of a micropipe
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in 4H-SiC. A micropipe refers to a screw dislocation with a large BV,
this results in more strain and further special effects. In Fig. 14.5 each
frame was recorded at a different laminographic tilt angle θ, i.e., with
different weak-beam conditions. Due to the excitation of differently
strained crystal volumes the mircopice appears as an almost straight,
thin pipe in some images, but changes to a more complex structure
when θ approaches the Bragg angle. In this feasibility study only 50

rocking scans in one acquisition interval were recorded, while projec-
tion acquisition was neglected completely. Materials with structures
that show such a more complicated behavior (at least in comparison
to Si, GaAs, and AlN) require more complicated approaches, like e.g.
VWB computations, an approach that is currently under development.
Other examples are CdTe, which often shows dislocation densities so
high that certain regions of the FoV are tilted with respect to each other.
This results in inhomogeneous contrast properties, making the direct
acquisition of quasi projections for a 3D reconstruction unfeasible.

Figure 14.5: Micropipe in 4H-SiC. Frames a) to f) show how the appearance of
the structure is highly depending on the selected Bragg deviation
∆θ.

The angles corresponding to the frames shown in Fig. 14.5 are given
in Fig. 14.6 which also illustrates the sampling of a rocking curve from
one view direction.
A more detailed discussion of 4H-SiC and the here presented date can
be found in [133].
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Figure 14.6: Plot of the rocking scan corresponding to the images in Fig.
14.5. The θ-positions corresponding to the frames in Fig. 14.5 are
highlighted as well as the angular position of the Bragg peak
θmax = θB.
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S U M M A RY A N D C O N C L U S I O N

This work has quantitatively investigated the imaging properties of
X-ray Diffraction Laminography (XDL), in particular regarding the
three-dimensional (3D) characterization of dislocation structures. By
providing a deeper understanding of the interplay of the image for-
mation mechanism and the 3D image reconstruction the methodology
was refined, resulting in improved data processing and analysis. This
also enabled the derivation of requirements for a dedicated instrumen-
tation, which was then specified, commissioned and characterized.
Finally, the progress accomplished in this work enabled the quasi in
situ imaging of dislocation arrangements and their dynamics in 3D.
The extended capabilities of XDL were demonstrated by enabling the
studies of thermally driven slip band formation in damaged silicon
wafers and the investigation of dislocation arrangements in other ma-
terials.

Building on the basis laid out by [49] and in particular using the
theoretical framework describing the contrast formation derived there,
the presented work quickly supported embracing Laue-transmission
geometry (LTG) as the favorable measurement geometry for the 3D

imaging of dislocation structures in wafers. Considerations based on
simulations have shown that limited angle laminography, enforced
by the sample geometry, can be taken advantage of. Applying the
2 interval measurement scheme proposed in Chapter 6 with separate
3D reconstruction of two projection ensembles does not only prevent
smearing of dislocation line features in the resulting 3D image, it also
builds the foundation for additional techniques to enhance data pro-
cessing.
Additionally, the obtained insight into the influence of measurement
parameters provided by simulations allowed deriving suitable spec-
ifications for a dedicated instrumentation. In the frame of this work
a mobile and flexible sample manipulator system has been compiled
and characterized. The instrument fulfills the high demands in transla-
tional and angular space, enables semi-automated sample alignment,
reliable execution of measurement schemes, and, furthermore, easy
installation at different beamlines. The demonstrated successful op-
eration of the setup during several measurement campaigns is a key
milestone towards routine applicability of XDL and opening new routes
for its recognition as a powerful imaging approach for defect charac-
terization.
By reviewing the performance of different reconstruction techniques,

161



162 summary and conclusion

considering the particular characteristics of diffraction contrast, and
developing new approaches to incorporate a priori knowledge, the 3D

reconstruction procedure could be optimized significantly. With the uti-
lization of the Simultaneous Iterative Reconstruction Technique (SIRT)
and Empty Volume Backprojection (EVBP) the number of projections
required for a successful reconstruction could be reduced by one order
of magnitude while maintaining a quality of the result, that enables
the tracing of individual dislocation lines. In combination with the
sample manipulator a significant speedup was achieved, reducing
the overall measurement duration (i.e. the time span from sample
mounting to scan completion) by about 80 to 90%. With these accom-
plishments this work successfully enabled the quasi in situ 3D imaging
of emerging dislocation structures, which was demonstrated at the
example of the onset of slip band formation in silicon wafers driven by
external thermal forces. Studies in [131] utilized XDL to confirm the 3D

dislocation model for zinc-blende structures and extract quantitative
information from dislocation structures in GaAs, while a feasibility
study at AlN was successfully conducted.
Further developments based on the theoretical analysis of contrast
formation and its effects on the 3D reconstructions allowed significant
enhancements of XDL’s methodology. With the presented techniques
for the determination of the position of the physical Center of Rota-
tion (CoR) it is now possible to conclude on the Burgers vector (BV)
signs of individual dislocations from a 3D reconstruction image. This
3D approach avoids the cumbersome analysis of two-dimensional (2D)
projection data and is even applicable in regions where several disloca-
tion lines are located in close vicinity to each other (on the µm-scale).
Motivated by the studies of the BV influence on the acquired disloca-
tion image in XDL projections and then transitioning to analyzing the
resulting features in the reconstruction volume, dislocations can now
be classified according to their BV directly by information accessible
via XDL. These are important steps towards a more comprehensive
characterization of dislocation structures beyond their geometrical 3D

arrangement, without the need for complementary X-ray White Beam
Topography (XWBT) measurements, which in combination with XDL

are not quasi in situ compatible.
Finally, the Center of Mass (CoM) approach for estimating the posi-
tion of the dislocation core, developed within the frame of this thesis,
enhances the spatial resolution of the 3D image to a level where it is
almost competing with the image resolution of detector systems usu-
ally employed for XDL data acquisition. Not only could the resolution
be enhanced from 3 to 5 µm to about 1 to 2.5 µm, furthermore, the
dependence of dislocation positions in the 3D image on their BV, line
direction and measurement parameters can be substantially reduced,
which enables comparison and reproducibility of results.
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Based on the presented findings, in the following, a short summary
of guidelines established and successfully applied within this work
will be given:

2 interval measurement scheme It is highly advisable to
exploit both accessible angular ranges (or the full 360

◦ if possible) to
acquire projections and rocking scans. This enables the application of
techniques developed in this work to classify individual dislocations
according to their BV’s orientation and determining the BV-signs.

number of projections The number of projections required for
a successful 3D reconstruction strongly depends on the complexity of
the arrangement. In general, 10 to a 100 projections should be sufficient
if SIRT is applied with support of EVBP.

number of rocking scans A minimum of 5 rocking scans
should be performed in each acquisition interval. This will enable a
sufficiently precise determination of the CoR.

center of mass approach For the spatial resolution to be en-
hanced via the CoM-approach, both acquisition intervals should be
sampled with a number of projections (and a corresponding number
of rocking scans) sufficient to perform successful separate reconstruc-
tions.

In conclusion, this work accomplished key milestones and signifi-
cant progress in making XDL available for routine application. Enabled
by improved data processing and the realization of a dedicated setup,
the extended capabilities regarding the quasi in situ 3D imaging of
dislocations have been demonstrated and were successfully applied in
studies regarding the slip band formation in silicon, even capturing
dislocation-dislocation interaction in 3D [131]. In the frame of [131]
XDL has also been utilized for investigating the 3D arrangement of
dislocations in GaAs and the applicability to AlN has successfully
been showcased in a feasibility study.

In the future, with next generation synchrotrons reducing expo-
sure times below 1 second, measurement procedures could be further
enhanced. Delays of several seconds due to step-wise positioning be-
tween image acquisitions, e.g. during rocking scans, could be omitted
by performing continuous scans, enabling extensive Multi-Azimuth
Rocking Curve Imaging (MARCI) to be combined with XDL without
significantly increasing scanning durations. This could extend the
capabilities towards imaging considerably higher dislocation densities
in other materials. In addition, the additional speed-up due to shorter
exposure times regarding conventional XDL will enable a higher reso-
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lution of the dynamical processes of defects, providing an even more
detailed depiction, e.g., of dislocation emergence and propagation in
3D, and thereby contribute to a deeper understanding of such defects.
This will support the development of techniques to control and maybe
even avoid defect formation during growth or technical processing
steps.
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A
S T R A I N A N D L O C A L B R A G G VA R I AT I O N

To estimate the influence of strain ∆d/d on the local Bragg variation,
one may use the representation of the displacement field u(r) given
by Eq. 3.5 in the dislocation coordinate system. First the strain tensor
is computed as

ϵij(r) =
1
2

(
∂ui(r)

∂xj
+

∂uj(r)

∂xi

)
with i, j ∈ {1, 2, 3} . (A.1)

Since the displacement field u(r) is not depending on the z-component
of r the strain tensor reduces to five independent elements:
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ϵ11 ϵ12 ϵ13

ϵ21 ϵ22 ϵ23

ϵ31 ϵ32 ϵ33

 =


∂u1
∂x1

1
2

(
∂u1
∂x2

+ ∂u2
∂x1

)
1
2

∂u3
∂x1

1
2

(
∂u2
∂x1

+ ∂u1
∂x2

)
∂u2
∂x2

1
2

∂u3
∂x2

1
2

∂u3
∂x1

1
2

∂u3
∂x2

0

 (A.2)

with the individual elements given by

Figure A.1: Illustration of the displacement field in the vicinity of a disloca-
tion distorting crystal lattice planes.
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ϵ11 =
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Since, the displacement field and its derivatives are independent of
x3, we now approximate the lattice tilts and the strain via

ωx1 = −∂u3

∂x1
= ϵ31 (A.4)

ωx2 = −∂u3

∂x2
= ϵ32 (A.5)

∆d
dhkl

= n̂T
hklϵn̂hkl , (A.6)

where n̂hkl denotes the unit vector in the direction perpendicular
to the lattice planes (hkl). To evaluate the strain tensor ϵ at position
R we choose a representation in the dislocation coordinate system in
cylindrical coordinates and due to the symmetry of the displacement
field we select the z-component of R to be zero:

R =

x1

x2

0

 =

R cos(ψ)

R sin(ψ)

0

 (A.7)

To be able to directly compare the influence of tilt and strain we
introduce the angular deviation resulting from the strain θ∆d/d as

θ∆d/d = arcsin
(

λ

2dhkl

)
− arcsin

(
λ

2d′

)
= arcsin

(
λ

2dhkl

)
− arcsin

(
λ

2dhkl(1 − ∆d/d)

)
by using Bragg’s Law in its most common form and the definition

of ∆d/d = (d′ − d)/d.
Fig. A.2 shows the outcome for different dislocation parameters and
different distances to the dislocation core R. We also see how the
lattice tilt contribution vanishes for the cases of pure edge dislocations
as it is expected. In the other cases, the lattice tilts clearly yield the
dominating contribution except for some particular view directions ψ.
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Figure A.2: a)-c) The local deviation of the Bragg angle θDev is plotted over
angle Ψ (see Chapter 5) for lattice tilts ωx,y and strain ∆d/d in
a distance of R = 3 µm to the dislocation core, for different line
directions and BVs. d)-f) The same as above here distanced R = 5
µm from the dislocation core.





B
Q UA S I S Y M M E T RY

The easiest way to get an impression to which degree the quasi symme-
try of the contrast formation regarding the view directions kh(Φ) and
kh(Φ + 180◦) is fulfilled, also see Eq. 5.49, we again investigate the
binary maps of the local reflectivity Rδ. More precisely, we compare
three sequences of maps for different view directions: i) a sequence
of five binary maps calculated with a Bragg deviation of ∆θ = 0.003◦;
ii) a sequence of five binary maps from the same view directions but
with ∆θ = −0.003◦, which according to Eq. 5.47 is a true symmetry
resulting from the assumptions used derive the theoretical framework,
see Chapter 5; and iii) binary maps calculated again with ∆θ = 0.003◦

but for tomographic angles Φ → Φ + 180◦, i.e., the quasi opposing view
directions.

In Fig. B.1 every row of frames corresponds to one of the three cases
i), ii), and iii). The tomographic rotation angle Φ is given in every
frame, while the Bragg deviation for the whole row is only noted in
the last frame. We see how Frames B.1g to k are direct transformations
(rotation by 180◦ or point reflection with respect to the center) of
the corresponding map in the first row. Analyzing Frames B.1l to
p, especially in Frames B.1o and B.1p small deviations are visible.
However, the general similarity between the second and third row is

Figure B.1: Binary maps of the local reflectivity Rδ in order to compare
the symmetry property with respect to r → −r, b → −b, or
equivalently ∆θ → −∆θ, to the quasi symmetry regarding a
rotation of 180◦ about Φ, which is only truly symmetric for
θ = 0◦.
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still striking and strongly suggests, that for typical laminographic tilt
angles used during XDL measurements (θ < 10◦) the quasi symmetry
property is valid to high degree.



C
X - R AY B E A M D I V E R G E N C E

Following [49] a way to calculate the specific parameters δmin,max,
defining the angular excitation interval connected to the contrast
formation, will be briefly described. This is especially of importance
for the quantitative comparison of simulations and measurement data
in Section 11.4.
Without going too much into detail, the important quantities for the
calculation are as follows:

• σ - The size of the radiation source

• L - Source-to-sample distance

• θmono
B - Bragg angle of the crystal used for monochromatization

of the X-ray beam

• wmono
D - The Darwin width (FWHM) corresponding to θmono

B

• ∆a - The distance to the beam center parallel to the diffraction
plane

• θB - The Bragg angle of the sample

• wD - The Darwin width (FWHM) corresponding to θB.

With this one may compute the effective weak-beam deviation as

∆θeff = ∆θ + ∆ [∆θ] (∆a) with: (C.1)

∆ [∆θ] (∆a) ≈
(

1 − tan θB

tan θmono
B

)
∆a
L

, (C.2)

where ∆ [∆θ] (∆a) describes a variation of the Bragg condition of the
sample induced by the Double Crystal Monochromator (DCM). Note,
that the calculation as here presented are only valid, if the orientation
of the diffraction plane of the DCM is equal to the one of the sample.
The effective Darwin width of the sample weff

D is given by

weff
D = wD + ∆α + ∆β with (C.3)

∆α ≈ σ

L
and (C.4)

∆β ≈ tan θB

tan θmono
B

√
2wmono

D , (C.5)
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where ∆α denotes an estimate of the source divergence and ∆β

describes an additional broadening of the sample’s rocking curve again
induced by the DCM. The term

√
2wmono

D = wDCM
D here represents the

Darwin width of the monochromator, i.e., the effective width of both
crystals.
With this, it is now possible to estimate the important parameters

δmin(∆a) ≈ ∆θ + ∆ [∆θ] (∆a)− weff
D
2

(C.6)

δmax(∆a) ≈ ∆θ + ∆ [∆θ] (∆a) +
weff

D
2

. (C.7)

For the properties of P23 at Deutsches Elektronen Synchrotron
(DESY) Petra III, Hamburg, Germany, ∆θ = 0.003

◦, and ∆a = 0.5 mm,
one finds the values δmin = 0.0019

◦ and δmax = 0.0037
◦. These cor-

respond to the simulation parameters ∆θsim = 0.0028
◦ and δsim =

0.0009
◦, which were used in the final comparison in Section 11.4.

Strictly speaking, δmin,max are of course linearly shifted with the dis-
tance of the center of the beam ∆a parallel to the diffraction plane (i.e.,
vertically in all cases presented in this work). Whether an incorpora-
tion of this dependence into simulations is meaningful (most likely
other assumptions and simplifications should be addressed first) is
subject to further studies.



D
F E AT U R E - D I S L O C AT I O N L I N E D I S TA N C E

Usually reconstruction volumes are handled in a slice-by-slice fashion
to perform the line tracing segmentation. However, if the dislocation
line is not parallel (and not perpendicular) to the rotation axis Φ

and thereby not perpendicular to the cross section of the volume,
the distance between the reconstruction feature and a respective slice
to the intersection of the slice with the invisible dislocation core
might convey a distorted perception of the error or spatial resolution.
Obviously, the shortest distance from the reconstruction feature to a
dislocation line that is inclined with respect to the slice plane is not
to be found in direction parallel to the slice but along a direction also
inclined with respect to the cross section, see Fig. D.1.

The shortest distance between an infinitely long line and a point in
3D space is given by the well-known equation

d =
|(x− p)× l|

|l| , (D.1)

where x is the position of the point, p is an arbitrary point on the
line, and l defines the orientation of the line in space.
With this, we may now evaluate the position error in dependence on
a misplacement of the CoR by ∆xCoR for the case of dislocation with
e.g. line direction l = [101], as done for the case l = [110] in Section
10.1. We again set the BV to b = [110] in order to have an estimate
for the worst case scenario, since this configuration yields the greatest
expansion of the features into the crystal volume and away from the
dislocation core.

Figure D.1: Sketch of a volume slice perpendicular to the rotation axis Φ, here
parallel to the crystal direction [110]. The dislocation line has the
direction l = [101] and the shortest distance from reconstruction
features in the respective reconstruction volumes VI1 and VI2 is
highlighted in pink.
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Figure D.2: Influence of a misplaced CoR on the distance between reconstruc-
tion features of a dislocation line to respective dislocation core.
The line direction l = [101] and the BV was set to b = [110]. For
comparison, the transparent data points and lines correspond to
the in-plane distance in the cross section.



E
S U P P L E M E N T T O I N S T R U M E N TAT I O N

specifications

In the following, the most important specifications of the individual
devices are summarized as provided by the manufacturers. The order
will be from top to bottom.

spacefab q-motion 845 Regarding the parallel kinematics travel
range in translational (x, y, z) and rotational space (ωx, ωy, ωz) and
the corresponding minimal step size are crucial for successful sample
fine alignment (i.e. to achieve hhkl ∥ Φ). These are given in table E.1:

SpaceFab Q-Motion 845 x y z ωx ωy ωz

Range / [mm or ◦] ±7 ±7 ±5 ±7 ±7 ±8

Min. Step / [nm or µrad] 6 6 20 0.9 0.9 0.9

Table E.1: Specifications of the SpaceFab Q-Motion 845

The weight of the device is 1.3 kg (2.6 kg with cables) and it has a
load capacity of 10 or 5 N, depending on whether the base plate is
orientated horizontally or arbitrarily, respectively.

rt150s The air-bearing rotary stage - representing Φ - weighs 4.0
kg and has a maximum load capacity of 434 and 226 N. Important for
maintaining suitable weak-beam conditions during data acquisition is
especially the radial error of less than 100 nm measured on a spherical
artifact 65 mm above the top plate of the axis.

1-circle segment 5202 .10 The goniometer tilting the upper part
of the sample manipulator towards the incoming X-ray beam to reach
Bragg condition (i.e. rotation axis Θ) is a key device, where especially
the angular resolution, i.e., the minimal step size, is important, since it
is the motor responsible for rocking the sample in a step-wise manner
during rocking scans. The minimal step size is indicated as 5 × 10−5◦

(which could not be realized) while the total travel range is ±15.5◦.
The weight of the stage is 13 kg, while the load capacity is 1000 N.

hp 550 The optional base structure is here briefly summarized for
the sake of completeness. The relevant degrees of freedom are the
same as for the parallel kinematics:
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HP550 (Base Structure) x y z ωx ωy ωz

Range / [mm or ◦] ±50 ±50 ±50 ±20 ±20 ±30

Min. Step / [µm or µrad] 0.5 0.5 0.5 10 10 10

Table E.2: Specifications of the HP 550

The weight of the device is 33 kg with a load capacity of 500 N
assuming a horizontal orientation of the base plate.

In summary, the sample manipulator system weighs 19.6 kg (includ-
ing cables of the parallel kinematics and excluding the optional base
structure). In addition to the stability investigated in Chapter 7, Fig.
7.8 shows exemplary rocking scans and the corresponding step sizes,
that were achieved in the final state of the instrument.

integration into different beamline environments

The instrument has been integrated into several experimental envi-
ronments at different beamlines within the last years, mainly at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France,
and at DESY, Hamburg, Germany. Fig. E.1 shows photographs of the
sample manipulator (in Fig. E.1d together with the optional base
structure).

Figure E.1: Integration of the instrumentation at different beamlines: a)
Mounted on a base structure provided by staff at ID15A, ESRF,
Grenoble, France. b) Mounted on a medium resolution tomog-
raphy table at ID19, ESRF, Grenoble, France. c) Mounted on a
Hexapod (not the optional base structure) at P07, DESY, Hamburg,
Germany. d) Sample Manipulator and HP550 mounted on the
heavy-duty diffractometer at P23, DESY, Hamburg, Germany.



F
D A RT P E R F O R M A N C E

In order to judge the Discrete Algebraic Reconstruction Technique
(DART) performance correctly, here some additional results with differ-
ent parameter settings are briefly discussed. As mentioned in Chapter
8 DART uses an Algebraic Reconstruction Method (ARM) as a sub-
routine. This sub-routine can of course be selected according to the
problem at hand, and consequently, for the XDL reconstruction prob-
lem SIRT was chosen for the same reasons that it is also investigated as
an alternative of DART to begin with. This means, that with a reduction
of DART iterations - i.e., the sequence of procedures illustrated in Fig.
8.1 - DART approaches SIRT.

Figure F.1: Accumulated voxel error σ over number of projections used for
the reconstruction nproj. The data points for Filtered Backprojec-
tion (FBP), DART, and SIRT in black, blue, and red, respectively, are
connected by dashed lines to show the overall-trend. Noise was
added to the projection ensembles and intensity fluctuations were
introduced according to Sections 6.3 and 8.3.2.

As can be seen in Fig. F.1 this is also verified by repeating the recon-
struction tests on an artificial complex structure in a sparse volume
with intensity fluctuations introduced to the line contrast in projec-
tions from different view angles ϕ. However, the investigations also
show, that for only 4 DART iterations, the DART result shows fewer
voxel errors σ than SIRT. Especially, if more than 200 projections are
available as input. One needs to acknowledge, that even if incon-
sistencies are present in the input data, DART can be configured to
yield better results. On the other hand, intensity fluctuations only
present one of the two specific characteristics of XDL projection data,
see Section 8.1. To continue adapting DART further to also the other
specific property, the contrast shift, i.e., the varying localization of line
contrast in the topographic projection images, DART could become
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Figure F.2: Exemplary slices (perpendicular to the rotation axis) of reconstruc-
tions of simulated projections (see Chapters 5 and 6 of a disloca-
tion with line direction l = [101] and Burgers vector b = a/2[110]
utilizing the 220-reflex at an energy of 25 keV. a) DART reconstruc-
tion allowing two gray levels {0.0, 1.0}. b) DART reconstruction
allowing five gray levels {0.0, 0.25, 0.50, 0.75, 1.00}.

more efficient by introducing more than two gray values. This could
allow the algorithm to handle the non-localized dislocation contrast
in a more tolerant way, resulting in a slight blurring with maximum
values in the reconstruction image indicating the most probable or an
averaged position of the feature to be captured.

Allowing up to five gray values, i.e. {0.0, 0.25, 0.50, 0.75, 1.00},
should show improvements if this assumption is valid. However, in
Fig. F.2 the reconstructions, one allowing only 2 values, F.2a, the other
allowing 5, F.2b, of a single simulated dislocation line with both spe-
cific XDL characteristics are shown in comparison.
Concluding, changing the number of gray values has only a minor
effect on the result, which means reducing the number of iterations is
the most effective way to improve performance of DART, if inconsis-
tencies are introduced to the input data. Since this effectively leads to
DART becoming more and more similar to a regular SIRT approach, the
extensive computational efforts and the time-consuming parameter
calibration are not justified.



G
C E N T E R O F M A S S : A D D I T I O N A L S T U D I E S

Here, a question from Section 11.1.2 is briefly addressed: A disloca-
tion line with distances in the 100s of µm with respect to the CoR

is reconstructed for several displacements ∆sCoR of the rotation axis.
Furthermore, the influence of the weak-beam parameter settings ∆θ

on the deviation ∆sCoM between the computed mean position rCoM

and the exact position of the dislocation core is shown.

Figure G.1: a) Plot of the distance between CoM position rCoM and dislocation
core for reconstructions of simulated projections for a dislocation
with l = [110] and b = a/2[110] for different settings of the CoR.
Different Bragg deviations ∆θ are colour-coded. The pixel size
in the simulation was set to 0.25 µm. b) The dislocation (with
l = [110] and b = a/2[110]) is shifted from the center of the
volume by d. The distance from the CoM position rCoM to the
dislocation core is plotted over d. Here, due to the large values
in d, the pixel size in the simulation was increased to 0.5 µm.

Frame G.1a shows that small deviations from the Bragg peak are
favorable to improve the precision of the result for the case of dis-
location with l = [110] and b = a/2[110]. However, the deviations
obtained for different values of ∆θ are in the magnitude of the effective
pixel size and, therefore, below the spatial resolution of the detector.
Consequently, the selection of ∆θ should not be influenced by this
outcome, but rather rely on other factors, like overall image quality.
Frame G.1b shows the deviation ∆sCoM for a dislocation with the
same line direction and BV as in Frame G.1a. Here, the dislocation
line is re-located in a distance d to the CoR plotted on the x-axis. It is
shown, that for small displacements of the rotation axis ∆xCoR there
is no significant effect of the distance d to the physical CoR. Thus, the
rotation axis may intentionally be displaced by a few µm in order to
help with the visualization and segmentation of a given dislocation
line.
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S A M P L E A N D M E A S U R E M E N T D E S C R I P T I O N

The sample A100_400_3 was cut from a 20 cm diameter double side
polished silicon wafer (grown by the Czochralski method) with a [001]
surface normal and a thickness of approximately 710 to 720 µm, see
Fig. H.1. The sample was indented with a Berkovich tip 100 times
arranged in an array, each indent with a Load of 400 mN. Afterwards,
the sample was utilized for the commissioning of an induction heater,
but dislocations were only generated at the upper left indent marked
in red.

Figure H.1: Schematic Drawing of original wafer and sample A100_400_3.
Dislocations extending significantly into the wafer were only
created at the upper left indent marked in red.

During mounting, in order to position the Region of Interest (ROI)
in the Pivot point (see Chapter 7), the sample had to be turned upside
down, which resulted in the utilization of the 220-reflex instead of
220. Since also the sample Cr_7 was measured in 220 and these two
samples are the most important for the here presented work, the simu-
lations were also carried out for this specific reflex for the sake of unity.

In the following, the most important parameters of the measure-
ments performed on samples A100_400_3 and Cr_7 will be summa-
rized.
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A100_400_3 Cr_7

Geometry LTG LTG

Reflex hkl 220 220

Energy 25 keV 40 keV

Bragg angle θB 7.564
◦

4.67
◦

Weak-beam deviation ∆θ 0.003
◦

0.002
◦

Angular range 2 × 130
◦

2 × 130
◦

Number of projections 2 × 14 2 × 700

Exposure time 20 s 8 s

Number of rocking scans 2 × 14 2 × 35

Steps per rocking scans 24 33

Exposure time 3 s 1 s

δmin 0.0019
◦

0.0019
◦

δmax 0.0037
◦

0.0029
◦

Sample-detector distance D ≈ 4.5 cm ≈ 6 cm

Scintillator 8 µm LSO 13 µm GGG

Effective pixel size 0.36 µm 0.75 µm

Table H.1: Measurement parameters for: Scanning of A100_400_3 conducted
at P23, DESY - PETRA III, Hamburg, Germany; and scanning of
Cr_7 conducted at ID19, ESRF, Grenoble, France.
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