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Abstract
Xray microscopy is a powerful tool for examining different materials with a combination
of fieldofview and resolution that is not easily accessible by electron and optical mi
croscopy, respectively. Due to its ability to penetrate materials, Xray microscopy has
become an indispensable tool for investigation of the internal properties of volumetric ob
jects. Absorption contrastbased radiography and computerized tomography have been
the most widespread types of Xray microscopy techniques. However, with the devel
opment of highbrilliance Xray sources, more advanced Xray optics, and sophisticated
detection schemes, new types of contrast modalities have been realized to provide higher
contrast and extend sensitivity to material properties beyond structural and morphological
ones. Dedicated synchrotron Xray instruments have been developed for simultaneous
sensitivity to different contrast modalities.

The main focus of this thesis is on the development and application of coherent Xray mi
croscopy techniques for the characterization of functional materials acrossmultiple scales,
modalities, and dimensions. Such flexibility is accessible by phasecontrast Xray imaging
techniques, such as scanning coherent Xray imaging (ptychography) and gratingbased
interferometry.

The scanning mode of application for ptychographic imaging allows for combination with
correlative studies of electrical and chemical properties of energy materials, such as multi
layered thinfilm solar cells with close interconnection between electrical performance and
the structure of layers at the nanoscale. Extension of this method into three dimensions via
computerized tomography is discussed under the framework that allows for dataefficient
acquisition following the dose fractionation theorem. The framework performs reconstruc
tion of the threedimensional volume directly from a multidimensional diffraction dataset.
Currently, the instrumental accuracy is limiting the practical realization of such an acqui
sition, and a fast scheme compensating for the limited accuracy of tomography stages is
presented in this thesis.

Based on the robustness of ptychographic imaging, a reflection mode configuration of this
technique is demonstrated in this thesis. This configuration allows for bridging the gap be
tween the macroscale fieldofview and highresolution imaging, two mutually exclusive
properties of imaging techniques. Direct observation of the evolution of materials on a
substrate during processing is possible with this new configuration. The resolving capa
bilities and possibilities of accessing threedimensional information using ptychographic
imaging in reflection mode are examined.

Part of this thesis, a secondment project with an industrial partner of the MUMMER
ING ITN, Xnovo Technologies, is devoted to the development of an advanced acquisi
tion scheme for gratingbased tensor tomography. Complementary to the phasecontrast,
anisotropic scattering is accessible in gratingbased interferometry as an additional con
trast modality. The investigation of anisotropic structure in three dimensions can be
achieved by the flexibility of sample manipulation using a sixaxis robotic arm. The robot
simulation pipeline and experimental validation of the robotassisted data acquisition are
presented.
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Dansk resumé
Røntgenmikroskopi er et kraftfuldt værktøj til at undersøge materialer med en kombina
tion af stort synsfelt og høj opløsning, der ikke er let tilgængelig med henholdsvis elek
tron og optisk mikroskopi. På grund af dets evne til at trænge igennem materialer er
røntgenmikroskopi blevet et uundværligt værktøj til undersøgelse af volumetriske objek
ters indre egenskaber. Absorptionskontrastbaseret radiografi og computertomografi har
været de mest udbredte typer af røntgenmikroskopiteknikker. Imidlertid har udviklingen af
røntgenkilder med høj intensitet, mere avanceret røntgenoptik og sofistikerede måleme
toder gjort det muligt at realisere nye typer af billeddannelse som giver højere kontrast og
udvider følsomheden over for materialegenskaber ud over alene de strukturelle og mor
fologiske. Dedikerede synchrotron røntgeninstrumenter er blevet udviklet til kombineret
følsomhed for flere kontrastmodaliteter samtidigt.

Denne afhandling fokuserer på udvikling og anvendelse af kombinerede røntgenmikrosko
piteknikker til karakterisering af funktionellematerialer på tværs af flere skalaer, modaliteter
og dimensioner. En sådan fleksibilitet er tilgængelig med fasekontrast røntgenbilleddan
nelsesteknikker, såsom skanning kohærent røntgenbilleddannelse (ptychography) og git
terbaseret interferometri.

Skannemetoden som benyttes ved ptychografisk billeddannelse muliggør kombination
med korrelative undersøgelser af elektriske og kemiske egenskaber ved energimaterialer,
såsom flerlags tyndfilms solceller som har en tæt sammenkobling mellem elektrisk ydelse
og strukturen af lagene på nanoskala. Udvidelse af denne metode til tre dimensioner via
computertomografi omfatter et koncept som muliggør en optimeret indsamling af data i
forhold til den afsatte strålingsdose i materialet. Konceptet består i en rekonstruktion af det
tredimensionelle volumen direkte fra et multidimensionelt diffraktionsdatasæt. I øjeblikket
begrænser den instrumentelle nøjagtighed den praktiske realisering af metoden, og derfor
præsenteres også en hurtig metode til korrigering for den begrænsede nøjagtighed af
tomografiinstrumenteringen.

Robustheden ved ptychografisk billeddannelse demonstreres i denne afhandling ved an
vendelse af metoden på overflader som belyses af den kohærente røntgenstråle i stre
jfende indfaldsvinkel. Denne konfiguration giver mulighed for at bygge bro over kløften
mellem et stort makroskala synsfelt og en høj billedopløsning, to egenskaber som oftest
er svært forenelige. Metoden gør det muligt at undersøge materialer på en overflade
in situ, d.v.s. mens en proces pågår, fx en varmebehandling. I afhandlingen beskrives
den mulige opløsning og mulighederne for at få adgang til tredimensionel information ved
hjælp af ptychografisk billeddannelse i strejfende indfaldsvinkel.

En del af Ph.D. projektet, udgjordes af et udstationeringsprojekt hos XNOVO technolo
gies, som er industripartner i Marie Curie træningsnetværket, MUMMERING, med henblik
på udvikling af en avanceret metode for indsamling af gitterbaseret tensortomografidata.
Som supplement til fasekontrast er anisotrop spredning tilgængelig i gitterbaseret interfer
ometri som en ekstra kontrastmodalitet. Undersøgelsen af anisotrop struktur i tre dimen
sioner kan opnås med en særlig høj grad af fleksibilitet ved prøvemanipulation ved hjælp
af en seksakset robotarm. I afhandlingen præsenteres simulering og eksperimentel valid
ering af den robotassisterede dataindsamling.
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1 Introduction
After the discovery of Xrays at the beginning of the 20th century [1], pure attenuation
based imaging has been the most widespread contrast modality for medical and industrial
applications. A crystal Xray interferometer was not built until 1965 [2]. This allowed for
the adoption of another type of contrast, based on the phaseshifting properties of light.
Most of the phasecontrast techniques were already implemented in optical microscopy
and recognized with a Nobel Prize in Physics in 1953. However, technical limitations
in providing highintensity coherent Xray illumination hampered the transition of these
concepts into the field of Xray microscopy. Wide application of phasecontrast became
possible with the development of new Xray sources that provide highintensity coherent
Xrays emitted from electrons circulating in a storage ring (synchrotrons) [3].

Conventional absorption contrast is based on the attenuation of photons transmitted through
the object. The phasecontrast arises from the refraction of photons and has sensitivity
higher than the absorption (by several orders of magnitude) in the hard Xray regime
(>10 keV), especially for the low atomic numbers, making it suitable for a wide range
of fields from biology to material science [4]. The attenuation and phase shift of Xrays
is related to the complex refractive index of the traversed object. This relation can be
used to obtain quantitative information about the object. The highpenetration depth of X
rays combined with computed tomography principles allows obtaining quantitative three
dimensional information [5]. Two distinct instruments are used for experiments at the
synchrotron sources, depending on the relation between sizes of the probing illumination
in the object plane and studied fieldofview (FOV) [6]. In fullfield techniques, the Xray
beam is more extensive or comparable to the FOV of interest. They are more suited for
fast experiments where temporal resolutions are of interest. In scanning techniques, a
highly focused Xray beam is scanned across the desired FOV. Scanningbased meth
ods provide the highresolution and sensitivity to a wide variety of modalities, apart from
absorption and phase contrasts by locally mapping (within the probed region) products
of different interactions between Xrays and the studied material. With the new develop
ments in Xray optics, the resolution of scanningbased techniques is steadily approaching
singledigit nanometer scales (comparable to the upper bound of the Xray wavelength)
[7]. Correlative scanning methods have examined various functional materials such as
single nanowire devices and polycrystalline solar cells in situ and operando [8–10].

The beam spot size or the scanning step size (whichever is larger), in general, limits
the resolution of scanning methods. However, a recently developed phasecontrast tech
nique, ptychographic imaging, a scanning variant of the fullfield coherent diffraction imag
ing (CDI), allowed surpassing this resolution limit [11]. The concept of ptychographic
imaging was initially introduced for electron microscopy [12] but gained much attention
after its first successful demonstration with Xrays [13]. The principle of ptychographic
imaging is in scanning an object such that the probed regions are overlapping with each
other. Being a diffraction imaging technique, in the ptychographic imaging experiment,
diffraction patterns of Xrays transmitted through the object are recorded. As with other
scanning methods, ptychography does not require an imageforming lens. However, in
stead of mapping the local properties, it uses computational algorithms to retrieve the
object’s phase and amplitude (transmissivity) from diffraction data [14]. In this case, the
resolution is not affected by the beam spot size and (or) the scanning step size, but in
principle, limited by the largest scattering angle collected with sufficient signaltonoise.
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In addition to that, modern reconstruction algorithms can retrieve and decouple the ob
ject and the generally unknown illumination profile [15]. This property of the technique
is currently used for the efficient characterization of Xray optics [16, 17]. The quality
of retrieved projections of the object depends on many instrumental limitations, such as
limited precision of the scanning stage and degree of the illumination coherence. More
sophisticated reconstruction algorithms compensate for these limitations as part of the
optimization process [18–21].

Based on the ability to produce highresolution images that are highly decoupled from the
experimental errors and instabilities, different configurations of the ptychographic imaging
approach have been implemented. Ptychographic tomography was one of the first exten
sions of ptychographic imaging recently reaching a sub15nm isotropic 3D resolution for
a radiationtolerant material [22–24]. The main challenge of ptychographic tomography
is that on top of the dense overlap in 2D, it is also necessary to obtain artifactfree to
mographic reconstruction with matching resolution by dense angular sampling. The chal
lenge raises concerns about radiation damage caused to the sample, the long duration
of the experiment, and high data throughput. One of the conceptual limitations of ptycho
graphic tomography is in incorporating it with other modalities of scanning methods. For
mapping techniques, high resolution is achieved using a small beam and a small step
size. However, ptychography at the highest resolution requires dense scanning overlap
provided by a large Xray beam and small step size. This conflict limits the possibility to
achieve matching resolution in combining ptychography with other scanning techniques
under the same experiment. For a 2D study, where only a single projection is sufficient,
performing separate measurements is a relatively easy task. However, the total time of
the experiment is increasing in the tomographic acquisition. With the limited availability of
experimental time at synchrotrons, performing a tomographic study of the same sample
twice to reach the highest resolution for a mapping method and ptychographic imaging is
not resourceefficient.

One way of tackling this challenge is by developing a new reconstruction framework that
formulates the twostep approach of ptychographic tomography as a single problem [25–
27]. The conventional twostep approach consists of ptychographic retrieval of individual
projections and tomographic reconstruction from a rotation series. The new framework
suggests jointly solving ptychography and tomography problems and has been demon
strated both conceptually (using simulated data) and experimentally [28]. It was shown
that coupling of problems allowed to relax requirements for 2D overlap and, at the same
time, match the resolution of the conventional decoupled approach. The new framework
for dataefficient experiments is not yet widely implemented because ptychographic to
mography is not a twostep problem [29]. Phase ambiguity and artefacts often need to be
solved after retrieving phase projections. More importantly, tomographic rotation stages
suffer from the socalled runout errors that result in a random jitter of the object in pro
jection images from one angular view to another [30–32]. For coupled ptychography and
tomography, the choice of optimal parameters in the reconstruction allows for avoiding
phaserelated artifacts [28]. However, the issue of misalignment of projections has not yet
been addressed. This direction’s progress has the potential for performing dataefficient
multimodal nanotomography experiments at the next generation synchrotrons. There,
ptychographic tomography could be routinely done using a nanoprobe and combined with
other scanning methods without the need for the probe overlap.

In any imaging experiment, there is a tradeoff between the probed area’s size and the
highest achievable resolution. Although ptychography as a scanning technique can pro
vide unlimited FOV, it is still limited by the requirements for dense overlapping scanning,
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illumination stability, and a finite experimental time. One way to increase the effective
FOV is by performing experiments in a grazingincidence configuration that implies reflec
tion of the incident Xrays from a surface at the critical angle (of the surface material).
Different types of experiments are performed in this configuration and used for charac
terizing various surface properties[33–35]. Although ideally suited for in situ studies, the
grazingincidence experiments provide information about the sample as statistically aver
aged over the probed area. This geometry’s advantage is an extended beam footprint that
significantly increases the effective FOV (with resolution coarser along the beam propaga
tion direction). This characteristic is one of the drawbacks of conventional ptychographic
imaging and other scanning methods since relatively slow scanning limits possibilities for
in situ studies within a large (representative) FOV. Ptychographic imaging applied in a
grazingincidence configuration could benefit from both robustness of reconstruction al
gorithms to provide highresolution imaging and the flexibility for in situ studies over an
extended FOV.

Imaging of macroscale FOV with sensitivity to micrometer features is accessible with
gratingbased interferometry [36, 37]. The experiment utilizes specially designed grat
ings providing simultaneous sensitivity for local absorption, phaseshift, and directional
scattering [38]. The latter depends on the orientation of internal structures smaller than
the pixel size of absorption and phase images and can be used in correlating structure
andmechanical properties of materials. This concept was also applied with compact Xray
machines and can be useful as a characterization tool for industrial purposes [39]. Ide
ally, an experiment for studying materials with unknown orientation distribution requires
probing the sample at poses uniformly distributed in 3D space [40]. The conventional
acquisition scheme for this experiment is implemented using complex and large rotation
stages. However, rigid construction is limited in flexibility for efficient manipulation of ar
bitrarily shaped objects. A more advanced acquisition scheme with the potential of being
implemented in compact setups is necessary to introduce this technique to general users
[41].

The work described in this thesis is aiming at solving the aboveoutlined limitations. Spe
cific investigated issues include developing of a framework for modeling of new gen
eration of solar cells based on multimodal operando Xray microscopy data, align
ment methods for dataefficient highresolution multimodal nanotomography ex
periments, a novel configuration for in situ ptychographic imaging, and flexible ac
quisition for gratingbased tensor tomography for industrial purposes.
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2 Principles of synchrotron Xray
microscopy

This chapter gives a brief introduction to Xray physics. We start with a basic notion of
waveparticle duality and the main interactions of Xray with the matter. A short note on
synchrotron radiation, its properties, and general microscope instruments will be given.
We will end this chapter with a quick introduction to tomographic principles. This chap
ter is in part based on Jens AlsNielsen’s Elements of Modern Xray Physics [5], Chris
Jacobsen’s Xray Microscopy [6], and Joseph Goodman’s Introduction to Fourier Optics
[42].

2.1 Xray interaction with matter
As with other quantum particles, Xrays exhibit waveparticle duality and can be described
as electromagnetic waves and individual particles of light (photons) at the same time. Op
posing views of the nature of light that were competing over centuries have been finally
unified with the advent of quantum physics. In this synergy, a great variety of Xray inter
actions with matter has been discovered.

2.1.1 Xray absorption and scattering by atom
The wave nature of electromagnetic radiation was generally accepted by the beginning
of the 20th century but failed to describe black body radiation and the photoelectric ef
fect. Max Planck suggested that electromagnetic radiation can be absorbed and emitted
discretely to solve the black body radiation problem [43]. Following this idea, Albert Ein
stein suggested that electromagnetic radiation energy is transferred in discreet packets
(photons) and explained the photoelectric effect [44]. According to the PlanckEinstein
relation

E = hν, (2.1)

where E is the photon energy, h is the Planck constant, and ν is the photon frequency.
Quantization of electromagnetic radiation has created a basis for a model of an atom with
discrete energy levels suggested by Niels Bohr (fig. 2.1) [45].

This thesis is devoted to Xray studies of materials at energies relevant for coherent X
ray imaging methods. The main interaction events between coherent photons and atoms
include absorption and scattering and are illustrated in fig. 2.1. According to Bohr, an atom
consists of a positively charged nucleus surrounded by electrons located at particular
shells, and Xrays are mainly interacting with the electrons. The absorption takes place
when the photon transfers its energy to one of the coreshell electrons. The electron is
either expelled from the atom or moved to one of the higher shells (atom excitation). If
the electron was expelled, it escapes the atom with the energy of the absorbed photon.
The resulting vacancy is filled up by the transition of an electron from a higher shell. This
transition is accompanied by the release of the fluorescent photon characteristic of a given
atom type. In some cases, the atom can relax from the excited state by releasing one of
the outershell electrons. This effect is called the Auger effect [46], and associated emitted
electrons are called Auger electrons. The scattering effects occur when an atom does not
absorb the energy of the incident photon. Inelastic (Compton) scattering results from a
partial loss of photon’s energy to the expelled (recoil) electron, accompanied by a change
in the direction of the photon’s propagation. If the photon has sufficient energy, it can be re
absorbed by the atom causing secondary excitation. Elastic (Rayleigh) scattering occurs
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when the photon is scattered without changing the energy. Depending on the energy of
the photons and material type, the probability of one interaction dominates others. While
traversing the material, some photons are absorbed, and some are deflected from the
original path due to scattering. The fraction of photons that were not absorbed or scattered
are related to the thickness of material t and the mean free path of photons l

I/I0 = exp(−tl), (2.2)

where I and I0 are the intensity of the outgoing and incoming Xray beams, respectively.

2.1.2 Refractive index and Xray interaction with medium
The refractive index of the material describes how incident Xrays affect electrons within
the material. In general, this quantity is complexvalued and varies with the wavelength of
the wave. Interaction of Xrays with matter is considered weak, meaning that the complex
refractive index is slightly less than unity and written as:

n = 1− δ − iβ (2.3)

where δ and β describe refractive and absorptive properties of the material. For a single
element material, the refractive index can be related to atomic properties of the material
as:

n = 1− 2πreρA(
Z

k2
+ i

Z4

k4
), (2.4)

where re is the classical electron radius, ρA is the atomic density of the material, Z is the
atomic number, and k is the wavenumber. In mixed state materials, ρA and Z are substi
tuted by the weighted average values over all constituent elements. Here we neglected
the dispersion correction term as the techniques presented in this thesis are performed
at offresonant energies. When Xrays are traveling between two transparent mediums,
they are refracted at the interface (fig. 2.2) described by Snell’s law as

n =
cos θ1
cos θ2

, (2.5)

Figure 2.1: Xray interaction with atom. Red circle in the center is the atomic nucleus
surrounded by electrons in their associated shells. Two interaction types occur upon
incidence of the Xray with energy E0 on the atom: absorption or scattering.
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Figure 2.2: For visible light, the refractive index is higher for dense materials and the
incident light will refract away from the interface. For Xrays refractive index of air is
higher than of any material and Xrays will refract toward the interface.

where n is the refractive index of the medium; θ1 and θ2 are the incident and refracted
angles of Xrays at the interface. For Xrays, the refractive index of air is unity and only
slightly smaller for any dense medium. No Xrays will be refracted but reflected off the
interface at θ2 = 0, which corresponds to the socalled critical angle. This corresponds to
cos θcrit = n, meaning that reflection occurs at very shallow angles. This phenomenon is
also known as total external reflection.

We will complete this subsection by describing interaction of Xrays propagating from
a vacuum through a medium, along z axis (see fig. 2.3). According to the Helmholtz
equation, a monochromatic wave in a vacuum can be written as:

Ψ(z) = Ψ0 exp(−ikz + ϕ), (2.6)

where Ψ0 is the amplitude of the wave, k = 2π/λ is the wavevector in vacuum, and ϕ is
the phase of the wave. When Xrays are propagating from the vacuum into the medium,
the refractive index will modulate the wavefield. Assuming that the medium is isotropic
and thin enough to neglect higherorder effects (every incoming photon interacted with
only one atom) the exit wavefield will be given as

Ψout = Ψin exp(−ik
∫ t

0
dz n), (2.7)

where t is the thickness of the medium. Using Eq.(2.4) we can further expand to

Ψout = Ψin exp(−ikt)exp(ik
∫ t

0
dz δ)exp(−i

∫ t

0
dz β), (2.8)

The first exponential term describes freespace propagation of the wavefield, and the two
other terms are related to phase shift and absorption of the wavefield inside the medium.
Assuming the detection of the wavefield by measuring its intensity as a square of the
amplitude, we obtain

I = I0 exp(−2βkt), (2.9)

which is the BeerLambert law describing linear attenuation of light traveling through the
material [47]. During the measurement of the intensity, any phaserelated information is
lost. However, in principle, the phase shift ∆ϕ of the wavefield can be measured as a
difference between arguments of the exit wavefield and the initial wavefield propagated
to the same distance or explicitly

∆ϕ = arg(Ψout)− arg(Ψin exp(−ikt)) = −ik
∫ t

0
dz δ. (2.10)
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Figure 2.3: A wavefield exiting the uniform medium will have smaller amplitude and ad
vanced phase. The intensity of the wavefield drops exponentially as a function of thick
ness of the medium.

In the next chapter, we will discuss how to measure phaseshifts in more detail. Eq.(2.7) is
valid as long as the medium thickness is thin enough for the pure projection approximation
to be assumed. If Xrays are traveling through a thicker medium, higherorder effects
become more significant. It can be accounted for by assuming the medium as a set
of thin slices δt that satisfy the projection approximation. In multislice propagation, the
wavefront entering the medium will exit the first slice according to Eq.(2.8) for t = δt. The
exit wavefront will propagate to the next slice using a freespace propagation model and
will serve as Ψin until it exits the last slice.

2.1.3 Propagation and diffraction of Xrays
So far, we have assumed waves at two different states: upon entering the medium and
right after exiting it. Although one can measure the intensity of the wave immediately after
exiting the medium (contact region), it is important to understand how waves propagate to
different distances. Diffraction or interference occurs when two waves are superimposing
with each other. In Young’s experiment, two waves originating from the illumination of
two slits produced a diffraction pattern. If two waves of equal amplitudes are inphase,
meaning that their hills and valleys match, they will constructively interfere with each other,
adding up their amplitudes. The diffraction pattern is also observed if one of the slits is
closed, meaning that the wave is interfering with itself. In the case of a circular aperture,
the resulting diffraction pattern is also called an Airy pattern. Huygens described a wave
front as a set of point sources of spherical waves. These waves interfere with each other
throughout the propagation of the wave. The amplitude of the wavefield propagated to
the distance z according to the HuygensFresnel principle can be written as

Ψz(u, v) =
z

iλ

∫ ∞

−∞

∫
Ψ0(x, y)

eikr

r
dxdy, (2.11)

where r =
√
z(1 + (u−x)2/z2 + (v−y)2)/z2)) is the distance from the origin of the wave

field and (u, v) are the coordinates at the observational plane. Performing a binomial
expansion of the square root and leaving the first two terms, we arrive at the Fresnel
diffraction integral that describes nearfield propagation of the wavefield as

Ψz(u, v)

P (u, v)
=

∫ ∞

−∞

∫
Ψ0(x, y)e

i k
2z

(x2+y2)e−i 1
kz

(ux+vy)dxdy, (2.12)
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with

P (u, v) =
eikze ik

2z (u
2 + v2)

iz
. (2.13)

In case when the propagating distance is much larger than the lateral extent of the wave
field, we can rewrite Eq.eq. (2.12) according to Fraunhofer approximation that describes
farfield propagation of the wavefield as

Ψz(u, v) = P (u, v)

∫ ∞

−∞

∫
Ψ0(x, y)e

−i 1
kz

(ux+vy)dxdy. (2.14)

Substituting k with 2π/λ, Eq.(2.12) can be written in terms of Fourier integral operators.
The nearfield propagation of the wavefield can be written as

Ψz(u, v) = F−1{F{Ψ0(x, y)} ·H(p.q)}, (2.15)

where p = u/(λz), q = v/(λz), and H(p, q) = exp(−iπλz(p2 + q2)). Following the same
procedure and additionally ignoring multiplicative factor P (u, v) in Eq.(2.14), farfield prop
agation of the wavefield can be described as a Fourier transform of the wavefield

Ψz(u, v) = F{Ψ0(x, y)}. (2.16)

The associated farfield intensity in the observational plane can be calculated similarly to
the Eq.(2.9) by taking the modulus squared of the wavefield amplitude.

I(u, v) = |Ψz(u, v)|2. (2.17)

2.1.4 Aperture diffraction and the array theorem
Having derived the wavefield propagation equations to different distances, we now can
discuss the diffraction of a wavefield from various objects (bodies). We should introduce
Babinet’s principle stating that diffraction amplitudes from an opaque object and its com
plement, i.e., a hole of the object’s shape in the opaque medium, are identical except
for the total wavefield intensity. The sum of amplitudes will be equal to the amplitude
of the wavefield before diffraction. This principle works for any number of objects of a
given shape and size. We will further refer to either of the object and the associated com
plement as aperture. We start with the derivation of diffraction from a single object by
introducing its aperture function t(x, y). According to Huygens’s principle, every point of
the aperture is a source of spherical waves. Using Eq.(2.16) and substituting Φ0 by the
aperture function we can obtain an expression for the diffraction intensity in the farfield
with Eq.(2.17) as

I(u, v) = |F{t(x, y)}|2 (2.18)

The diffraction pattern from a circular aperture/pinhole is known as the Airy pattern and
is used to determine the instrumental (Rayleigh) resolution. An efficient way to describe
a collection of multiple apertures is the array theorem. Considering N apertures, we
can define a distance between the reference aperture’s center and each of the rest’s
N − 1 apertures. The distribution of apertures located at different positions on the plane
perpendicular to the wavefield propagation will be given as a convolution between the
aperture function and delta functions, defining the location of apertures as

T (x, y) =

∫
dx′

∫
dy′t(x− x′, y − y′)Aδ, (2.19)

where t(x−x′, y−y′) is the aperture function andAδ =
∑N

j=1 δ(x−xj)δ(y−yj) defines the
relative position of every aperture. The integration is performed over the entire aperture
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plane. We can now compute the farfield intensity from multiple apertures using Eq.(2.16),
Eq.(2.17), and the convolution theorem to arrive at

I(u, v) = |F{T (x, y)}|2|F{Aδ}|2. (2.20)

The obtained expression can be used to simulate Young’s doubleslit experiment and
diffraction from periodic structures (gratings).

2.2 Synchrotron sources
Synchrotron radiation originates from themotion of relativistic charged particles with accel
eration perpendicular to their velocity. In modern synchrotron sources, undulators deflect
the trajectory of electrons within the storage ring, providing synchrotron radiation directed
towards the tangential where beamlines are located to utilize the produced Xray beams.

2.2.1 Coherence
We considered monochromatic waves when describing the interaction of Xrays with the
medium. In general, a synchrotron Xray beam is only quasimonochromatic. For two
waves originating from the same point but differing by δλ, destructive interference will
occur at a distance (along the direction of propagation)

Lt =
λ2

2δλ
, (2.21)

where λ is the wavelength, and δλ is the spread of wavelength. Lt is called temporal
coherence length. Let us assume no spread of the wavelengths but a source with finite
extend D. In this case, two wavefronts originating at different points of the source will
destructively interfere at a distance (orthogonal to the propagation direction)

Ls =
λR

2D
=

λ

2δθ
, (2.22)

where R is the distance from the source to the point of observation, and δθ is the source
divergence. Ls is called spatial coherence length. Real synchrotron sources are neither
monochromatic, nor pointlike, and experimental realization of coherent Xray imaging to
some degree deviates from theoretical models. However, modern synchrotrons provide
highly coherent Xrays suitable for coherent Xray imaging experiments.

Figure 2.4: Schematic of synchrotron storage ring with the trajectory of circulating elec
trons shown in red. An undulator comprising magnets is forcing electrons to change di
rection by emitting coherent synchrotron radiation.
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2.2.2 Brilliance
The quality of a synchrotron facility can be characterized as brightness (brilliance), a quan
tity related to the coherent properties of the produced Xray beam as

Brilliance = Spectral flux/Emittance =
photons

s/mm2/mrad2/0.1%Bandwidth
, (2.23)

where Spectral flux, and Emittance are related to temporal and spatial coherence. Not
all Xray imaging techniques rely on coherent illumination provided by synchrotron sources.
However, as we will see in the next chapter, the realization of a certain type of high
resolution imaging is only possible with a high degree of coherence.

2.3 Synchrotron microscopes
No microscopy can be performed without a microscope, a device that can elucidate ob
jects, otherwise not accessible with the naked eye. From the instrumentation point of view,
synchrotron microscopes can be divided into two groups. The first one, called transmis
sion Xray microscopes (TXM), exploits concepts of a conventional optical microscope,
where small details in the specimen are resolved due to magnification of the specimen
using lenses. Experiments using this concept are not limited by the measurement of trans
mission and are generally referred to as fullfield imaging. In contrast, the second group
uses Xray optics to demagnify (focus) probing illumination to a small spot that locally
probes the specimen. Focused illumination is scanned across the specimen, hence the
instrument’s name, scanning transmission Xray microscope (STXM). Since modalities
other than transmission are available with modern synchrotron microscopes, there are
different variations of STXM. However, we will refer to this name as a description of the
main principle related to the size of the probing illumination.

2.3.1 Focusing optics
As with any other microscopy, it is necessary to guide Xray illumination to perform high
resolution imaging. Guiding or focusing of Xrays allows efficient use of photons neces
sary for producing images with high resolution and signaltonoise ratio at faster image
acquisition. As noted in the previous chapter, for Xrays, all materials’ refractive index is

Figure 2.5: Basic types of Xray optics based on the effect of refraction, reflection, and
diffraction. a) Compound refractive lenses, b) KirkpatrickBaez mirrors, and c) Fresnel
zone plate.

only slightly less than unity. A refractive lens will have a concave shape, and a single
lens will have an impractically long focal length. Refractive Xray lenses are therefore
manufactured as a series of lenses or Compound refractive lenses (CRL) that can bring
the focal length to less than one meter [48]. Due to the absorption of Xrays by each
lens significant part of photons is lost during focusing. Another type of Xray lens allows
more photons to be accepted and is based on the total external reflection discussed in
the previous chapter. Reflective Xray optics or simply mirrors are very long due to very
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shallow critical angles of Xrays. Usually, Xray mirrors are coated with a thin layer of
high Z material to allow for a larger critical angle and shorter mirror length. There are
several types of Xray mirrors, but we are particularly interested in KirkpatrickBaez (KB)
mirrors used as focusing optics for one of the studies presented in this thesis [49]. KB
mirrors consist of two orthogonal mirrors that focus the incoming beam in two directions.
The mirrors have a smoothly polished elliptically curved surface to yield minimal loss of
photons at the focus. The last type of Xray optics we will discuss in this thesis is diffrac
tive optics or Fresnel zone plates (FZP). A typical FZP consists of concentric rings of two
materials with alternating high and low absorptive properties. FZP is based on the effect
of interference of Xrays going through a slit and works as a circular diffraction grating.
Low absorption (transparent) rings are specifically distanced from each other to allow for
constructive interference of transmitted Xrays to occur at the desired focal spot. There
are many complex Xray lenses in development and use at synchrotron sources. All of
them have different characteristics, and some lenses are more preferred than others de
pending on specific requirements for a microscope. Throughout this thesis, either the 1:1
(magnification) optics in fullfield imaging or no magnification in scanning imaging is used.
Thus, the detailed description of optical magnification is omitted.

2.3.2 Fullfield microscope
The main purpose of the fullfield microscope is to provide a magnified image of the sam
ple. Here we provide an example of the FZP based fullfield microscope, where FZP
lenses serve two purposes. First, FZP can work as a condenser to focus diverging beam
originating from the point source. In principle, any other Xray focusing optics can be
used to perform a similar task. However, FZP can also work as an objective and image
Xrays transmitted through the sample onto the detector. Magnification of the sample
image depends on the ratio between objectivedetector and sampleobjective distances.
Twodimensional pixelarray detectors are used in TXM to record an Xray image of the
sample. The fullfield microscope’s advantage is that it can image a complete sample in
one exposure, beneficial for timeresolved studies, such as dynamical imaging [50]. Ad
ditionally, it is possible to obtain multiple contrasts from a single experiment, but only if
special optical elements are employed.

Figure 2.6: Schematic of the fullfield microscope (not to scale) outliningmain components
and the instrument’s basic principle. Focal points of the condenser and objective lenses
are not shown. Coherent Xray illumination provided by the combination of condenser
lens (FZP with central stop) and a monochromator pinhole fully covers the desired field
ofview of the sample. The sample is imaged onto the area detector using magnifying
objective microlens.
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Figure 2.7: Schematic of scanning microscope (not to scale) outlining the main compo
nents and the instruments’ basic principle. The focal point of the objective lens is in the
sample plane. A pinhole is used to remove an unfocused portion of the beam. The fo
cused beam is raster scanned across the sample in the lateral plane. Detector records
signal from transmitted Xrays.

2.3.3 Scanning microscope
Regardless of the lens type, focusing Xrays on the sample into a very sharp beam has
advantages compared to illuminating the entire sample at once. From the complex inter
actions of Xrays with matter discussed in the previous chapter, it is possible to design
detection schemes that can capture signals from different interaction types independently.
It is, in fact, achievable in TXM as well, but unlike transmission of Xrays, some interac
tions provide signals in random directions. Thus, detecting these signals is done over
a solid angle of the associated detector and can only reveal statistically averaged infor
mation over the entire sample. By locally probing the sample with a small Xray beam,
it is possible to assign (map) those signals to every scanning position. The resolution
will be effectively defined by the beam spot size on the specimen or scanning step size,
whichever is larger. Usually, the step size is selected to be the same as the beam size.
This idea lies behind the concept of imaging in STXM, where the tightly focused beam
is scanned across the specimen to map the sample’s local properties [51]. In contrast to
TXM, objective FZP in STXM is used to focus (image) the Xray beam on the sample with
a detector recording the transmitted beam. Advanced Xray optics can focus the incident
beam reaching sub10nm in the hard Xray regime. In principle, a singlepixel detector
can measure the total flux of the transmitted beam to map the pointtopoint absorption
properties of the sample. However, as we will see in the following sections, multiple con
trast modalities can be obtained when using a pixelarray detector in the farfield regime.
In addition to that, chemical contrast can be achieved by collecting fluorescent photons or
tuning incident Xrays’ energy. Some different contrasts can be provided when detecting
material’s response to Xray beam stimuli. All of that can be measured in scanning mode
without objective lenses but with different detecting schemes.

2.4 Tomography
Xrays have highpenetration capabilities that cannot be achieved with visible light and
electrons. This property allows reaching indepth information about the specimen making
Xrays widely spread in medical and material testing applications. When a single Xray
image (radiograph) is taken, all the indepth information is integrated along the projected
direction. To access this information in 3D, one needs to image the specimen under
several viewing angles, the basic principle of Xray computed tomography (CT) [52–55].
Let us consider an object’s slice as a twodimensional function f(x, y) representing a
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distribution of some of the object’s properties. The projection of slice over the line at x′
can be written as

p(x′) = Rf(x′) =

∫ ∞

−∞
dx

∫ ∞

−∞
dyf(x, y)δ(x cos−y sin−x′), (2.24)

where R is the projection operator, also known as the Radon transform. The delta func
tion’s argument is the parametrization of the line (along which the function f(x, y) is inte
grated) in polar coordinates and x′ is the relative position of the line. Here we assume
that all lines are parallel which is true for synchrotron radiation with a small spatial coher
ence length. Laboratory scale Xray sources have a larger divergence of the beam, and
thus the projection operator has to be modified accordingly. Points/features located at a
certain distance from the center of rotation will produce a set of sinusoidal curves in the
distribution over the set of projections, the sinogram.

2.4.1 Analytical reconstruction
It is possible to analytically derive a backprojection operator to find the distribution of
points in the object from a given sinogram from the associated set of viewing angles in
the process of tomographic reconstruction. To derive this operator, one uses the central
slice theorem. The theorem states that the Fourier transform of p(ox′) is the slice through
the center of the 2D Fourier transform of f(x, y). A complete projection of f(x, y) can be
written as

p(x) =

∫ ∞

−∞
dyf(x, y). (2.25)

The twodimensional Fourier transform of function f(x, y) is given as

F (q, p) = F{f(x, y)} =

∫ ∞

−∞
dx

∫ ∞

−∞
dyf(x, y)exp−2πi(xq+yp), (2.26)

where q, p are the Fourier (reciprocal) space coordinates. Considering a slice through the
center of F (q, p) at p = 0 we obtain

F (q, 0) =

∫ ∞

−∞
dx

∫ ∞

−∞
dyf(x, y)exp−2πixq . (2.27)

Substituting Eq.(2.25) we obtain the central slice theorem

F (q, 0) =

∫ ∞

−∞
dxp(x)exp−2πixq = F{p(x)}. (2.28)

The function f(x, y) can be obtained from the inverse Fourier transform of F (q, p), or
explicitly

f(x, y) = F−1 {F{f(x, y)}} . (2.29)

When considering rotation of f(x, y) it’s convenient to use polar coordinates and write

f(x, y) =

∫ π

0
dα

∫ ∞

−∞
dωF{f(ω cosα, ω sinα)}expiω(x cosα+y sinα) |ω|, (2.30)

where α and ω are the polar coordinates. Applying the central slice theorem we arrive to

f(x, y) =

∫ π

0
dα

∫ ∞

−∞
dωF{Rf(ω, α)}expiω(x cosα+y sinα) |ω|. (2.31)

The obtained equation states that the object (set of points/pixels) can be reconstructed by
back projecting the Fourier transform of the projection filtered with |ω|. The reconstruction
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process of this kind is called the filtered backprojection (FBP). Filtering is necessary due
to inhomogenous sampling of projections in Fourier space. Sampling is more dense to
wards the center of the 2D Fourier transform of f(x, y) and a highpass filter is used. In the
presence of noise, the highpass filter, however, might amplify associated highfrequency
components. Various types of highpass filters can be implemented depending on the
quality of the projections. To reconstruct the object with FBP, the viewing angles have to
be uniformly sampled in the range from 0 to pi degrees.

2.4.2 Algebraic reconstruction
The desired resolution of the tomographic reconstruction depends on the size of the ob
ject and the number of angular views [56]. If not sufficient angular views are provided, the
algebraic reconstruction approach can be implemented. The essence of algebraic recon
structions is in discrete formulation of the object and tomographic forward model that can
be written as a system of linear equations

Ax = b, (2.32)

where x and b are the vector representations of the model of object function and associ
ated projections, respectively. Matrix A is the matrix that models the tomographic mea
surements. To find the solution to the object function x∗ from the known measurement
matrix A and measured observation (projections) b one needs to solve the following mini
mization problem

min ||Ax− b||l, (2.33)

where l represent the desired measure of the minimum, referred as norm. This type of
problem is called inverse and usually solved with iterative algorithms. The norm type
affects convergence behaviour and their choice is problem specific. The detailed descrip
tion of tomographic reconstruction algorithms is beyond the scope of this thesis and can
be found elsewhere [57]. There are several software implementations for tomographic
reconstructions with advanced algorithms and geometries. TomoPy is a Python package
that is designed for synchrotronbased tomographic data reconstruction [30]. Seamless
management of data from different synchrotron facilities is provided by TomoPy. Another
software toolbox, called ASTRA allows for the tomographic reconstruction with high flexi
bility in terms of experimental geometry [58, 59]. Reconstructions using nonparallel beam
geometry and/or nonsingle axis rotation are also available using the ASTRA toolbox.
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3 Synchrotron imaging modalities
Any modern synchrotron Xray imaging system consists of three main elements: inter
action of the probing illumination and the object of interest, a signal detecting system
(including optical setup), and a processing unit that interprets the image. These elements
are described when discussing each contrast mechanism in this chapter.

3.1 Absorption contrast
We have described the wavefield intensity as the squared modulus of the amplitude. The
difference in the intensity upon entering the medium and at the exit gives rise to absorp
tion contrast, arguably the most widespread contrast modality due to its simplicity. The
absorption of Xrays was discovered by Wilhelm Røntgen and depicted in the radiograph
of his wife’s hand where weakly absorbing tissue is nearly transparent, while bones and
the metal ring appear darker. Usually, if pureabsorption contrast is of interest, it is de
tected in the contact region. In the contact region, the interference of transmitted pho
tons is not significant. In fullfield imaging, the detector position has to provide desired
magnification while staying in the contact region. In scanning imaging, image magnifica
tion is not required, and the detector can be placed as close as necessary. In principle,
scanningbased methods can be performed using a singlepixel detector or pixelarray
detector placed in the farfield. A more detailed description of how to retrieve absorption
contrast in the farfield is given below. Additional contrast modalities can be obtained in
fullfield and scanning imaging when using various optical elements, detection schemes,
or acquisition schemes. As an example, fig. 3.1 shows absorption contrast imaging of
a multilayered thinfilm solar cell (device architecture is shown in Chapter 4) using the
farfield pixelated detector with uniform detector response [60].

Figure 3.1: Absorption contrast image of the multilayered solar cell was obtained using
the farfield pixelated detector. Inset: Transmission is obtained by integrating the total
intensity at the diffraction pattern. Normalization to the flux variations at every scanning
position was performed to yield better quality, but the image’s noise remains. Absorption
contrast allows differentiating layers of the solar cell and reveal defects in the top layers.

It is worth noting that by tuning the incident Xray beam’s energy, it is possible to enhance
the absorption contrast from a priori knowledge of the specimen constituents. This con
cept lies behind Xray absorption spectroscopy techniques where the specimen is probed
with energies close or corresponding to one of the absorption edges of constituting el
ements [61]. These techniques were not part of this thesis but can also be used in a
multimodal setting.
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3.2 Phase contrast
When moving further from the contact region, interference of Xrays becomes more pro
nounced. In the nearfield (Fresnel) region, interference is appearing around the features
via phase contrast. In farfield (Fraunhofer) region interference effects result in the diffrac
tion. As discussed in the previous chapter, the absorptive and refractive properties of
materials are characterized by the complex refractive index. As seen from Eq.(2.4), both
the absorption and refractive parts of the complex refractive index are dependent on the
energy of probing illumination (associated with the wavenumber k). The ratio between
two quantities is given as

δ/β =
k2

Z3
, (3.1)

where the wavenumber is related to the Xrays energy as k = E/2πhc (c is the speed of
light in a vacuum). This relation states that the ratio between refractive and absorptive
properties of the material is quadratically proportional to the energy of probing Xrays [5].
Consequently, phasecontrast associated with refraction yields a signal much stronger
than the absorption at energies higher than one keV. However, as seen from Eq.(2.9)
when measuring the intensity of the transmitted beam, any phase information is lost. It is
possible to design a scheme to measure or retrieve phaseshifting properties of materials
[62]. Althoughmany phasesensitive techniques have been successfully developed, three
methods that can provide imaging with multiple modalities are discussed as part of this
thesis.

3.2.1 Freespace propagation
The first phasecontrast technique is directly based on STXM principles. Note that the
technique described should not be confused with what is generally known as fullfield
propagationbased phasecontrast where Fresnel (nearfield) diffraction is employed. Here
we are discussing the scanningbased phase imaging method using Fraunhofer (farfield)
diffraction instead. To understand its principle, let us consider a specimen consisting of
two purephase (not absorbing) materials with different refractive indexes. When an Xray
beam enters the specimen orthogonal to the lateral surface, its direction will be refracted
(deflected) towards the material with a lower refractive index with the angle of refraction
given as

α =
λ

2π

δϕ(r)

δr
, (3.2)

where r2 = x2+y2 is the beam displacement vector. Since the refractive index is close to
unity, refraction angles are small. The refraction angle can be estimated as a global shift
of the illumination in the farfield. This procedure is repeated at every scanning position.
This type of imaging is called differential phase contrast (DPC). Early realization of this
method was based on detection schemes using a specially designed segmented detector
([60, 63]). Quadrant segments invidividually collected horizontal and vertical components
of the beam shift. Segmented detectors required certain alignment to the beam, but imple
mentation of the method using pixelated detectors do not require sophisticated alignment
([64–66]). An important advantage of using such detectors for DPC measurements is
that every pixel plays a role of an individual segment that results in high flexibility in re
trieving different contrast modalities during computational postacquisition processing of
recorded diffraction data. In the next section, we will introduce the more advanced phase
contrast technique, ptychographic imaging, that is partially based on the same principle.
Orthogonal phase gradients can be obtained by comparing signals at different detector
halfplanes. Given a set of N scanning positions, the intensity of the signal transmitted
through an object at scanning position rj , where j = 1, 2, 3, ..., N to the farfield detector
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is given by
Ij(r) =

∫
|F{P (r − rj) ∗O(r)}|2R(k)dk, (3.3)

whereF is the twodimensional Fourier transform, P (r) is the illumination function,O(r) =
exp(ik

∫
ndz) is the object function written in terms of complex refractive index of the

specimen, and R(k) is the detector response function. When using a pixelated detector,
the functionR(k) can be defined computationally to recover different contrast modes from
a single measurement. Absorption contrast is extracted by mapping total intensity of the
signal on the CCD detector at every scan position. This corresponds to uniform detector
response R(k) = 1. When the information about incident photon flux I0 is not available,
absorption contrast can have degraded quality due to variations of the flux while scanning.
Contrary, DPC is less sensitive to the flux variations as it represents the phase gradient of
the specimen [67]. DPC contrast can be obtained with an asymmetric detector response
function (fig. 3.2). Absolute phase projections can be reconstructed from DPC projections

Figure 3.2: Differential phase contrast images of the multilayered solar cell. Inset of the
figure shows diffraction pattern with an associated detector response function. Vertical
phase gradient obtained from the normalized difference between intensities from the top
(yellow) and bottom (green) detector halfplanes. Only the vertical component of DPC is
shown due to the structure of the sample. The refractive index in the horizontal direction
within each layer does not change significantly. The DPC is less susceptible to noise and
resolves fine features.

by various methods as direct integration, Fourierbased filtering ([66, 68]), or iterative
schemes ([69, 70]). Fourierbased method takes orthogonal DPC components δϕx and
δϕy to obtain absolute phase ϕ according to

ϕ(x, y) = F−1

{
F{δϕx + iδϕy}
2πi(u+ iv)

}
(3.4)

When used with other scanningbased techniques, this method can provide a multimodal
study of a specimen within a single experiment. In Chapter 4, this approach is used as a
complementary modality for operando investigations of a thinfilm solar cell device.

As with any STXMbased technique, this method is limited in resolution by the probe size
and scanning step size. As it will be shown further, this limitation does not hold for phase
contrast imaging using ptychographic (scanning coherent diffraction imaging) principles.

3.2.2 Ptychographic imaging
To introduce ptychographic imaging, let us briefly describe coherent diffraction imaging
(CDI) principles in general [71, 72]. When measuring diffraction patterns in the farfield,
only the wavefield intensity is captured, and any phaserelated information is lost, giving
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rise to the socalled phase problem. Some phasesensitive techniques are implemented
using objective lenses or designed to keep track of both the reference and the material
interacted wavefields to get phasecontrast information [62]. However, CDI is based on
iterative reconstruction algorithms that fit unknown phases to the measured diffraction
pattern. The only requirement (apart from coherence) is the sufficient sampling of the
diffraction pattern achieved by probing a fully isolated specimen. The FOV has to be at
least twice larger than the lateral extent of the specimen. The scanning variant of CDI,
known as ptychography, satisfies sampling requirements by scanning the specimen [11,
13]. The illumination probe in ptychography is much larger than the step size (overlapping
scanning), relaxing requirements for specimen size and, in principle, providing unlimited
FOV. The resolution of ptychography is limited by the energy of probing illumination and
the largest scattering angle (angular range) detected with a sufficient signaltonoise ratio.
Finite illumination wavefield used in ptychography can be explicitly given as in Eq.(3.3). In
projection approximation, the wavefield exiting the specimen at scanning position j (exit
wave) can be described as a multiplication of the probe and object functions or explicitly

ψj(r) = P (r − rj) ∗O(r). (3.5)

According to the farfield (Fraunhofer) propagation (Eq.(2.14)), the intensity in the farfield
will be given as

Ij(q) = |F{ψj(r)}|2, (3.6)

where q is the reciprocal space (detector plane) coordinate. To recover both the object and

Figure 3.3: Schematic representation of the ptychographic imaging experiment. The in
cident Xrays are focused by Fresnel zone plate (FZP), and high diffracted orders are
eliminated by order sorting aperture (OSA). The specimen is scanned through the defo
cused beam, and the diffraction pattern of transmitted beam is recorded using a farfield
detector.

probe, ptychographic phaseretrieval is performed [15, 73, 74]. There exist deterministic
approaches for the solution of the phase problem [75]. However, they are not suitable for
many practical cases with complex specimens. Instead, iterative optimization algorithms
are used for recovering the generally unknown object and illumination wavesfront. The
latter gives a unique capability for characterization of Xray optics using ptychography
[16, 17, 76–79]. It was already mentioned that the resolution of ptychographic imaging
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depends on the largest scattering vector. In most cases, fast readout pixel array detectors
are used in ptychography experiments. In this case, the diffraction pattern is recorded on
a grid of square pixels, and effective resolution of reconstructed pixel size will be given by

δrs =
λL

Dδd
, (3.7)

where λ is the illumination wavelength, L is the sampledetector distance, D is the cho
sen detector readout size, and d is the detector pixel size. The most advanced pty
chographic phaseretrieval algorithms can optimize for drifts in scanning positions and
partial incoherence of the probing illumination [18–21]. The latter has been recently used
for the proofofprinciple ptychography experiment with a laboratoryscale Xray source
[80]. The development of ptychographic phaseretrieval algorithms is still in progress,
and many software packages allow for modular use of different reconstruction algorithms
applied separately and in a combination [81–83]. Here, one of the first reconstruction al
gorithms that allowed the retrieval of both the probe and object functions, called extended
Ptychographic Iterative Engine (ePIE), is presented [15]. The algorithm starts with initial
guesses for both functions and computes associated (guessed) exitwave ψ at the scan
ning position rj according to Eq.(3.5)). The first guess of the exitwave is, most probably,
incorrect. However, knowing the expected intensity, the socalled Fourier constraint can
be enforced. It is more compact to use squared modulus or Fourier magnitude Fj of the
measured intensities given as

Fj(q) =
√
Ij(q). (3.8)

We can now update the current guess of the exitwave ψg(r) according to

ψ′
j(r) = F−1

{
Fj(q)

F{ψj(r)}
|F{ψj(r)}|

}
, (3.9)

where ψ′(r) is the update of the guessed exitwave. Based on that guessed object and
probe functions can be updated accordingly

O′
j(r) = Oj(r) + α

P ∗(r − rj)

|P (r − rj)|2max

(ψ′
j(r)− ψj(r)), (3.10)

where α is the update controlling parameter (usually set to 1) and ∗ denotes complex
conjugation. The object function is updated at each probed region with center situated
at every j scanning positions. The probe function update is performed in the similar ap
proach

P ′(r) = P (r) + β
O∗

j (r + rj)

|Oj(r + rj)|2max

(ψ′
j(r)− ψj(r)), (3.11)

Object and probe functions are refined iteratively, with initial guesses of the functions start
ing at zeroth iteration. Updates at every consecutive iteration i are computed according
to Eqs.(3.10),(3.11) with apostrophes substituted by the index i + 1. Iterative refinement
is completed when any discrepancy between measured and modeled data is converged
to a certain small value. Alternatively, the number of iterations can be manually set by the
user.

The robustness of ptychography has made it one of the hottest topics in highresolution
phasecontrast imaging. Many configurations of the technique have already been imple
mented, and limitations are tackled with more advanced computational frameworks. In
this thesis, two novel configurations of ptychographic imaging will be explored. Chapter 5
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Figure 3.4: Amplitude and phase of the object function (Siemens star) reconstructed using
ptychographic phaseretrieval. On the right is the reconstructed probe function.

provides a practical solution for application of ptychographic imaging in multimodal nan
otomography, where the difference in the image formation mechanism creates a conflict
between ptychography and other scanning methods. Chapter 6 shows the experimental
verification of ptychographic imaging under reflection geometry to benefit from its flexibility
in performing in situ experiments.

3.2.3 Gratingbased interferometry
As discussed in the previous chapter, fullfield imaging allows probing large FOV in a
single exposure. One of the fullfield methods that are sensitive to phasecontrast is X
ray gratingbased interferometry (XGI) [36, 37, 84]. Different types of grating setups are
implemented in XGI, but for simplicity, let us consider the case of two linear gratings.
The XGI method is based on the nearfield interference phenomenon, called the Talbot
effect [5]. This effect occurs when Xrays are transmitted through a periodic structure
that results in a selfrepeating interference pattern at particular (Talbot) distances. The
first grating is used to produce an interference pattern at one of the Talbot distances.
In practice, for photons’ efficient use, a phaseshifting grating (causing no or negligible
absorption) is used as the first one. Phase grating modifies the Talbot distances and the
period of interference fringes. The second grating is placed such that fringes provided
by the constructive interference are matching the grating elements. A positionsensitive
detector is placed right after the second grating. When the object is not introduced in
the FOV, the detector will record the socalled flat image. In the presence of an object
placed between two gratings, fringes will shift in the lateral plane due to the local refraction
providing differential phase contrast [62]. A similar approach can reconstruct the absolute
phase as in the scanningbased DPC (Eq.(3.4)). Absorption contrast is also available
in XGI by the socalled phasestepping. The procedure requires shifting the analyzer
grating in the direction orthogonal to the optical axis and alignment of the grating elements.

Figure 3.5: Schematic of the XGI experiment using two gratings. Phase grating G1 mod
ulates the wave front of the incident Xrays to produce the intensity modulation at the
absorption grating G2.
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Figure 3.6: Phasestepping curve without (left) and with (right) sample in the FOV. Sample
causes refraction of Xrays that is seen as a shift of PSC and absorption that reduces the
amplitude of PSC. Scattering from anisotropic structures is seen as a blurring of the PSC
intensity (dashed orange line).

Shifting of the analyzer while recording the flatfield intensity pattern will result in sinusoidal
intensity distribution, the phase stepping curve (PSC) (as in eq. (3.12)), which can be
approximated as

I(xg) ∼ a0 + a1 cos(kxg + ϕ), (3.12)

where xg is the shift of the grating G2, a0 and a1 are the amplitude coefficients, and ϕ is
the phase term. Performing the phasestepping in the object’s presence will shift PSC
horizontally due to the local refraction and reduce the amplitude due to the local absorp
tion. The absorption contrast can be obtained by taking the ratio between the terms a0 of
sample and flat images. The differential phase caused by the sample is proportional to
PSCs’ phase difference with and without the sample.

3.3 Scattering contrast
Absorption contrast imaging is also referred to as brightfield imaging, and can be comple
mented with the socalled darkfield imaging according to Babinet’s principle. Darkfield
imaging is achieved by blocking the undiffracted portion of the beam highlighting the edges
and small features of the object that scatter Xrays to larger angles. In scanningbased
methods, masking of the direct beam on the recorded diffraction patterns provides dark
field contrast (fig. 3.7). Additionally to absorption and phase contrast, darkfield sensitivity

Figure 3.7: The darkfield image of the multilayered solar cell was obtained using the
farfield pixelated detector. Inset: Part of the diffraction pattern related to the direct (un
diffracted) beam is blocked computationally by applying a binary mask. Normalization to
the flux variations at every scanning position was performed to yield better quality. Inter
faces between layers and the top edge of the sample are highlighted.

can be obtained by XGI [38]. By defining the socalled visibility V , the darkfield can be
retrieved from Eq.(3.12). Sample visibility can be defined as V s ≡ as1/a

s
0 (fig. 3.6 (right)
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dashed line). Anisotropic structures in the sample will scatter incident Xrays in the di
rection perpendicular to their orientation. The ratio between the sample and flat visibility
V = Vs/Vf defines the visibility reduction. Visibility reduction from the object with no
distinct anisotropy in the structure is equal to one. The visibility will be reduced V < 1
once the sample with strongly scattering structures is in the FOV. Linear gratings provide
a stronger signal from features oriented perpendicularly to the alignment of grating ele
ments. Thus, it is possible to obtain sensitivity to the orientation of anisotropic features
in the object [85]. The sample needs to be rotated around the optical axis to obtain com
plete orientational information in 2D. Directional darkfield is sensitive to features smaller
than the actual image resolution (pixel size). A recently proposed modification to this
approach uses an array of circular gratings, allowing to obtain omnidirectional sensitiv
ity in a single exposure (shot) without the analyzer grating [86]. A directional projection
obtained using circular gratings at a laboratory Xray setup is shown in fig. 3.8. Unlike
other contrasts where pixels represent scalar values related to the density, each pixel in
the directional darkfield image is composed of a 2D vector defining the most prominent
orientation. When applied in a tomographic setting, directional darkfield contrast can re
veal 3D information of the specimen’s anisotropic structure. The reconstructed volume
is a tensor with every voxel containing a threedimensional vector, hence the technique’s
name, tensor tomography. Regardless of the grating type, additional rotation of the spec
imen is required to probe orientations in 3D. Chapter 7 of the thesis presents a validation
of an advanced acquisition scheme for tensor tomography that allows for flexible sample
manipulation.

Figure 3.8: Absorption and directional (orientational) projection of a carbonreinforced
polymer phantom. Horizontal gap in the middle is the detector gap between modules.

3.4 Image quality estimation
Image quality estimation plays a crucial role in characterizing imaging techniques and
image reconstruction algorithms. Fourier ring correlation (FRC) has become a standard
method for providing reliable and quantitative estimates of the image resolution across
many imaging techniques [87]. The optimal way of characterizing the resolution using
FRC is to compare two images obtained from independent measurements of the same
FOV. In the case of ptychography, when the image is not directly provided but needs
to be reconstructed from diffraction data, FRC can be also estimated using two images
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reconstructed from different parts of the original dataset. FRC represents a measure
of similarity between 2D Fourier transforms of two images of the same FOV obtained
from independent measurements, as a function of the spatial frequency by computing
normalized crosscorrelation of frequency components within a set of concentric rings, or
explicitly:

FRC1,2(ri) =

∑
r∈ri

F1(r) · F2(r)
∗√∑

r∈ri
F 2
1 (r) ·

∑
r∈ri

F 2
2 (r)

, (3.13)

where F1(r) and F2(r) are Fourier (frequency) components within the ring of radius ri.
Threedimensional extension of FRC is used to estimate the resolution of volumes ob
tained from the tomographic reconstruction (tomograms). Instead of rings, the compari
son is performed over 3D shells. The corresponding name of the method is Fourier shell
correlation (FSC).
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4 Multimodal characterization of
functional energy materials

When discussing absorption contrast in the previous chapter, the focus was on transmis
sivity, xrays ability to pass through a medium. However, quantum mechanics provides
more diversity of phenomena behind the absorption of Xrays (and any other electromag
netic radiation) that, when observed, can be efficiently used for the characterization of var
ious properties of the medium. This chapter describes imaging systems based on these
phenomena and their application for the correlative study of functional energy materials,
thinfilm solar cells with complex device architecture.

4.1 Analytical techniques
4.1.1 Xray fluorescence
Sensitivity to multiple elements in a specimen within a single exposure can be obtained
through Xray fluorescence (XRF). As described in Chapter 2, fluorescent photons are
generated upon the incidence of energetic Xrays on the sample. Each fluorescent pho
ton is characteristic of a given type of atom. An energydispersive detector placed in the
sample’s proximity allows the detection of fluorescent photons and identifies the sample’s
chemical composition. Highaccuracy quantitative analysis of elemental concentrations
can be performed if a reference sample with known elemental concentrations is used for
calibration. Ideally, the reference sample should consist of the same element concentra
tion as the studied sample to perform quantitative analysis. A more detailed description of
XRF spectra’s quantitative analysis can be found elsewhere [88, 89]. For an unknown or
complex sample composition, XRF can be used for qualitative analysis that gives accurate
information on the relative abundance of constituting elements.

4.1.2 Xray beam induced current
Absorption and scattering of energetic Xrays yield a generation of photo, Auger and re
coil electrons. Together with highenergy fluorescent photons, a cascade of free electrons
is generated. The number of created electronhole pairs is proportional to the energy of
Xray illumination. If a semiconductor sample is illuminated, free electrons (charge carri
ers) will move to the conduction band, leaving one hole for each electron in the valence
band. Due to the intrinsic electric field in the pn junction, electrons and holes will travel
to electrodes generating current. Xray beaminduced current (XBIC) is the working prin
ciple of semiconductor Xray detectors [90]. More recently, XBIC as a characterization
technique has been developed to study semiconductor devices, such as solar cells [8,
91, 92]. Measurement of the current generated in the semiconductor device requires n
and p terminals to be connected through the current measuring device (ammeter). The
electrodes are often located far from the probed FOV. Consequently, the XBIC signal can
be understood as a response of the whole sample to the Xray beam stimulus.

4.2 Mapping chemical and electrical properties of solar cells
Xray fluorescence can be implemented in STXMtype mode to determine the specimen’s
spatially resolved chemical composition by collecting Xray fluorescence photons at every
scanning position. This variant of the experiment is called scanning fluorescent Xray mi
croscopy (SFXM) or micro/nano XRF (depending on the probing illumination size). Scan
ning XBIC measurements can complement XRF to provide a correlative study of electrical
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performance and chemical composition. Simultaneous collection of XBIC and XRF allows
combining associated maps without the need for registration. When the focused beam’s
size gets comparable or even smaller than errors in sample positioning, this becomes
essential.

Figure 4.1: (left) The nominal architecture of the investigated multilayer thinfilm solar
cell device. The layers were deposited on top of the sodalime glass substrate. (right)
The schematic of the correlative scanning XRF and XBIC experiment. An electronhole
pair (red and blue dots) is generated in the pn junction, and charge carriers diffuse to the
top and bottom electrodes.

4.2.1 Solar cell sample
The sample was prepared from a macroscopic functional device with an opencircuit volt
age of around 55 µV under ambient light measured by a Keithley sourcemeter. The top
electrode was attached to the transparent and conductive ITO (indium tin oxide) layer
by removing the top antireflection MgF2 coating. The bottom electrode was attached
to the Mo bilayer in the device region without the other layers. Christian Rein, Mariana
Mar Lucas, and Tiago Ramos performed the sample preparation and contacts attachment.
The sample preparation aimed to allow probing the stack of layers in the crosssection.
One of the sample sides was prepared in a triangular shape to use the tip for deriving
a crosssection lamella. Layers were damaged at the tip of the triangle. Slightly further
from the tip, where layers were preserved, the lamella was obtained through focused ion
beam (FIB) etching. Preparation of the lamella was done by Peter Stanley Jørgensen.

4.2.2 Experiment@NanoMAX, MAX IV
The experiment was performed at the KB endstation of the NanoMAX beamline that is
a part of the MAX IV synchrotron facility in Lund, Sweden [93]. The beamline is oper
ated at a hard Xray regime and provides scanning nanoprobe experiments. The beam
line is equipped with the Amptek silicon drift detector for XRF measurements. Additional
equipment for XBIC measurements, such as an optical chopper and lockin amplifier, was
brought for the experiment by Michael Stuckelberger. A background signal in XBIC mea
surements was identified as oscillations of the long golden wires connected from the sam
ple to a sensitive current amplifier. The background signal was removed by making the
wires shorter and connecting them to the sample premounted on a holder. The sample
was scanned by the 50 nm Xray beam across 7 × 4 µm2 FOV in the stepandsettle
scanning mode. The exposure time per scanning point was set to 100 milliseconds to
yield a sufficient signaltonoise ratio for photonhungry XRF measurements. Data was
corrected for flux variations measured by ion chamber before the analysis. The top part of
the FOV did not contain the sample, so the data was cropped before the analysis. Angel
RodriguezFernandez assisted with the data acquisition.

28 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials



Figure 4.2: Stitched SEM image of the top view of the sample. Blue and red arrows are
pointing to the top and bottom electrodes, respectively. The red box shows the location
of the region of interest. The scale bar is 1 mm.

Figure 4.3: The overview and closeup look of the crosssection lamella. The area in the
red box is shown on the right image, the scale bar is 20 µm. The yellow box indicates the
region of interest (ROI) scanned during the experiment. The horizontal extent of the ROI
is around 7 µm.

4.2.3 XRF spectrum fitting
An XRF spectrum integrated over all scanning points is shown in fig. 4.5. The spectrum
is not well fitted for illustrative purposes as adding more peaks makes the image too busy.
Thus, only the peaks of the main constituting elements are shown. Each peak in the spec
trum is associated with a specific transition in the electron shell of atoms of constituting
elements. However, some of the peaks might overlap due to the slight difference in fluo
rescent photons’ energies and the detector’s limited energy resolution. Elastic (Rayleigh)
scattering appears in the spectrum at the energy of the incident Xrays. Inelastic (Comp
ton) scattering has lower energy due to partial transfer of the energy of scattered Xrays.
Pileup peaks may appear due to multiple fluorescent photons arriving within the XRF
detector’s deadtime. The detector considers them as one photon with energy that is the
total energy of each photon. In addition to that, differentiation of peaks in the lower en
ergy limit is challenging due to air absorption and lower fluorescence yield. There are
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Figure 4.4: The side (left) and front (right) view of the experimental setup at the NanoMAX
beamline. The sample was scanned in the plane perpendicular to the Xray beam propa
gation. The XRF detector was placed at 30 degrees relative to the scanning plane (lamella
plane). The optical chopper was used to modulate the intensity of the Xray beam and, in
combination with the lockin amplifier, increased the signal to noise ratio of XBIC.

many parameters involved in fitting XRF data, and some advanced software tools, such
as PyMCA provide an efficient and userfriendly analysis environment [94].

Figure 4.5: Example of the XRF spectrum fitting procedure using PyMCA. The spectrum
belongs to the multilayered solar cell sample. Peaks are related to the constituents of the
sample. The energy of the incident Xray beam is 10.4 keV that corresponds to the elastic
scattering peak. Measured data is not fitted entirely due to fluorescent photons coming
from the surrounding environment, such as Fe peak that does not belong to the sample
but the experimental equipment. XRF fitting is a multiparameter problem that requires
careful tuning.

4.2.4 Chemical composition
A separate fitting procedure for every scanning position is a tedious process. A more
optimal way is based on fitting of the integrated spectrum that is somewhat equivalent
to performing an XRF measurement in the fullfield setting over the entire FOV at once.
Batch processing of data collected at each scanning position using fitting parameters for
the integrated spectrum allows obtaining the twodimensional XRF maps (fig. 4.6). The
variations in XRF maps of Cu related to the CZTS activelayer of the device suggest
grains, or clusters of grains, that span over 2 µm in the horizontal direction. The grain
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Figure 4.6: Twodimensional XRF maps of main constituents of the multilayered solar
cell. All maps are normalized. The nominal device architecture is shown to identify the
layers within the scanned FOV. The intensity of images is related to the spatial abundance
of each element within the FOV. Molybdenum (Mo) and Sulfur (S) peaks overlap in the
XRF spectrum and are shown in the combined map. Individual maps show variations in
the distribution of elements related to the layers’ inhomogeneous deposition and defects.

boundaries are visible with a relative decrease of the intensity within three areas marked
by black circles. The Zn map shows similar behavior in the active layer and indicates the
absence of the ZnO windowlayer from X > 4 µm. As seen from the fitting procedure,
molybdenum Mo and sulfur S peaks overlap and cannot be easily differentiated. Thus,
the XRF of two elements are shown together, but no distinct variations are visible within
the layers except for the slight diffusion of sulfur beyond theCZTS layer (black box around
X = 6 µm). Overall, the Mo bilayer is deposited homogeneously, and the waviness of
top layers is mainly dictated by the topology induced by the CZTS grains in the absorber
layer. The Sn map shows a homogeneous tin distribution within the CZTS layer except
for grain boundaries. However, in the ITO layer, discontinuity of tin (black box at X from
5 to 6 µm) suggests the delamination of the topelectrode. The map of In that is also the
constituent of the ITO confirms this. The Cd map shows that in the corresponding area,
there is an excess ofCd signal spanning up to 0.5 µm. The socalledCdS agglomerations,
or balls, can occur in the process of chemical bath deposition and visible from the SEM
image in fig. 4.3 (yellow box). Another notable feature of the Cd map is that there are
three distinct regions in the active layer with Cd signal related to filling the voids between
grains by CdS. However, this cannot be confirmed by the S map since sulfur is also part

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

31



of CZTS. The resolution of maps is limited by the probing Xray beam’s size and the
socalled resolution (point spread) function. The beam profile does not have sharp edges
but decaying tails, thus probing the area more extensive than the beam size (defined by
the fullwidth half maximum of the point spread function). Consequently, XRF signals from
Cd and Zn that belong to CdS and i − ZnO layers with approximately 50 nm thickness
spread beyond the layers’ actual thickness. Another reason for thin layers to span over
their nominal thickness is due to the beam center not hitting the middle of the layers (in
the vertical direction).

4.2.5 Electrical performance
The sample was harvested from the solar cell device with 5.2 % efficiency in the original
conditions [95]. The solar cell sample’s efficiency significantly degraded due to sample
preparation yielding a fraction of percent efficiency. Nevertheless, the XBIC measure
ment on the sample was possible using the optical chopper and the lockin amplification.
Exposure to the focused, highenergy synchrotron Xray beam can induce radiation dam
age, leading to the sample’s structural deformation. Depending on the experiment type,
the radiation damage can be examined by a different mechanism, such as broadening
of diffraction peaks or tracking the mass loss and sample shrinkage [24, 96]. When hav
ing a technique that characterizes the beaminduced current in the sample, the radiation
damage can be accessed by the degradation of the device’s electrical performance as a
function of exposure time [10, 97].

Figure 4.7: a) The sample’s degradation test was performed by measuring the XBIC inten
sity at a single spot on the sample over 30 minutes of exposure time. b) twodimensional
XBICmapmeasured simultaneously with the XRFmeasurements. The nominal device ar
chitecture is shown on the right side to identify the layers within the scanned FOV. c) Mean
integrated (over horizontal direction) XBIC signal. Background indicates layers from the
nominal device architecture. The Gaussian fit of the mean integrated XBIC signal shows
slightly higher charge collection towards the bottom electrode.

During the experiment, for testing the sample’s degradation, one point outside the region
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of interest was exposed to the Xray beam for around 30 minutes. Figure 4.7 (a) shows
the result of the sample degradation. The radiation damage led to the relative decrease
of the XBIC signal by approximately 20%. Although the XBIC signal intensity decreases
with exposure time, no significant damage in terms of loss in charge collection of the
device was caused within 100 milliseconds of exposure per scanning position. Since only
one projection image was taken, the radiation damage was not significant. However, in
a tomographic setting, optimization of the exposure needs to be addressed, for example,
with a fast flyscanning acquisition. As expected, the XBIC map shows charge collection
only within the pn junction. Variations of the signal within the pn junction indicate possible
relation to the device’s inhomogeneous structure and composition. By integrating the
XBIC map in the horizontal direction, the overall distribution of charge collection across
the layers can be obtained. Figure 4.7 (c) shows that the peak of the mean integrated
XBIC is slightly shifted towards the bottom electrode.

4.2.6 Correlating XBIC and XRF
By combining the XRF and XBIC measurements of the same area, the pointtopoint cor
relation between chemical composition and electrical performance can be obtained. To
simultaneously visualize variations in XRF and XBIC maps, the XBIC signal is shown as
a contour plot. Red boxes and circles highlight the most prominent inhomogeneous fea
tures of XRF maps following the fig. 4.6. Grain boundaries in the absorber CZTS layer
filled by CdS are indicated with red circles and correlate with the local decrease of the
XBIC signal. In addition to that, Cd agglomeration (indicated by the red box) combined
with the absence of the ZnO layer and the ITO layer’s delamination resulted in reducing
the local XBIC intensity in the absorber layer.

Figure 4.8: XRF maps (bone colormap) superimposed with XBIC contour plot (jet col
ormap). The colorbar belongs to XBIC intensity.
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4.3 Concluding remarks
The new generation of high brilliance synchrotron light sources, together with the develop
ment of hard Xray beamlines, can provide coherent illumination that can be focused down
to singledigit nanometers. Simultaneous scanning XBIC and XRF measurements en
able spatially resolved in situ and operando studies of functional energy materials. These
techniques guarantee a high degree of penetration, extended fieldsofview, and point
topoint correlation between the sample’s composition and electrical properties without
destroying it. Consequently, the deposited layers’ actual structure can be directly related
to the sample’s electrical performance to model solar cell performance. Conventionally,
solar cell modeling frameworks consider only the nominal device architecture. The exper
imentally obtained XRF maps show the inhomogeneous distribution of chemical elements
and defects in the deposited layers, suggesting that the structural variations influence the
devices’ performance on top of the chemical composition. A framework based on a com
putational domain constructed from XRF data and performing simulation of XBIC signal
can better describe how structure and composition influence energy materials’ electrical
performance (see Appendix).
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5 Alignment methods for dataefficient
multimodal nanotomography

5.1 Ptychography vs. STXM
Although the acquisition scheme of ptychography is similar to STXM, there are concep
tual differences between the two methods. These differences are in image formation
mechanisms and the ratio between the probing illumination and the scanning step sizes.
Ptychography requires this ratio to be larger than one, whereas, for STXM, it is mostly
equal or smaller than one as the resolution of each method is defined by different image
formation mechanisms. When considering possibilities for multimodal tomography ex
periments, such as combined ptychographic and fluorescence (SFXM) tomography, one
will need to make a tradeoff between the total acquisition time and resolution in each of
the modalities. On the one hand, faster data acquisition and sufficient probe overlap for
ptychography require a larger probe size but SFXM imaging will have low resolution com
pared to ptychography. Direct or iterative probe deconvolution can enhance the resolution
of SFXM [98]. However, matching resolution for both modalities has not been achieved
with probe deconvolution. On the other hand, scanning with a small probe increases the
resolution of the SFXM imaging but requires more scanning points to provide enough
overlap for ptychography to guarantee the phaseretrieval algorithm’s convergence. For
photonhungry methods like SFXM, this approach will result in a longer acquisition time
and a higher (total) dose exposed to the sample. Performing separate measurements to
achieve the highest resolution for both modalities is impractical due to the limited avail
ability of experimental (beam) time at synchrotron facilities.

5.2 Ptychographic tomography
Overlapping scanning requirements in ptychography are associated with higher radiation
exposure, longer acquisition, and higher data throughput. One way to optimize the ex
posure and acquisition time in ptychography is by continuously (fly) scanning the sample
[99]. In stepandsettle scanning scheme, where the camera (detector) is triggered once
the scanning motors finish the step movement, the dwell time is comparable to the ex
posure time. However, in the fly scanning scheme, the sample is continuously scanned
while the detector is triggered at a certain frequency with virtually no mechanical over
head [99]. This approach can optimize the acquisition time, deposited dose, and data
throughput if the scanning trajectory is optimized for probe overlap. When a tomographic
setting is employed for ptychography, the total acquisition time, deposited dose, and data
throughput increase proportionally to the number of angular views. The data reconstruc
tion pipeline in conventional ptychographic tomography consists of two separate steps,
ptychographic retrieval of 2D projections and tomographic reconstruction of 3D volume.
Additional steps in the pipeline are usually incorporated between the ptychography and to
mography steps [100]. Retrieved projections are corrected for phase offset, linear phase
ramp, and phase wrapping artifacts. In addition to that, before (or during) the tomographic
reconstruction, corrected phase projections need to be aligned to the common rotation
axis [25]. Dose fractionation theorem for projectionbased microscopy states that a tomo
graphic reconstruction and a single projection image require the same integral dose to
reach the identical resolution [101]. However, the dose fractionation approach is limited
in conventional ptychographic tomography as phase projections are not directly available
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but have to be retrieved from diffraction data. Quality of phaseretrieval is strongly depen
dent on the degree of probe overlap, (coherent) photon flux [102] and signaltonoise ratio
of the measured diffraction data [103].

Figure 5.1: Schematic representation of the ptychographic tomography experiment. The
defocused beam is scanned across the specimen at a series of viewing angles. The
diffraction pattern of the transmitted beam is recorded using a farfield detector.

5.3 Joint Ptychography and Tomography
Newly developed reconstruction algorithms [25, 27, 104] have shown that highquality
reconstructions from ptychographic tomography data can be achieved with fewer mea
surements (diffraction patterns) by jointly solving ptychography and tomography (JPT)
problems. This approach allows relaxing the requirement on the probe’s lateral overlap
following the dose fractionation theorem. With ongoing upgrades of synchrotron sources
that provide higher brightness and higher coherent flux, the JPT framework can be imple
mented to perform data/dose/timeefficient ptychographic tomography experiments. In
addition, there is excellent potential in a singleexperiment multimodal tomographic study
combining ptychography, SFXM, XBIC, or any other mapping method at the comparable
resolution with minimal (or no) probe overlap. So far, all the existing JPT reconstruction al
gorithms require high accuracy information about the sample’s alignment parameters, and
conventionally acquired ptychographic tomography datasets are used to test new develop
ments by simple data sparsing. Demonstration of capabilities of the JPT reconstruction
approach was performed using alignment parameters obtained during postprocessing
of conventionally reconstructed phase projections [26, 28]. The projection misalignment
problem needs to be addressed to benefit from the JPT’s potential in reconstructing 3D
volumes from diffraction data collected without sufficient probe overlap in 2D. The problem
arises due to instrumental limitations in sample manipulation. While modern piezostages
can provide nanometer precision in lateral scanning, rotation stages can suffer from drifts
orders of magnitude higher. For the JPT algorithms, with alternating ptychographic phase
retrieval and tomographic reconstruction, correction of moderate misalignment can be im
plemented as a part of the optimization [27, 105]. However, when no intermediate 2D
projections are available, and the entire dataset is reconstructed at once [26], the align
ment can not be easily performed. Regardless of the JPT reconstruction approach, se
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vere misalignment can result in divergence of the optimization. Thus, compensation of
significant shifts due to sample rotations has to be performed. This chapter discusses a
possible solution for tomographic alignment for the novel computational framework of joint
ptychography and tomography. The solution consists of the fast prealignment procedure
using edgeenhanced STXM projections.

5.4 Tomographic alignment
Tomographic reconstruction alone does not account for the instabilities of moving parts
of the experiment. If those instabilities become comparable to the imaging technique’s
resolution, correct alignment of images collected at different angular views becomes cru
cial. Here we are giving a short overview of alignment methods most commonly used for
nanotomography.

5.4.1 Vertical alignment
Vertical alignment can be performed using the common lines methods to correct the verti
cal mass fluctuations (VMF). The vertical mass distribution of a threedimensional sample
f(x, y, z) for each projection can be explicitly given as∫

x
pθ(z) =

∫
x
Rz,θf(x, y, z), (5.1)

where Rz is the Radon transform, θ is the viewing (rotation) angle, z is the direction of X
rays propagation, and x is the transverse direction. Depending on the imaging system, the
function pθ(z) can represent different contrast modes (”masses”), such as attenuation or
absolute phase, as long as they represent quantities linearly projected along z. Assuming
perfectly accurate rotation, the function p(x) is constant for every viewing angle θ. If
a vertical drift of the sample occurs during rotation, the associated linear shift eq. (5.1)
will be induced. The shift between projections can be estimated with subpixel precision
by onedimensional crosscorrelation. Mass loss due to radiation damage can also be
visualized/examined utilizing vertical mass fluctuation when projections are sorted in time
rather than in angles.

Figure 5.2: Example of the vertical alignment using the VMF method.

5.4.2 Horizontal alignment
If assuming that two adjacent projections are identical to each other, the relative shift
can be found using subpixel precision registrationbased methods [100]. By sequentially
registering adjacent projections, alignment of the rotation series can be performed. The
density of the angular sampling of the rotation series plays a crucial role, and because
of the sequential nature of the method, registration errors can accumulate throughout
the rotation series. This approach can correct for both horizontal and vertical shifts as
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registration is performed in 2D. The visualization of the horizontal alignment of the rotation
series can be done per slicebased, i.e., via sinograms.

Figure 5.3: Example of the horizontal alignment using the sequential twodimensional
registration of projections.

5.4.3 Finding center of rotation
As sequential registration of projections is performed independent of the rotation axis,
there is usually a constant horizontal offset in each projection. The fastest way to deter
mine the center of rotation is perhaps through the registration of two projections separated
by π radians (in parallel beam geometry) with additional flipping of either of them.

Figure 5.4: Relative shift between two projections recorded at 0 and 180 degrees rota
tion. The shift is caused by the misfit of the sample center and rotation axis. Additional
factors include runout errors of the rotation stage, mechanical vibrations, and thermal
fluctuations.

5.4.4 Reprojection methods
Tomographic consistency between projections can be efficiently used in the combined
alignment and reconstruction [25]. The idea behind this type of alignment is in iterative
comparison between measured and shifted synthetic projections. The synthetic projec
tions are generated from the tomogram reconstructed using misaligned projections. The
optimizationbased solution of the problem seeks for the set of shifts that minimizes the dis
crepancy betweenmeasured and synthetic projections. Implementation of such a scheme
is more computationally demanding than sequential registration of projections due to iter
ative refinement of alignment parameters. Severe shifts will result in a longer processing
time or even divergence of the algorithm. To avoid this, projections can be first aligned
using fast registration alignment and refinement using iterative tomographic consistency
based alignment [106].
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5.5 Edgeenhanced STXM contrast
Differential phase contrast can be obtained by tracking the Xray beam’s deflection when
traversing the sample. As the refractive part of the complex refractive index for all ma
terials is extremely small, the deflection angles are usually very small too. However, by
recording diffraction signal in the farfield, the beam deflection is detectable with either a
segmented or pixelarray detector [63, 66]. Orthogonal components of differential phase
can be found:

Gx =
Il − Ir
Il + Ir

,Gy =
It − Ib
It + Ib

, (5.2)

where Il, Ir, lt, lb are integrated intensities at opposite (relative to the optical axis) detector
halfplanes (left, right, top, bottom). For aligning projections to the rotation axis, another
type of contrast can be more useful, the phase gradient magnitude (PGM)

G =
√
G2

x +G2
y. (5.3)

Figure 5.5: Comparison between adjacent phase projections obtained using ptycho
graphic phase retrieval and using PGM contrast mode.

One of the main features of phaseretrieval algorithms is insensitivity to constant phase
offset. In addition to that, the periodicity of the phase is retrieved as modulo 2π, causing
the phase to wrap in the reconstruction. Implementation of phase unwrapping is usually
performed after phaseretrieval of phase projections. In contrast, PGM projections do not
exhibit any phaserelated artifacts, not affected by fluctuations in the photon flux. PGM
is sensitive to the specimen’s edges and interior features with no information about the
absolute phase.
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Figure 5.6: Comparison between different contrast mechanisms provided by post
acquisition processing of diffraction data collected with farfield pixel array detector. Dif
ferent data sparsing is applied to reduce the overlap between areas probed at adjacent
scanning positions.
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Mass distributionbased alignment is not applicable for the PGM contrast as no informa
tion about quantities (such as mass attenuation or phaseshift) linearly projected along
the beam path is accessible. For the same reason, tomographic consistency methods
based on a linear model, such as the Radon transform, are limited with the PGM contrast.
However, as reported in [32], variance fields of projections, similar to PGM can be used
for crosscorrelation alignment. This approach can be sufficient to compensate for severe
misalignment providing alignment parameters to a JPT reconstruction algorithm with an
additional alignment optimization.

5.6 Concluding remarks
Rapid tomographic alignment of a complete ptychographic tomography dataset can be
performed using edgeenhancing phase gradient magnitude projections. Although worse
in resolution, PGM projections do not require the implementation of phaseretrieval al
gorithms and thus are free of phaserelated artifacts. The alignment can be performed
using projections of the entire FOV and not just wellbehaving regions. The PGMbased
alignment is then applicable for joint ptychography and tomography reconstruction to com
pensate for severe and moderate misalignment.

With ongoing developments in Xray sources, there is an additional possibility for the
application of the JPT framework. Development of compact Xray sources that can pro
vide a degree of coherence enough to be taken into account during ptychographic phase
retrieval [80]. As the flux of compact Xray sources is significantly lower than that of syn
chrotron sources, the exposure time is on the order of few minutes per scanning position.
Although advancements in the brilliance of compact Xray sources can reduce exposure,
the possibilities of performing tomography experiments are far from wide applicability. In
principle, the JPT framework can be employed not to reduce the dose, but to allow for
fewer scanning points per projection. No additional alignment is needed for projections
with a demonstrated resolution of around 930 nm as positioning systems usually have
higher accuracy.
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6 A novel configuration for multiscale in
situ highresolution imaging

6.1 In situ ptychographic imaging
Conventional highresolution imaging, such as ptychography is performed in transmis
sion (forward) geometry. For in situ imaging, samples have to be embedded in support
ing membrane or specially designed reactors [107, 108]. To allow Xrays to pass through,
there must be transparent windows for entering and exiting the encapsulated environment.
As discussed in Chapter 3, ptychographic reconstruction algorithms usually assume pro
jection (thinobject) approximation to model propagation of the illumination through the
object (fig. 6.1, left part). However, this approximation yields reduced resolution in the re
construction of objects thicker than the depth of field of the imaging system due to multiple
scattering effects (fig. 6.1, right part). Although there are computational frameworks that
allow for taking the extended depth of field into account during the reconstruction [109,
110], a large portion of the incident Xrays has to be transmitted, significantly constraining
the thickness of the sample environment. Another concern is that usually, macroscale
FOV and high (nanoscale) resolution are mutually exclusive. Even though the scanning
scheme of ptychography assumes unlimited FOV, the actual probed area is limited by the
reasonable acquisition time.

Figure 6.1: Single (thinsample) and multislice propagation models for ptychographic
reconstruction. If the sample thickness exceeds the detector depth of field, simple multi
plicative interaction of the probe and the object has to be extended for the case of multiple
slices. Slices have to be separated by the distance smaller than the resolvable depth of
field and propagation of the wavefield between slices is modeled by the Fresnel propaga
tor (eq. (2.12)).

6.1.1 Ptychographic imaging near total external reflection
Specially designed in situ chambers and limited FOV can be alleviated by implementing
the experiment in a different geometrical configuration. This configuration is called grazing
incidence geometry and is widely used in scattering experiments and reflectometry utiliz
ing the effect of total external reflection [34, 35]. Imaging under grazingincidence near
total external reflection has been performed for CDI of surface structures [111, 112]. As
part of this thesis, ptychographic imaging near total external reflection was developed as
an additional phasecontrast imaging modality. The experiment of this type allows prob
ing larger areas due to extended beam footprint (Fig.6.2) and provides realspace images

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

43



of the surface. Although macroscopic probing comes with the cost of reduced resolution
in one of the dimensions, imaging of low contrast individual particles on a substrate is
possible due to a stronger signal from the total external reflection. The potential for using
a large variety of reactors designed for other experiments performed in the same geo
metrical configuration makes it possible to expand the method’s applicability with relative
ease..

Figure 6.2: Schematic representation of ptychographic imaging in the grazingincidence
configuration. The incident defocused Xray beam is scanning the surface at incidence
angle αi, and the specularly reflected beam is recorded using a farfield detector. Ptycho
graphic scan is performed at a series of adjacent positions by scanning the sample in the
horizontal plane while preserving the vertical position.

6.1.2 Tiltedplane correction
In transmission geometry, the momentum transfer associated with monochromatic Xray
beam elastically scattered by an isotropic sample is given as

Q =
4π

λ
sin(θ), (6.1)

where Q = kf − ki is the momentum transfer (scattering vector), λ is the wavelength of
Xrays, and 2θ is the full scattering angle. When the scattered photons are collected by a
flat detector oriented perpendicularly to the optical axis, the photons arriving close to the
optical axis and the photons collected closer to the edges of the detector are travelling
different distances or explicitly

∆z(q) = z − z(q) = q/2 ∗ sin(θ(q)), (6.2)

where z is the sampledetector distance along the optical axis, q is the coordinate of the
collected photon in the detector plane, and θ(q) is the angle between the optical path of
photon detected at q and the optical axis. The recorded signal needs to be mapped from
the linear (frequency domain) detector grid onto the projected spherical grid to compen
sate for δz. In the farfield this effect can be neglected as long as the difference in the
travel distance of photons is smaller than the photon wavelength. Components of the

44 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials



scattering vector in the grazingincidence geometry depend on the direction and angle of
incidence of the incoming photons as

qx =
2π

λ
[cos(αf ) cos(2θ)− cos(αi)], (6.3)

qy =
2π

λ
cos(αf ) sin(2θ), (6.4)

qz =
2π

λ
[sin(αf ) + sin(αi)] (6.5)

where x, y, z correspond to fig. 6.2, αi is the incident angle, and scattering angle has two
(vertical αf and horizontal θ) components. Under very shallow angles the difference in
the travel distance of photons detected by different pixels of the detector is not negligible
and needs to be corrected [112, 113].

Figure 6.3: On the left: Simulated diffraction patterns from the grating illuminated with
6.2 keV beam: under normal incidence (transmission geometry) with a) z = 7 m and b)
z = 0.1 m; corrected for the tilted detector plane due to 0.60 incidence angle (reflection
geometry) with c) z = 7 m and d) z = 70 m. Cases b) and d) are shown for illustration
purposes.
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6.2 Feasibility experiment@cSAXS, PSI
6.2.1 Experimental setup
The first test of the grazingincidence Xray ptychography (GIXP) was during the feasibility
experiment at the cSAXS beamline. The experimental setup shown in fig. 6.4 consisted
of a hexapod stage with the coarse motors and highprecision piezo stages placed on top.
Michal Odstrčil assisted with the experiment and reconstructions.

Figure 6.4: The overview and closeup view of the experimental setup prepared for the
feasibility beamtime at the cSAXS beamline of the Swiss Light Source, Paul Scherrer
Institute (PSI). Only the inhouse equipment was used in the experiment. The sample
stage was manufactured to allow for seamless magnetic attachment of the sample holder.
The sample stage was mounted to the piezostage using four screws at the corners.

The sample was mounted on a holder magnetically attached to the sample stage placed
on top of the piezo stage. Ptychography scanning of the sample was performed with the
piezo stage, while the hexapod set the incidence angle. The coarse motors were used
for stitch scanning. Xray beam focusing was done with FZP, and the highorder diffrac
tion was sorted by a pinhole (OSA). Xrays’ energy was 6.2 keV optimal for a coherent
imaging experiment performed at the cSAXS beamline. The Xray beam was aligned with
the optical microscope to provide direct information of imaged FOV. The intersection of
two diagonal lines corresponds to the position of the beam center. The sample was pre
pared as a Siemens star pattern with 1micron diameter fabricated on a silicon wafer via
nanolithographic methods. The approximate height of the structures was 1 micron. For
optimizing the scanning speed and probe overlap, ptychographic scanning followed the
Fermat spiral [114]. The Fermat spiral helps to avoid the socalled raster grid pathology
that can introduce artifacts in the reconstructions. The polar coordinates of N scanning
points are generated sequentially, according to

rn = R
√
n/N, ϕn = 2πn/ϕg, (6.6)

where n is the scanning point index, R is the radius of FOV, and phig ∼ 137.508◦ is the
golden angle.

6.2.2 Beam footprint
The critical angle of Silicon at 6.2 keV Xray energy is 0.270 that resulted in the elongation
of the beam footprint in the grazing direction by a factor of 1/sin(αi). The effect of the
extended beam footprint is shown in fig. 6.5. Although the probed area has a highly
anisotropic dimension, computationally, it will be placed on a square grid. All features in
grazing direction will thus be squeezed. As a result, ptychographic reconstructions will
have a highly anisotropic reconstructed pixel size. Since the instrumental resolution is
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limited and the grid with a large number of pixels is computationally impractical, features
lying closer than the pixel size will not be resolved separately.

Figure 6.5: Example of the beam footprint under the grazing incidence geometry. For
the incidence angle of 0.270, the elongation factor is more than 200. a) The footprint
of a 3micron beam is comparable to the diameter of the Siemens star pattern. b) The
probed part of the Siemens star phantommapped onto an isotropic grid. Features smaller
than the pixel size in grazing direction are smeared and cannot be distinguished in the
reconstruction.

6.2.3 Coherent surface scattering from gratings
To study how the grazingincidence geometry is affecting the measured diffraction pat
terns, we probed linear gratings on a supporting substrate with gratings aligned with the
beam propagation. As noted in the introductory chapters and principles of grating inter
ferometry, linear gratings produce interference patterns with equally distanced alternat
ing peaks and valleys in the direction of perpendicular to grating elements’ alignment.
When recording the diffraction pattern from the gratingmodulated wavefront, we obtain
the same interference but bounded by the singleslit diffraction envelope. When prob
ing linear gratings under the grazing incidence geometry, we observed a similar grating
diffraction pattern, but with bending at qx > 0 (fig. 6.6) according to fig. 6.3.

6.2.4 Reconstruction
Under the assumption of a thin sample, multiple scattering effects can be neglected and
ptychographic imaging at total external reflection can be treated as in conventional trans
mission mode by taking care of flipping the exiting wavefront due to reflection from the
sample surface. Assuming that the tilted plane correction of diffraction patterns is affect
ing scattering signal from finer features, we selected a small detector pitch around the
specularly reflected beam (180× 180 pixels) for the reconstruction. Recognizing the over
all shape of the sample with isotropic dimensions in the reconstructions of GIXP data
was challenging. Suboptimal alignment of the sample surface relative to the scanning
plane deteriorated the quality of the reconstruction. However, by generating the approxi
mate scanned region from the sample’s nominal shape, some agreement with the recon
struction can be observed (fig. 6.7). It was particularly promising to see a wellbehaving
reconstruction of the illumination profile. Usually, this means that the object’s reconstruc
tion converged and that the observed features are not artificial. The reconstruction was
obtained by using the cSAXS beamline software package [78, 82].
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Figure 6.6: Diffraction pattern from gratings illuminated under grazing incidence. The
incidence angle slightly above the substrate material’s critical angle allowed some of the
Xrays to penetrate through the wafer. Thus, a weak signal corresponding to the direct
beam is visible at the bottom of the image. Almost no signal is recorded above the direct
beam, meaning that refracted Xrays were almost fully absorbed within the supporting
wafer. The reflected signal appears in the top part of the image at the sample horizon.
High intensity specularly reflected beam is located at z tan(αi) above the sample horizon,
where z is the sampledetector distance.

Although the highresolution reconstructions were not accessible during the feasibility ex
periment, preliminary results seemed to be promising for further developing the proposed
method. The main obstacle to reaching higher resolutions was the inability to align the
sample surface relative to the scanning plane. The misalignment in the sample’s vertical
positioning significantly changed the illumination profile and the imaged FOV during scan
ning. We performed naïve lowprecision alignment of the sample’s height by searching
for the optical microscope’s focus, which was insufficient. An additional challenge was
interpreting the sample’s reconstructions. The long footprint in the direction of the beam
propagation direction causes a highly anisotropic resolution of the reconstruction, mak
ing it hard to distinguish different features. The diffraction pattern in fig. 6.6 was mainly
recorded to confirm the theoretical prediction and evaluate the effect of grazingincidence
geometry on the reconstruction quality. However, no relevant data was recorded to per
form this because good quality reconstructions were not obtained, and the alignment er
rors were much more severe than the possible gain from the additional data treatment.

Figure 6.7: (a) Part of the Siemens star phantom with anisotropic resolution. (b) Re
construction of the sample corresponding to the region simulated in red box in (a). (c)
Reconstructed probe function.
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6.3 Second experiment@cSAXS, PSI
6.3.1 Optimized experimental setup
Considering the challenges mentioned above, we prepared specially designed samples
for the second beamtime and brought an additional goniometric system to align the sam
ple surface with the scanning plane. The experimental setup of the second beamtime
is shown in fig. 6.8. The goniometer was provided by Carsten Detlefs. Ana Diaz and
Mirco Holler assisted with the experiment. Manuel GuizarSicairos helped with the devel
opment of the reconstruction algorithm. Using the inhouse Attocube laser interferometer

Figure 6.8: The overview and closeup view of the experimental setup prepared optimized
for GIXP at the cSAXS beamline of the Swiss Light Source, Paul Scherrer Institute (PSI).
The sample was mounted on top of the goniometer that compensated for the tilt of the
sample surface relative to the scanning plane. The laser interferometer was placed from
the above to monitor the tilt of the sample surface during scanning. An optical microscope
was dismounted to provide space for the interferometer. The laser beam was aligned with
the transverse position of the Xray beam.

(LI) placed above the sample instead of the optical microscope, we tracked the sample
surface’s tilt. Due to the limited space coarse motor stage was dismounted, and the scan
ning piezo stage with an additional goniometer was placed right on top of the hexapod.
The hexapod set the angle of incidence and was also used to move the sample in the hor
izontal plane for stitch scanning of the extended sample. The scanning piezo stage has
negligible angular errors, especially at the limits of the movement range. Since angular
errors caused the drifts, the further the sample is placed away from the piezo stage, the
larger the drifts. Using the goniometer on top of the scanning stage, we aligned the sam
ple surface relative to the scanning plane by monitoring the interferometer data. Control
of the goniometer was integrated with the beamline control software through the SPEC
package. Overall, the interferometer allowed to reduce vertical alignment errors to a 100
nm that, as we will see later, was sufficient for the ptychographic phaseretrieval.
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6.3.2 Highaspect ratio samples
Two samples with a high aspect ratio were prepared for the second experiment. The first
sample was a Siemens starlike structure with truncated spokes, intentionally stretched
in one dimension for proofofconcept. The second sample was designed without the
artificial stretching and represented a twodimensional maximum length sequence (MLS)
of randomly oriented squares. The samples and the supporting substrate were made of
Au to allow for a higher critical angle and smaller beam footprint. The height of each
structure is approximately 23 nm above the substrate. Bingdong Chang and Chantal
Silvestre prepared the samples.

Figure 6.9: Schematic representation of samples specially designed for the GIXP exper
iment. a) Stretched Siemens star with truncated spokes and b) 2D MLS in the actual
aspect ratio. c) and d) show expected reconstructions with more uniform aspect ratio.

6.3.3 Data acquisition
Since the optical microscope was not used in the experiment, the navigation and search
of the samples on the wafer were performed utilizing lowresolution STXMlike mesh scan
ning. Since scattering was the only contrast available in the total external reflection setting,
we integrated detector counts within an area in the direct beam’s proximity, but not includ
ing it. Manual mounting of the sample resulted in the tilt between the longer part of the
structures and the Xray beam propagation direction. The initial tilt of around 60 was cor
rected with the hexapod resulted in the final misalignment of around 10. Due to the high
aspect ratio, 10 tilt of the structure required to scan wider (in the transverse direction) FOV
to fit the entire structure, and to save the experimental time, we performed tilted scanning
schemes instead of aligning the sample with the Xray beam. Once the samples are
identified and located, it was relatively straightforward to find them even after changing
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the incidence angle. The transverse extent of the Xray beam was 3 microns, and under
the incidence angle of 0.60, the beam footprint in the grazing direction was around 0.85
mm. Scanning of the entire stretched Siemens star was provided by a series of partially
overlapping Fermat scans.

Figure 6.10: Coarse resolutionmesh scans of the wafer showing (from left to right) consec
utive zoomedin images of the sample used to locate and identify the Stretched Siemens
star sample. The rightmost image shows the mesh scan over the region used for ptycho
graphic scanning using a series of stitched Fermat scans.

6.3.4 Highresolution reconstructions
Good quality reconstructions were obtained using existing reconstruction algorithms and
without additional treatment of data (tiltedplane correction) show the robustness of pty
chographic methods even in the grazingincidence geometry. Data from the stretched
Siemens star consisting of multiple Fermat (spiral) scans were used simultaneously in the
reconstruction. The highaspectratio sample is easily recognizable in the reconstructed
images. Apart from the structure itself, reconstruction reveals the surface topology of the
substrate. Phase wrapping artifacts are not removed in the reconstruction.

Figure 6.11: Reconstructed phase images of the stretched Siemens star and 2D MLS
sample at different angles of incidence.

Since we used the coarse motor between Fermat scans, a discontinuity in the Siemens
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star reconstruction can be seen. Reconstruction with either the correction of all scanning
positions or separate probes for each Fermat scan can be used to solve this. The first
approach is more computationally demanding and can diverge if not properly constrained.
One could restrict scanning positions to be corrected for more than the positioning accu
racy of the coarse motor. The second approach is more optimal since scanning points
within each of the Fermat scans have the same offset. If necessary, relative shifts of
scanning positions within each Fermat scan can be corrected during the individual recon
struction of each of the Fermat scans. Scanning the sample at different incidence angles

Figure 6.12: Reconstruction of the stretched Siemens star with the shared (left) and in
dividual (right) probe function for different Fermat scans. Red arrows point to the most
prominent discontinuous edge. The image on the right was reconstructed with a larger
detector pitch that resulted in the smaller pixel size and less noisy edges of the FOV due
to effectively larger probe overlap. Different detector pitches also resulted in slightly dif
ferent values of reconstructed phase that can be visible from the behavior of the phase
wrapping artifacts. Both images are intentionally stretched in the horizontal direction to
highlight the misalignment between Fermat spiral scans.

can potentially provide quantitative 3D realspace information about the surface topology.
The possibility for height determination of structures on top of the substrate from the re
constructed phase can be achieved using

ϕ =
4π

λ
h sin(αi), (6.7)

where ϕ is the phase shift, λ is the wavelength of incident Xrays, and h is the height of
the structure. The only complication is that in grazingincidence geometry, phase shifts
can be quite large. Since phase is reconstructed as mod 2π, phaseshifts larger than
2π will be wrapped. For a 23 nm structure illuminated by the 6.2 keV Xray beam under
αi = 0.80, the expected phaseshift is equal to 6.45π which in the reconstruction will be
shown as 0.45π (fig. 6.11, left).

6.4 Resolution improvement
Introduction of grazingincidence geometry into the ptychographic phaseretrieval requires
somemodifications. Either a more complex forward model, which is computationally more
demanding, or an efficient approach of a geometric transformation of diffraction patterns
according to eq. (6.5) needs to be implemented. We followed the latter, and modifica
tion to the reconstruction algorithm included mapping the diffraction data onto the linear
frequency domain. The derivation of this approach is well explained in [113]. It is impor
tant to note that for the reconstruction in fig. 6.11, we selected a 180× 180 pixel detector
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Figure 6.13: a) Diffraction pattern recorded in grazingincidence geometry. Black regions
indicate gaps between detector modules. b) Diffraction pattern remapped onto a linear
frequency domain.

frame where high qy bending of the diffraction pattern is negligible. Having obtained high
quality reconstructions with GIXP, the influence of the data remapping on reconstructions
resolution could be investigated.

6.4.1 Anisotropic resolution assessment
To estimate resolution of images with anisotropic pixel size, the calculation of FRC has
to be decoupled for transverse and longitudinal directions. Such a decoupling requires
modification to the frequency component selection. Decoupled FRC is calculated for the
components within two lines diverging at the origin and moving perpendicular to the (tar
get) axis for which the resolution is estimated. For the decoupled FRC, terms F1 and F2

are computed as onedimensional Fourier transforms of input images over the target axis,
and Eq.(3.13) can be rewritten as:

FRCd
1,2(ri) =

∑
r∈ri

F d
1 (r) · F d

2 (r)
∗√∑

r∈ri
F 2,d
1 (r) ·

∑
r∈ri

F 2,d
2 (r)

, (6.8)

where d is the target axis. F d
1 (r) and F d

2 (r) are the components of 1D Fourier transforms
located within the two lines at the distance r from the origin (dashed lines in fig. 6.14).

6.4.2 Resolution estimation
The following text is based on guidelines provided to me by Manuel GuizarSicairos.
FRCbased resolution estimation can be performed using reconstructed imageswith phase
wrapping artifacts. Often if the phase is unwrapped, it can cause inconsistencies between
reconstructions from different measurements that will result in a lower resolution estimate.
To exclude phasewrapping, a phasor representation of the reconstructed phase is em
ployed as

Φ = exp(iϕ) = cos(ϕ) + i sin(ϕ), (6.9)

where Φ is the phasor representation of wrapped phase ϕ and i is the imaginary unit.
Two images have to be prealigned with each other, which is often done using subpixel
phase correlation methods (discussed in Chapter 5). Once aligned, the images need to
be clipped so that mainly the resolvable features are included. Areas with no features
contribute to noise but not to the signal and negatively impact the resolution estimation.
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Figure 6.14: Coupled and decoupled frequency components selection. Fourier trans
forms are computed from the Cameraman image. The coupled approach selects compo
nents within the ring (red) of a given radius. The decoupled approach requires performing
a 1D Fourier transform over two directions, separately. Components within two diverging
lines perpendicular to the axis of the Fourier transform are selected. Carsten Detlefs
suggested the decoupled approach for the anisotropic resolution estimation.

Apodization or edgezeroing of the clipped images is another necessary step. The edges
of the images wrap around in the Fourier space, causing discontinuous edges (streaks)
that negatively affecting the resolution estimation. If the sample has a periodic struc
ture, the resulting FSC curve might be periodic as well, and the FCS curve’s binning can
be used. Due to the sharp substratestructure transition and phase wrapping artifacts,
qualitative resolution estimation using a line profile was impractical. However, during
the experiment, the 2D MLS sample with smaller features than the Stretched Siemens
star was scanned twice to provide anisotropic resolution estimation using FRC (Eq.(6.8)).
Anisotropic resolution of the reconstruction of 2D MLS using Eq.(6.8) was performed be
tween two reconstructions of the same FOV. Resolution in grazing incidence and trans
verse directions were computed with different binning due to the periodicity of the sample
in the transverse direction. The resolution of the reconstruction obtained from corrected
diffraction patterns was estimated separately. As shown in fig. 6.16, tiltedplane correc
tion improves the resolution of reconstructions compared to the case when raw diffraction
patterns are used. Tiltedplane correction helps to correctly assign the spatial distribution
of collected photons (speckles). A more significant increase in resolution can be seen
in the transverse direction. The MLS structure was scanned at four different incidence
angles. The resolution appears to be incidentangle dependent with a maximum resolu
tion around the critical angle of the surface. In both directions from the critical angle, the
resolution decreases due to the influence of two factors. On one hand, smaller incidence
angles yield more photons to reflect off the surface and increase the signaltonoise ratio
at the detector. On the other hand, structures above the substrate illuminated at shallow
angles will cause the effect of beam ”shadowing” similar to the morning (evening) sunlight
casting the shadow of tall buildings. Photons never hit the shadow side due to the total
external reflection below the critical angle or are going through multiple combinations of
refraction and scattering above the critical angle [33]. In addition to that, a portion of pho
tons illuminating the front edge between the substrate and structures will reflect from the
substrate and incident the side of structures at β = γ−αi, where γ is the angle of the side
incline relative to the flat substrate. Once reflected, these photons will be absorbed in
the structures. More photons absorbed inside the structures and larger shadow area are
the results of small incidence angles, By illuminating the sample under higher incidence
angles, these effects are reduced, but with a cost of lower reflectivity and more complex
phenomena that are not taken into account by the forward model used in the reconstruc
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Figure 6.15: Resolution estimation of reconstructions from raw and tiltedplane corrected
diffraction patterns at different incidence angles using direction dependent FRC. FRC
curves indicate that for both directions, diffraction pattern correction improves the resolu
tion of reconstructions.

tion [111, 112]. From our experiment, we empirically found that the optimum lies in the
vicinity of the critical angle of the surface material. More precise determination of the
optimum is possible with simulations with more complex raytracing [115] and multislice
[116]) propagation models confirmed by more measurements performed near the critical
angle.

6.5 Concluding remarks
The proposed method combines the highresolution and robustness of ptychographic
imaging with the macroscopic probing and flexibility of the grazing incidence geometry,
enabling the multiscale phasecontrast imaging of the surface morphology. We show
that such experiments can be implemented at conventional ptychography beamlines, and
existing algorithms can perform data reconstruction. Transformation of the measured
data according to the geometry of the experiment can improve the ultimate resolution of
reconstructions when implemented in the reconstruction pipeline. We believe that the
proposed method has excellent potential for in situ imaging under various conditions de
scribing the sample’s timeevolution in real space. The technique can be implemented
in a multimodal setting combining sensitivity to the structural and chemical properties of
the sample [117, 118]. The grazing incidence configuration can be of particular interest
for the samples that yield weak scattering signals in a conventional transmission configu
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Figure 6.16: Frequency space correlation plot between reconstructed images obtained
from an independent set of measurements of the same area. Plots show the difference
between reconstructions obtained using raw and tiltedplane corrected diffraction patterns.
Resolution is estimated using the directiondependent Fourier ring correlation by finding
the intersection of the correlation curve with the threshold value.

ration. Our experiments have shown the high robustness of ptychography in an extreme
geometric condition.

Further improvements of the method include the implementation of a model of wave
propagation under grazingincidence geometry that takes care ofmultiple scattering events
at higher incidence angles and from multilayers into the ptychographic reconstruction al
gorithm. An optimizationbased approach for height determination is another feature for
the applicability of the method.
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7 Advanced acquisition scheme for
tensor tomography

Acquisition schemes for gratingbased tensor tomography
For a uniform sampling of orientations in tensor tomography using linear gratings, a setup
called Eulerian cradle is used to manipulate the sample [40]. However, with this setup,
the object has to fit within the innermost ring during the rotation. Moreover, the center of
rotation is fixed, not allowing any flexibility in terms of sample positioning. When using
the circular gratings, one of the degrees of freedom that correspond to the rotation around
the beam propagation direction can be omitted [86, 119]. In this configuration, a twoaxis
rotation stage can provide an efficient sampling of objects in 3D with the center of rotation
configurable in the vertical direction. An additional linear stage can be used to adjust the
center of rotation in the horizontal direction.

Nevertheless, studying arbitrarily shaped objects by rotating them around an arbitrary
point in space is not readily achievable with existing sample manipulators. Exploring se
tups that are compact and able to provide flexible positioning of arbitrarily shaped samples
regardless of the grating type is crucial for industrial applications of tensor tomography.
This chapter presents the simulation protocol and validation of the flexible 3D acquisition
scheme for Xray tensor tomography with circular gratings using a 6axis robot arm.

7.1 Sampling orientations in 3D
The most compact way to describe rotation of an object in 3D space is through Euler
angles [120, 121]. They represent three rotations around mutually orthogonal axes x, y, z
as

Rx(α) =

1 0 0
0 cα −sα
0 sα cα

 Ry(β) =

 cβ 0 sβ
0 1 0

−sβ 0 cβ

 Rz(γ) =

cγ −sγ 0
sγ cγ d
0 a a

 , (7.1)

where ci = cos(i), si = sin(i), and α, β, γ are the Euler angles. Whether the rotations
are performed with respect to the fixed or mobile (rotating) reference frames, extrinsic
and intrinsic rotations are differentiated. In addition, different conventions on the order
of rotation matrices are used depending on the problem specificity. The rotation matrix
defining orientation according to Euler angles is given as product of three matrices in
eq. (7.1)

Rzyx(α, β, γ) = Rz(γ)Ry(β)Rx(α) = cβ ∗ cγ −cβ ∗ sγ sβ
cα ∗ sγ + sα ∗ sβ ∗ cγ cα ∗ cγ − sα ∗ sβ ∗ sγ sα ∗ cβ
sα ∗ sγ − cα ∗ sβ ∗ cγ sα ∗ cγ + cα ∗ sβ ∗ sγ cα ∗ cβ

 , (7.2)

where the subscript zyx of the rotation matrix R defines the rotation order applied to an
arbitrary 3D vector from the left. Uniform sampling of Euler angles cannot be achieved
with uniform sampling of each angle independently. Biased sampling of polar regions and
multiple sampling of the same orientations are among limitations of this approach [122].
A general solution for this problem is not yet found. However, some methods yield quite
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close solutions. Among them, the Fibonacci spiral method provides fast and direct com
putation of uniform sampling for defined number of orientations [123, 124]. The method
generatesN points uniformly distributed on a unit sphere with spherical coordinates (ϕ, θ)
based on the following recurrent relations

ϕn = 2πn/Gr, (7.3)
θn = arccos(1− 2(n+ 1/2)/N), (7.4)

where n = 1, 2, ..., N is the index of points andGr = (1+
√
5)/2 is the Golden ratio. Inverse

cosine allows to avoid oversampling of the polar regions, and the Golden angle makes
sure that no points on the sphere are sampled more than once. When combined with the
Fibonacci spiral method, we obtain a uniform sampling of Euler angles. In terms of Euler
angles, the first two angles can be considered as azimuthal and polar angles. The third
angle defines rotation in the plane tangential to the sphere at given azimuthal and polar
angles and can be sampled uniformly.

Figure 7.1: Distribution of N points generated using the Fibonacci spiral method on the
unit sphere for N = 100, 500, 1000.

7.2 Sample manipulation using 6axis robotic arm
Robotic arms are usually used for the automation of repetitive processes in industry and
research. Depending on the type of the process, different tools can be attached to the
robot flange. Robotassisted tomography is often performed using Carms, dualarms,
and collaborative robots (cobots) [125–127]. These configurations are applied when ma
nipulating the source and detector as robot tools is more optimal than manipulating the
object of interest, similar to Gantrybased tomography. Some robot arm applications for
sample manipulation can be found in neutron diffractometry [128]. However, due to lim
ited positioning accuracy, highresolution Xray tomography with robots manipulating the
sample is not optimal. Gratingbased tensor tomography provides macroscale FOV and
sensitivity to scales much smaller than the reconstructed pixel size. Consequently, posi
tioning accuracy requirements can be relaxed, and a robot arm can be used to manipulate
samples.

7.2.1 Repeatability
Since robots are primarily used for repetitive tasks, repeatability is considered one of the
main properties. It characterizes the robot tool center point (TCP) movement’s precision
to reach a certain position in the workspace over many repetitions. The repeatability is
estimated over a cluster of n positions/repetitions with deviation from the desired point
defined as

r2n = (x− xn)
2 + (y − yn)

2 + (z − zn)
2. (7.5)
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Figure 7.2: Schematic of the robotic armassisted tensor tomography experiment using
linear gratings. The sample (red) is attached to the robot flange as a tool. The tool center
point (TCP) defines the working point of the robot. In robotassisted tomography, TCP
is the point around which the sample is rotated and corresponds to the center point of
the 3D FOV. In general, the beam center needs to be aligned with the TCP. The robot
can be placed either before or after the gratings. The green box indicates the mounting
of the sample to the robot flange. The investigated sample is made of injectionmolded
carbonfiberreinforced polymer and used for validation of the experiment. The long leg
resulting from the mold’s cylindrical inlet was placed inside the sample holder and glued
for stability. The sample holder was made of a copper part from a local hardware store
attached to the robot flange using four M3 screws.

The cluster barycenter is defined by the mean error in each dimension

r = Σn
i=1ri/n. (7.6)

The repeatability is usually defined as three standard deviations from the mean error, or
explicitly

R = r − 3

n∑
i=1

√
ri − r

n− 1
. (7.7)

The repeatability for angular positions can be found similarly, but for Euler angles.

7.2.2 Accuracy
The robot’s absolute positioning accuracy characterizes the robot TCP’s ability to reach
desired positions within the workspace with minimal error relative to the fixed reference
frame as a2i = (x − xi)

2 + (y − yi)
2 + (z − zi)

2, where i is the index of the desired posi
tions. When manipulating the sample in the tensor tomography acquisition, the absolute
accuracy becomes more critical since uniform probing of orientations is intrinsically non
repetitive. Due to the robot’s multiple degrees of freedom, the absolute accuracy can be
many orders of magnitude smaller than repeatability. The Meca500R3 robot from Meca
demic is currently the smallest robot arm with positioning performance comparable to the
stateoftheart industrial robots. The robot’s weight is 4.6 kilograms with a repeatability of
5 microns and a payload of up to 500 grams. The accuracy of Meca500 could be as large
as 1 mm depending on the payload and the extend of robot joints but can be tolerated in
tensor tomography experiments with the additional alignment of recorded projections.
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7.3 Software protocol for robotassisted tensor tomography
With Meca500R3, as with other stateoftheart 6axis robot arms, TCP’s movement can
be performed in Cartesian and joint spaces. The latter is a basic one that is used in the
simplest robotic systems. Movements in Cartesian space, however, require additional
inverse kinematics computations [129]. The Meca500 robot has an embedded robot con
troller that performs all the necessary inverse kinematics computations. The limits of robot
joints are:

j1 = [−175o, 175o],
j2 = [−70o, 90o],
j3 = [−135o, 70o],
j4 = [−170o, 170o],
j5 = [−115o, 115o],

where ji are the robot joints in the ascending order starting from the robot base. The
robot flange, j6, is not strictly limited in angular space. The robot TCP can be defined in
Cartesian space by its pose, a sixdimensional entity that includes position (x, y, z) in 3D
space and orientation (α, β, γ) in terms of Euler angles. The robot has a web interface that
allows for jogging the robot in both Cartesian and Joint spaces. Although it includes all the
robot functionality commands, it is limited by simple programs. More advanced software
combining offline robot programming with uniform orientation sampling was developed to
compute robotassisted sample manipulation for tensor tomography. Due to the extensive
industrial application of robots, robot offline programming tools, such as RoboDK have
been developed and complex sample manipulations required in tensor tomography can
be efficiently programmed via the RoboDK application program interface (API).

7.3.1 Search of the optimal position in the workspace
Since uniform orientations are generated from the Fibonacci spiral method for Euler an
gles, it is essential to know how many orientations of the sample are reachable with the
robot. Robot TCP workspace, i.e., (x, y, z) positions reachable by the TCP (sample),
spans over few dozens of centimeters in three directions. Due to the extent of robot joints
and their limits, every point of the workspace provides different orientation coverage. It is
intuitively clear that the workspace’s outer regions yield less coverage simply because of
the robot’s reduced flexibility in those regions. Nevertheless, to find an optimal position
in the workspace that provides the highest number of uniform orientations, some brute
force search was necessary. Given a set of coordinates X ⊂ R3 in the robot’s workspace
and the function f(x, y, z,N) that returns the number of robot achievable poses out of N
uniformly distributed orientations generated according to eq. (7.3), the optimal position is
defined as

r∗(x, y, z) = argmax
x,y,z,N

f(x, y, z,N) (7.8)

where r∗ is the optimal position in the robot workspace, x, y, z ∈ X, andN ∈ Z+1. Using a
combination of offline programming software and a method for generating uniform orien
tations, we performed a twostep search of the optimal position. The first step included a
coarse search for the optimal position over the entire robot workspace with 10 points per
direction (1000 points in total). At each point of the search, the number of uniform orienta
tions reachable by the robot was found. The secondstep search with a finer search step is
performed in the vicinity of the position with the highest number of reachable orientations.
OnlyN = 200 uniformly distributed orientations were checked at every point of the search
for time efficiency. By increasing this number, it is possible to find a more optimal position.
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Figure 7.3: Snapshot of the offline robot simulation environment with displayed TCP
workspace. TCP workspace defines a set of positions reachable by the TCP in any of
the possible orientations.

An optimizationbased search could potentially bring it closer to the optimum. However,
it is essential to note that the brute force approach using robot programming software is
more efficient since, as discussed later in this section, the software allows for additional
functionality that can be easily incorporated into the optimum search procedure.

7.3.2 Acquisition optimization for circular gratings
The following procedure is needed for optimizing acquisition when circular gratings are
used in the experiment. Circular gratings provide omnidirectional sensitivity and allow
to relax sampling in the plane perpendicular to the beam propagation. In the fixed refer
ence frame following extrinsic rotations, one of the Euler angles can be omitted. However,
Meca500 follows intrinsic rotations (mobile reference frame) that cannot simply drop one
of the Euler angles. An additional step in removing the redundant orientations due to
omnidirectional sensitivity is necessary to optimize the acquisition scheme. If the beam
propagation is oriented arbitrarily, the robot reference frame needs to be rotated accord
ing to eq. (7.2), so that the beam axis aligns with the robot’s first rotation axis. For the
Meca500 reference frame, the first rotation axis and the beam axis were 90o apart in the
xy plane (around z axis). The rotation matrix defined in eq. (7.2) was rotated accordingly
R′ = R(α, β, γ)Rz(90). New Euler angles can be determined from the R′ according to

α′ = arctan(−R′
2,3, R

′
3,3)

β′ = −arcsin(R′
1,3)

γ′ = arctan(−R′
1,2, R

′
1,1).

By retrieving Euler angles of the rotated reference frame, the redundant orientation can
be determined. The first rotation is now performed around the beam axis and due to omni
directional sensitivity it’s not influencing the sampling of the orientations. The second and
the third Euler angles of the rotated reference frame were considered as polar coordinates
and mapped onto a sphere (in Cartesian space) according to

x = cos(β′) cos(γ′)
y = cos(β′) sin(γ′)

z = sin(β′).
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Removal of redundant orientations was done using pairwise distance threshold — points
on the sphere that are lying closer than the threshold were removed. Removing only one
of the points in each pair was necessary to restrain the nonuniformity of orientations.
Thus the point that was closer to its second neighbor was removed.

Figure 7.4: Orientation coverage mapped on the unit sphere a) before and b) after the
thresholdbased removal of redundant orientations.

7.3.3 Stitching scans for large samples
The following procedure can be implemented for samples more extensive than the FOV
provided by the instrument. Either the beam size or size of the gratings, whichever is
smaller defines the FOV. An additional procedure of stitch scanning can be performed to
fit the entire sample in the FOV. Stitching of overlapping small FOV images (tiles) taken
at adjacent positions is performed in the plane perpendicular to the beam propagation.
In general, additional movements of the sample for every orientation can be limited by
the robot joints. If the robot cannot reach some stitch scanning positions, the produced
full FOV image will have missing tiles resulting in the reconstruction artifacts. Although
reconstruction from individual tiles is possible with the flexibility of the ASTRA toolbox, we
decided to follow the more conservative approach of probing orientations without missing
tiles. Another step was added in the robot simulation pipeline that included checking the
robot’s ability to reach the predefined stitching pattern positions. In our case, the required
stitched FOV was relatively small and the optimal position for probing orientations of the
investigated sample provided high flexibility for the robot joints (joints were far enough
from their limits). As a consequence it allowed us to move the sample according to the
desired stitching scan pattern for every pose without losing any tiles. In general, this step
has to be performed before removing redundant poses.

7.3.4 Collisionfree motion planning
Only the number of reachable orientations at a given position was of interest when search
ing for the optimal position. Simulation of the robot’s actual movements from one orienta
tion to another was not performed for the search’s time efficiency as no graphical rendering
is required. Generally speaking, the robot movement between poses can collide the sam
ple or robot parts with the robot itself or surroundings. The collision checking procedure is,
therefore, a crucial part of the robot simulation pipeline. In the planning of robots’ conven
tional repetitive movements, collisions can be avoided by simply planning a collisionfree
path. For the acquisition of tensor tomography, where no repetitive movements occur,
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this approach is not optimal since finding a collisionfree path between each pair of adja
cent orientations depends on the sample size, FOV, and the required sampling. Once the
optimal position is found, and redundant orientations are removed, the robot movement
between orientations can be simulated. The RoboDK software allows for checking colli
sions between the attached tool (sample) and robot parts employing computer graphics
(rendering). Additional objects such as robot platforms, optical elements, and the Xray
beam can be incorporated into the simulation environment via computeraided design
(CAD). For the collision check, the RoboDK software was used to render all parts of the
setup, and robot movements were programmed through the software’s API.

Figure 7.5: Snapshot of the offline robot simulation environment with displayed TCP
workspace and CAD models of the sample (in red), Xray beam (in blue), and robot plat
form (gray). TCP workspace defines a set of positions reachable by the TCP in any of the
possible orientations. a) Collisionfree and b) robotbeam collision states are displayed.

Movement between two poses in Cartesian space is nonlinear and hard to predict. Con
versely, during the movement, the rotation of every joint is linear in angular space. De
terministic robot movements in joint space are suitable for checking possible collisions
between two poses by rendering the robot configuration at different angular steps (the an
gular step for each joint is scaled to each joint’s angular range). If a collision is detected
between a pair of poses i and i+ 1, the latter pose is removed. A collision check is then
performed between poses i and i + 2. The procedure continues until no collisions are
detected throughout all the desired poses. The removed poses can be placed randomly
in the remaining sequence of poses for the collision check. Optimization of the pose order
that minimizes the number of collisions can also be implemented. Another optimization
can include the derivation of the pose order that minimizes joints’ movement to decrease
the acquisition overhead. However, for experiments using compact Xray sources that re
quire exposure time on the order of seconds, the robot movement overhead is negligible.

7.4 Experiment@TOMCAT, PSI
The robotassisted tensor tomography validation experiment was performed at the TOM
CAT beamline of the Swiss Light Source at PSI. The setup configuration designed for the
gratingbased tensor tomography is depicted in fig. 7.6 (left). The beamline offers tensor
tomography utilizing a twoaxis rotation stage and a 2D array of circular gratings to provide
fast experiments. The approximate height of the sample’s optimal position relative to the
robot’s base was estimated at around 25 cm which was too low for the beamline setup
configuration. The optical table’s height could be adjusted, but the optics and detector
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had to be realigned with the Xray beam. It was decided to prepare an additional platform
to manually adjust the robot base’s height above the optical table (fig. 7.6, right). Besides,

Figure 7.6: The experimental layout of the imaging system components at the TOMCAT
beamline of the Swiss Light Source, Paul Scherrer Institute (PSI). The robot workspace
could well fit between the grating and detector. However, for safety concerns, the robot
platform was placed in front of the grating and detector. The platform was prepared as
a combination of manual vertical adjustment and motorized linear stages for the robot’s
optimal positioning.

a linear stage that allowed for horizontal shifts of the robot was placed on the platform.
The robot platform was placed before the grating to provide more space for the robot’s
movements. A special adapter plate was prepared to mount the robot base to the robot
platform. Communication to the robot controller embedded in the robot base was done
through a static IP connection configured from the beamline control system. The robot
was connected to the beamline interlock system to guarantee the robot’s powering down
when the hutch door was opening to comply with the PSI safety guidelines. Poweringup
of the robot and resetting the power had to be done from the control room. For that, a
special DSUB connector to the robot power supply was prepared to be operated from
outside of the experimental hutch. According to the manufacturer’s recommendation, the
robot needs to be set into the ”zerojoints” position and deactivated before powering down.
After (re)activation, the robot does ”Homing” (little jog) off all joints to determine their con
figuration. Thus, even if the robot was powered down without ”zeroing” of joints and de
activation, it could determine the joints’ position. Philipp Zuppiger and Christian Matthias
Schlepütz prepared the robot platform, adaptor plate, and dedicated DSUB connector.

By jogging the robot TCP in cartesian space, the center of rotation was aligned with the X
ray beam using a high absorption wire wrapped around the sample’s middle. Ad hoc syn
chronization of the detector with the robot movements was performed through a Python
script. The detector required prior information on the number of frames to be recorded,
readily available from the robot simulation pipeline as the number of poses. The detec
tor was triggered each time the robot finished the movement between poses, including
stitch scanning poses. Miscommunication between the robot controller and the detector
caused motion blur in the images. By sending an auxiliary signal to the robot controller
before triggering the camera, the issue was resolved. In total, 13698 frames (tiles) were
recorded for 729 uniformly distributed poses with 18 tiles per pose. Approximately 90 flat
tiles were taken after every 100 poses. Jisoo Kim, Federica Marone, and Margie Olbi
nado performed preparation for the experiment. Matias Kagias and I (joined remotely)
performed the data acquisition with the assistance of the TOMCAT beamline staff.
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Figure 7.7: The overview and closeup view of the experimental setup for tensor tomog
raphy using circular gratings and robotic arm as a sample manipulator. The power supply
was mounted to the optical table and connected to the beamline interlock systems. The
sample was mounted to the robot flange and rotated around a point aligned with the Xray
beam. Overlapping stitching of 9 × 2 scanning positions allowed to image 25 × 25 mm2

FOV.

7.5 Data processing and analysis
Before retrieving directional projections, each tile was filtered with a 3 × 3 pixels median
filter for noise suppression. The detailed derivation of absorption, phase, and anisotropic
darkfield projections when using the circular gratings is presented in [130]. Matias Kagias
performed the retrieval of absorption and directional projections from raw transmission
projections.

7.5.1 Stitching tiles
Due to the robot’s limited positioning accuracy, alignment of projections to the common
rotation center is necessary. Absorption projections had sufficient contrast to be used for
the alignment of the dataset. Before tomographic alignment and reconstruction, additional
tiles registration should be performed in 2D to compensate for the robot’s limited position
ing accuracy during stitch scanning. Stitch scanning was therefore performed with partial
overlap of the tiles, and stitching of tiles per projection basis can be performed using the
dedicated ImageJ plugin [131].

7.6 Reconstruction
In conventional singleaxis (absorption or phase) tomography, projections are used to re
construct 3D volumes with every voxel represented by a scalar value (linear attenuation
coefficient or electron density). In tensor tomography, after directional projections are
retrieved, the scattering tensor is reconstructed. Each voxel of the scattering tensor con
sists of a userdefined number of scattering sampling directions based on the detector
pixel size, the signaltonoise ratio of the measured projections, and the sample’s scatter
ing. The orientation tensor can be computed from the scattering tensor through principal
component analysis. The distribution of scattering signal from fibrous structures in every
voxel can be approximated as an ellipsoid. Since the volume’s pixel size is much larger
than the fiber diameter, the scattering distribution belongs to the collection (bundle) of
fibers. The ellipsoid’s semimajor axis corresponds to the highest scattering signal per
pendicular to the fibers bundle’s average direction. By computing eigenvalues of each of
the semiaxes (eigenvectors), the most prominent fiber direction can be determined from
the semiaxis with the smallest eigenvalue.

The reconstruction of tensor tomography data is more complex than in conventional scalar
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Figure 7.8: Stitching of tiles with nominal and aligned stitching parameters. The rows cor
respond to three different poses with red boxes indicating edges of tiles. In the nominally
stitched projections, the right and left sides’ inconsistency is visible, indicating the robot’s
limited positioning accuracy. The leftmost projections contain robot parts in the FOV that
can potentially corrupt the registration procedure. The robot part in the projection is mov
ing between points of the stitching scan. Therefore aligning the edges of the robot parts
projection imposes incorrect stitching of the sample’s projection. The robot parts can be
masked to produce better stitching. The algorithm can place empty tiles arbitrarily, as
seen from the middle and right columns. By restricting the range of shifts of all tiles, this
can be avoided.

tomography [132]. The development of such tomographic reconstruction was not part of
this thesis, and reconstruction software developed by Xnovo Technology was used. The
algorithm was able to perform joint 3D alignment and stitching of all absorption tiles si
multaneously. The alignment parameters were then used for tomographic reconstruction
of the scattering tensor. Since reconstruction requires pose parameters to be defined in
Cartesian space, the joint parameters used in the experiment were converted accordingly.
3D alignment and tensor tomography reconstruction from absorption and directional pro
jections respectively was performed by Tiago Ramos.

7.7 Concluding remarks
Thewidespread applicability of tensor tomography using linear gratings for nondestructive
testing of materials is hindered by the complex and rigid construction of the sample ma
nipulator. More advanced gratings reduce the number of rotational degrees of freedom
and provide faster acquisition using 2axis rotation sample manipulation. However, the
manipulator requires alignment of samples with rotation axes using a calibration sample.
Moreover, the fast acquisition is not critical for industrial Xray machines due to relatively
long exposure time. In contrast, the flexibility of 6axis robot arms can be efficiently uti
lized for tensor tomography as sample manipulators. Manual alignment of samples with
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Figure 7.9: On the left: Tensor tomography reconstruction of fibers’ orientation in the
sample. The sphere shows the colorcoding of the orientations at the top part of the image.
The cylindrical inlet of the mold is in the top part of the image. Three outlets of the mold
located at the bottom. In the middle part of the sample, the fibers were aligned with the
spiral structures. On the right: Closeup view of the region around one of the mold outlets
highlighted by the red box. The ”flow” of fibers into the outlets during injection molding is
visible from the tensor tomography reconstruction. Although the reconstructed pixel size
is around 85 µm, fibers of approximately 5µm diameter are resolvable with anisotropic
scattering contrast.

robot arms is not needed since the center of rotations can be defined virtually. Recently
developed compact industrial robot arms can be easily embedded within the industrial X
ray machines’ constrained space. The clear advantage of tensor tomography is bridging
the gap between macroscopic FOV and sensitivity to microscale structures. Multiscale
and multimodal imaging capabilities of gratingbased tensor tomography allow compen
sating for macroscale positioning inaccuracy of the robotarms while providing sensitiv
ity to microscale structural anisotropy of samples. Availability of highend offline robot
programming tools combined with computation of desired 3D sampling allows simulat
ing a complete data acquisition scheme before the experiment. Apart from the sample’s
movement to desired poses, the scheme can include moving the sample out of the beam,
stitch scanning for increased FOV, removing redundant poses due to circular gratings,
and collisionfree movements between poses. If an additional degree of freedom in terms
of a sample gripper is incorporated, the scheme can include the pick and place of samples
from a conveyor for Xray tensor tomography testing.
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8 Conclusions and Outlook
The scope of this study was in the development of multimodal coherent Xray microscopy
techniques realized at synchrotron radiation facilities, consisting of four main investiga
tions:

• A recently developed methodology for multimodal studies of chemical, electrical,
and structural properties applied to the new generation of functional energy mate
rials. The methodology combines spatially resolved Xray beaminduced current
and Xray fluorescence measurements provided by scanning Xray microscopes.
The obtained correlative information on chemical and electrical properties can be
used for more accurate modeling and prediction of the material performance at the
nanoscale.

• A new framework that performs a joint reconstruction of a completemultidimensional
dataset from the scanning coherent diffraction (ptychographic) tomography experi
ment. The amount of required input data can be greatly reduced for this framework
following the dose fractionation theorem used in projectionbased microscopy. The
usefulness of the new framework in multimodal nanotomography experiments that
can potentially combine techniques from the first investigation with highresolution
phasecontrast provided by ptychography was discussed. The developed joint re
construction algorithms do not include correction of runout errors of rotation stages
hampering the realization of dataefficient experiments suitable for the framework.
A solution for this instrumental constraint was discussed and validated.

• A proofofconcept demonstration of a new configuration for ptychographic imag
ing experiment performed near total external reflection. The associated geometri
cal configuration of the experiment allows for highresolution multiscale imaging
by probing macroscale objects with nanoscale resolution in one of the dimensions.
The technique can benefit from the development of sample environments specifi
cally designed for this geometric configuration and provide a simplified realization
of in situ experiments that are challenging to perform in transmission geometry. In
addition to that, the experiment can be combined with the total external reflection
Xray fluorescence to obtain sensitivity to chemical contrast.

• A validation of an advanced robotarm assisted acquisition scheme for gratingbased
scattering tensor tomography experiments. The technique has a unique capability to
probemacroscale fieldofview and access information about unresolvedmicrostruc
ture. The acquisition scheme is implemented with a compact and flexible sample
manipulator to access the anisotropic structure of the injectionmolded carbonfiber
reinforced polymer sample in three dimensions. Multiple degrees of freedom and
inverse kinematics programming of robot arms allows for the sample and setup spe
cific motion planning for optimized data acquisition. The application of this scheme
can be performed with existing compact Xray machines for nondestructive material
testing.

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

69



70 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials



Bibliography
[1] WCRöntgen. “On a new kind of rays”. In: Science 3.59 (1896), pp. 227–231. ISSN:

00368075. DOI: 10.1126/science.3.59.227.
[2] U Bonse and M Hart. “An Xray interferometer”. In: Applied Physics Letters 6.8

(1965), pp. 155–156. ISSN: 00036951. DOI: 10.1063/1.1754212.
[3] Philip Willmott. An introduction to synchrotron radiation: Techniques and applica

tions. 2011, pp. 1–352. ISBN: 9781119970958. DOI: 10.1002/9781119970958.
[4] C. Jacobsen and J. Kirz. Xray microscopy with synchrotron radiation. 1998. DOI:

10.1038/1341.
[5] Jens AlsNielsen and Des McMorrow. Elements of Modern Xray Physics: Second

Edition. Wiley, 2011. ISBN: 9780470973950. DOI: 10.1002/9781119998365.
[6] C Jacobsen. Xray Microscopy. Cambridge University Press, 2019.
[7] Hanfei Yan et al.Multimodal hard xray imaging with resolution approaching 10nm

for studies in material science. 2018. DOI: 10.1088/2399-1984/aab25d.
[8] Michael Stuckelberger et al. Engineering solar cells based on correlative Xray

microscopy. May 2017. DOI: 10.1557/jmr.2017.108.
[9] Andreas Johannes et al. “In operando xray imaging of nanoscale devices: Com

position, valence, and internal electrical fields”. In: Science Advances 3.12 (2017).
ISSN: 23752548. DOI: 10.1126/sciadv.aao4044.

[10] Michael E Stuckelberger et al. “Defect activation and annihilation in CIGS solar
cells: an operando xray microscopy study”. In: Journal of Physics: Energy 2.2
(2020), p. 025001. ISSN: 25157655. DOI: 10.1088/2515-7655/ab5fa6.

[11] Pierre Thibault et al. “Highresolution scanning Xray diffraction microscopy”. In:
Science 321.5887 (July 2008), pp. 379–382. ISSN: 00368075. DOI: 10 . 1126 /
science.1158573.

[12] W. Hoppe. “Beugung im inhomogenen Primärstrahlwellenfeld. I. Prinzip einer Phasen
messung von Elektronenbeungungsinterferenzen”. In: Acta Crystallographica Sec
tion A 25.4 (1969), pp. 495–501. ISSN: 16005724. DOI: 10.1107/S0567739469001045.

[13] J. M. Rodenburg et al. “HardXray lensless imaging of extended objects”. In: Phys
ical Review Letters 98.3 (2007). ISSN: 00319007. DOI: 10.1103/PhysRevLett.98.
034801.

[14] J. M. Rodenburg, A. C. Hurst, and A. G. Cullis. “Transmission microscopy with
out lenses for objects of unlimited size”. In: Ultramicroscopy 107.23 (Feb. 2007),
pp. 227–231. ISSN: 03043991. DOI: 10.1016/j.ultramic.2006.07.007.

[15] Andrew M. Maiden and John M. Rodenburg. “An improved ptychographical phase
retrieval algorithm for diffractive imaging”. In:Ultramicroscopy 109.10 (Sept. 2009),
pp. 1256–1262. ISSN: 03043991. DOI: 10.1016/j.ultramic.2009.05.012.

[16] Joan VilaComamala et al. “Characterization of highresolution diffractive Xray
optics by ptychographic coherent diffractive imaging”. In: Optics Express 19.22
(2011), p. 21333. ISSN: 10944087. DOI: 10.1364/oe.19.021333.

[17] Alexander Björling et al. “Ptychographic characterization of a coherent nanofo
cused Xray beam”. In: Optics Express 28.4 (2020), p. 5069. ISSN: 10944087.
DOI: 10.1364/oe.386068.

[18] Mike Beckers et al. “Drift correction in ptychographic diffractive imaging”. In: Ultra
microscopy 126 (Mar. 2013), pp. 44–47. ISSN: 03043991. DOI: 10.1016/j.ultramic.
2012.11.006.

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

71

https://doi.org/10.1126/science.3.59.227
https://doi.org/10.1063/1.1754212
https://doi.org/10.1002/9781119970958
https://doi.org/10.1038/1341
https://doi.org/10.1002/9781119998365
https://doi.org/10.1088/2399-1984/aab25d
https://doi.org/10.1557/jmr.2017.108
https://doi.org/10.1126/sciadv.aao4044
https://doi.org/10.1088/2515-7655/ab5fa6
https://doi.org/10.1126/science.1158573
https://doi.org/10.1126/science.1158573
https://doi.org/10.1107/S0567739469001045
https://doi.org/10.1103/PhysRevLett.98.034801
https://doi.org/10.1103/PhysRevLett.98.034801
https://doi.org/10.1016/j.ultramic.2006.07.007
https://doi.org/10.1016/j.ultramic.2009.05.012
https://doi.org/10.1364/oe.19.021333
https://doi.org/10.1364/oe.386068
https://doi.org/10.1016/j.ultramic.2012.11.006
https://doi.org/10.1016/j.ultramic.2012.11.006


[19] A. M. Maiden et al. “An annealing algorithm to correct positioning errors in ptychog
raphy”. In: Ultramicroscopy 120 (Sept. 2012), pp. 64–72. ISSN: 03043991. DOI:
10.1016/j.ultramic.2012.06.001.

[20] Pierre Thibault and Andreas Menzel. “Reconstructing state mixtures from diffrac
tionmeasurements”. In:Nature 494.7435 (Feb. 2013), pp. 68–71. ISSN: 00280836.
DOI: 10.1038/nature11806.

[21] B. Enders et al. “Ptychographywith broadbandwidth radiation”. In:Applied Physics
Letters 104.17 (Apr. 2014). ISSN: 00036951. DOI: 10.1063/1.4874304.

[22] Martin Dierolf et al. “Ptychographic Xray computed tomography at the nanoscale”.
In: Nature 467.7314 (Sept. 2010), pp. 436–439. ISSN: 14764687. DOI: 10.1038/
nature09419.

[23] Ana Diaz et al. “Quantitative xray phase nanotomography”. In: Physical Review
B  Condensed Matter and Materials Physics 85.2 (Jan. 2012). ISSN: 10980121.
DOI: 10.1103/PhysRevB.85.020104.

[24] M. Holler et al. “Xray ptychographic computed tomography at 16 nm isotropic 3D
resolution”. In: Scientific Reports 4 (Jan. 2014). ISSN: 20452322. DOI: 10.1038/
srep03857.

[25] DoğaGürsoy. “Direct coupling of tomography and ptychography”. In:Optics Letters
42.16 (2017), p. 3169. ISSN: 01469592. DOI: 10.1364/ol.42.003169.

[26] TiagoRamos et al. “Direct threedimensional tomographic reconstruction and phase
retrieval of farfield coherent diffraction patterns”. In:Physical ReviewA 99.2 (2019).
ISSN: 24699934. DOI: 10.1103/PhysRevA.99.023801.

[27] Viktor Nikitin et al. “Photonlimited ptychography of 3D objects via Bayesian re
construction”. In: OSA Continuum 2.10 (2019), p. 2948. ISSN: 25787519. DOI:
10.1364/osac.2.002948.

[28] Maik Kahnt et al. “Coupled ptychography and tomography algorithm improves re
construction of experimental data”. In: Optica 6.10 (2019), p. 1282. ISSN: 2334
2536. DOI: 10.1364/optica.6.001282.

[29] Manuel GuizarSicairos et al. “Phase tomography from xray coherent diffractive
imaging projections”. In: Optics Express 19.22 (Oct. 2011), p. 21345. ISSN: 1094
4087. DOI: 10.1364/oe.19.021345.

[30] Do�a Gürsoy et al. “TomoPy: A framework for the analysis of synchrotron tomo
graphic data”. In: Journal of Synchrotron Radiation 21.5 (2014), pp. 1188–1193.
ISSN: 16005775. DOI: 10.1107/S1600577514013939.

[31] T. Ramos, J. S. Jørgensen, and J. W. Andreasen. “Automated angular and transla
tional tomographic alignment and application to phasecontrast imaging”. In: Jour
nal of the Optical Society of America A 34.10 (2017), p. 1830. ISSN: 10847529.
DOI: 10.1364/josaa.34.001830.

[32] Michal Odstrčil et al. “Alignment methods for nanotomography with deep subpixel
accuracy”. In: Optics Express 27.25 (2019), p. 36637. ISSN: 10944087. DOI: 10.
1364/oe.27.036637.

[33] S. K. Sinha et al. “Xray and neutron scattering from rough surfaces”. In: Physical
Review B 38.4 (1988), pp. 2297–2311. ISSN: 01631829. DOI: 10.1103/PhysRevB.
38.2297.

[34] Krassimir N. Stoev and Kenji Sakurai. Review on grazing incidence Xray spec
trometry and reflectometry. Jan. 1999. DOI: 10.1016/S0584-8547(98)00160-8.

[35] Jens AlsNielsen et al. Principles and applications of grazing incidence Xray and
neutron scattering from ordered molecular monolayers at the airwater interface.
1994. DOI: 10.1016/0370-1573(94)90046-9.

72 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

https://doi.org/10.1016/j.ultramic.2012.06.001
https://doi.org/10.1038/nature11806
https://doi.org/10.1063/1.4874304
https://doi.org/10.1038/nature09419
https://doi.org/10.1038/nature09419
https://doi.org/10.1103/PhysRevB.85.020104
https://doi.org/10.1038/srep03857
https://doi.org/10.1038/srep03857
https://doi.org/10.1364/ol.42.003169
https://doi.org/10.1103/PhysRevA.99.023801
https://doi.org/10.1364/osac.2.002948
https://doi.org/10.1364/optica.6.001282
https://doi.org/10.1364/oe.19.021345
https://doi.org/10.1107/S1600577514013939
https://doi.org/10.1364/josaa.34.001830
https://doi.org/10.1364/oe.27.036637
https://doi.org/10.1364/oe.27.036637
https://doi.org/10.1103/PhysRevB.38.2297
https://doi.org/10.1103/PhysRevB.38.2297
https://doi.org/10.1016/S0584-8547(98)00160-8
https://doi.org/10.1016/0370-1573(94)90046-9


[36] Atsushi Momose. “Phasesensitive imaging and phase tomography using Xray
interferometers”. In:Optics Express 11.19 (Sept. 2003), p. 2303. ISSN: 10944087.
DOI: 10.1364/oe.11.002303.

[37] Timm Weitkamp et al. “Xray phase imaging with a grating interferometer”. In: Op
tics Express 13.16 (Aug. 2005), p. 6296. ISSN: 10944087. DOI: 10.1364/opex.13.
006296.

[38] F. Pfeiffer et al. “HardXray darkfield imaging using a grating interferometer”.
In: Nature Materials 7.2 (2008), pp. 134–137. ISSN: 14764660. DOI: 10 . 1038 /
nmat2096.

[39] Franz Pfeiffer et al. “Phase retrieval and differential phasecontrast imaging with
lowbrilliance Xray sources”. In: Nature Physics 2.4 (Mar. 2006), pp. 258–261.
ISSN: 17452481. DOI: 10.1038/nphys265.

[40] Y Sharma et al. “Six dimensional Xray Tensor Tomography with a compact labo
ratory setup”. In: Applied Physics Letters 109.13 (Sept. 2016), p. 134102. ISSN:
00036951. DOI: 10.1063/1.4963649.

[41] Y. Sharma et al. “Design of Acquisition Schemes and SetupGeometry for Anisotropic
Xray DarkField Tomography (AXDT)”. In:Scientific Reports 7.1 (Dec. 2017), pp. 1–
10. ISSN: 20452322. DOI: 10.1038/s41598-017-03329-0.

[42] Joseph W. Goodman. Introduction to Fourier optics. Roberts and Company Pub
lishers, 2005.

[43] Max Planck. “On the Law of Distribution of Energy in the Normal Spectrum”. In:
Annalen der Physik 4 (1901), p. 533.

[44] Albert Einstein. “Über einen die Erzeugung und Verwandlung des Lichtes betref
fenden heuristischenGesichtspunkt”. In:Annalen der Physik 322.6 (1905), pp. 132–
148. ISSN: 15213889. DOI: 10.1002/andp.19053220607.

[45] N Bohr. “Quantum postulate and the recent development of atomic theory”. In:
Nature 121.3050 (1928), pp. 580–591. ISSN: 00280836. DOI: 10.1038/121580a0.

[46] LiseMeitner. “Über die Entstehung der βStrahlSpektren radioaktiver Substanzen”.
In: Zeitschrift für Physik 9.1 (Dec. 1922), pp. 131–144. ISSN: 14346001. DOI:
10.1007/BF01326962.

[47] Beer A. “Bestimmung der Absorption des rothen Lichts in farbigen Flüssigkeiten”.
In: Annalen der Physik 162.5 (Jan. 1852), pp. 78–88. ISSN: 15213889. DOI: 10.
1002/andp.18521620505.

[48] A. Snigirev et al. “A compound refractive lens for focusing highenergy Xrays”. In:
Nature 384.6604 (1996), pp. 49–51. ISSN: 00280836. DOI: 10.1038/384049a0.

[49] P. Kirkpatrick and A. V. Baez. “Formation of optical images by Xrays”. In: Journal
of the Optical Society of America 38.9 (Sept. 1948), pp. 766–774. ISSN: 00303941.
DOI: 10.1364/JOSA.38.000766.

[50] Simon M. Walker et al. “In Vivo TimeResolved Microtomography Reveals the Me
chanics of the Blowfly Flight Motor”. In: PLoS Biology 12.3 (Mar. 2014). Ed. by An
ders Hedenström, e1001823. ISSN: 15457885. DOI: 10.1371/journal.pbio.1001823.

[51] Paul Horowitz and John A. Howell. “A scanning xraymicroscope using synchrotron
radiation”. In: Science 178.4061 (1972), pp. 608–611. ISSN: 00368075. DOI: 10.
1126/science.178.4061.608.

[52] Johann Radon. “On the determination of functions from their integral values along
a certain manifolds.” In: IEEE Transactions on Medical Imaging MI5.4 (1986),
pp. 170–176. ISSN: 02780062. DOI: 10.1109/tmi.1986.4307775.

[53] A. M. Cormack. “Representation of a function by its line integrals, with some radi
ological applications”. In: Journal of Applied Physics 34.9 (1963), pp. 2722–2727.
ISSN: 00218979. DOI: 10.1063/1.1729798.

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

73

https://doi.org/10.1364/oe.11.002303
https://doi.org/10.1364/opex.13.006296
https://doi.org/10.1364/opex.13.006296
https://doi.org/10.1038/nmat2096
https://doi.org/10.1038/nmat2096
https://doi.org/10.1038/nphys265
https://doi.org/10.1063/1.4963649
https://doi.org/10.1038/s41598-017-03329-0
https://doi.org/10.1002/andp.19053220607
https://doi.org/10.1038/121580a0
https://doi.org/10.1007/BF01326962
https://doi.org/10.1002/andp.18521620505
https://doi.org/10.1002/andp.18521620505
https://doi.org/10.1038/384049a0
https://doi.org/10.1364/JOSA.38.000766
https://doi.org/10.1371/journal.pbio.1001823
https://doi.org/10.1126/science.178.4061.608
https://doi.org/10.1126/science.178.4061.608
https://doi.org/10.1109/tmi.1986.4307775
https://doi.org/10.1063/1.1729798


[54] A M Cormack. “Representation of a function by its line integrals, with some radi
ological applications. II”. In: Journal of Applied Physics 35.10 (1964), pp. 2908–
2913. ISSN: 00218979. DOI: 10.1063/1.1713127.

[55] G. N. Hounsfield. “Computerized transverse axial scanning (tomography): I. De
scription of system”. In: British Journal of Radiology 46.552 (1973), pp. 1016–1022.
ISSN: 00071285. DOI: 10.1259/0007-1285-46-552-1016.

[56] CROWTHERRA, DEROSIERDJ, and KLUGA. “RECONSTRUCTIONOFATHREE
DIMENSIONAL STRUCTURE FROM PROJECTION AND ITS APPLICATION TO
ELECTRON MICROSCOPY”. In: Proceedings of the Royal Society of London. A.
Mathematical and Physical Sciences. Vol. 317. 1530. The Royal Society London,
June 1970, pp. 319–340. DOI: 10.1098/rspa.1970.0119.

[57] GT Herman. Fundamentals of computerized tomography: image reconstruction
from projections. Springer, 2009.

[58] Wim van Aarle et al. “The ASTRA Toolbox: A platform for advanced algorithm de
velopment in electron tomography”. In: Ultramicroscopy 157 (Oct. 2015), pp. 35–
47. ISSN: 18792723. DOI: 10.1016/j.ultramic.2015.05.002.

[59] Wim van Aarle et al. “Fast and flexible Xray tomography using the ASTRA toolbox”.
In: Optics Express 24.22 (Oct. 2016), p. 25129. ISSN: 10944087. DOI: 10.1364/
oe.24.025129.

[60] W. J. Eaton. “Configured detector system for STXM imaging”. In: 2003, pp. 452–
457. DOI: 10.1063/1.1291189.

[61] DC Koningsberger and R Prins. Xray absorption: principles, applications, tech
niques of EXAFS, SEXAFS, and XANES. John Wiley and Sons, 1988.

[62] DM Paganin. Coherent XRay Optics. Oxford University Press, 2006.
[63] B. Hornberger et al. “Differential phase contrast with a segmented detector in a

scanning Xray microprobe”. In: Journal of Synchrotron Radiation 15.4 (2008),
pp. 355–362. ISSN: 09090495. DOI: 10.1107/S0909049508008509.

[64] G. R. Morrison and M. T. Browne. “Darkfield imaging with the scanning transmis
sion xray microscope”. In: Review of Scientific Instruments 63.1 (1992), pp. 611–
614. ISSN: 00346748. DOI: 10.1063/1.1143820.

[65] G. Morrison et al. “STXM imaging with a configured detector”. In: Journal De
Physique. IV : JP. Vol. 104. 2003, pp. 547–550. DOI: 10.1051/jp4:20030141.

[66] A. Menzel et al. “Scanning transmission Xray microscopy with a fast framing pixel
detector”. In:Ultramicroscopy 110.9 (2010), pp. 1143–1147. ISSN: 03043991. DOI:
10.1016/j.ultramic.2010.04.007.

[67] Pierre Thibault et al. “Probe retrieval in ptychographic coherent diffractive imaging”.
In: Ultramicroscopy 109.4 (2009), pp. 338–343. ISSN: 03043991. DOI: 10.1016/j.
ultramic.2008.12.011.

[68] Martin D. de Jonge et al. “A method for phase reconstruction from measurements
obtained using a configured detector with a scanning transmission Xray micro
scope”. In: Nuclear Instruments and Methods in Physics Research, Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 582.1 (2007),
pp. 218–220. ISSN: 01689002. DOI: 10.1016/j.nima.2007.08.111.

[69] Thomas Thüring et al. “Nonlinear regularized phase retrieval for unidirectional
Xray differential phase contrast radiography”. In: Optics Express 19.25 (2011),
p. 25545. ISSN: 10944087. DOI: 10.1364/oe.19.025545.

[70] Hanfei Yan et al. “Quantitative xray phase imaging at the nanoscale by multilayer
Laue lenses”. In: Scientific Reports 3 (2013). ISSN: 20452322. DOI: 10 . 1038 /
srep01307.

74 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

https://doi.org/10.1063/1.1713127
https://doi.org/10.1259/0007-1285-46-552-1016
https://doi.org/10.1098/rspa.1970.0119
https://doi.org/10.1016/j.ultramic.2015.05.002
https://doi.org/10.1364/oe.24.025129
https://doi.org/10.1364/oe.24.025129
https://doi.org/10.1063/1.1291189
https://doi.org/10.1107/S0909049508008509
https://doi.org/10.1063/1.1143820
https://doi.org/10.1051/jp4:20030141
https://doi.org/10.1016/j.ultramic.2010.04.007
https://doi.org/10.1016/j.ultramic.2008.12.011
https://doi.org/10.1016/j.ultramic.2008.12.011
https://doi.org/10.1016/j.nima.2007.08.111
https://doi.org/10.1364/oe.19.025545
https://doi.org/10.1038/srep01307
https://doi.org/10.1038/srep01307


[71] J. R. Fienup. “Reconstruction of a complexvalued object from the modulus of its
Fourier transform using a support constraint”. In: Journal of the Optical Society of
America A 4.1 (1987), p. 118. ISSN: 10847529. DOI: 10.1364/josaa.4.000118.

[72] J Miao, D Sayre, and H. N. Chapman. “Phase retrieval from the magnitude of the
Fourier transforms of nonperiodic objects”. In: Journal of the Optical Society of
America A 15.6 (1998), p. 1662. ISSN: 10847529. DOI: 10.1364/josaa.15.001662.

[73] J. M. Rodenburg and H. M.L. Faulkner. “A phase retrieval algorithm for shifting
illumination”. In: Applied Physics Letters 85.20 (Nov. 2004), pp. 4795–4797. ISSN:
00036951. DOI: 10.1063/1.1823034.

[74] Pierre Thibault et al. “Probe retrieval in ptychographic coherent diffractive imaging”.
In: Ultramicroscopy 109.4 (Mar. 2009), pp. 338–343. ISSN: 03043991. DOI: 10.
1016/j.ultramic.2008.12.011.

[75] Henry N. Chapman. “Phaseretrieval Xray microscopy by Wignerdistribution de
convolution”. In: Ultramicroscopy 66.34 (1996), pp. 153–172. ISSN: 03043991.
DOI: 10.1016/S0304-3991(96)00084-8.

[76] Cameron M. Kewish et al. “Reconstruction of an astigmatic hard Xray beam and
alignment of KB mirrors from ptychographic coherent diffraction data”. In: Op
tics Express 18.22 (Oct. 2010), p. 23420. ISSN: 10944087. DOI: 10 . 1364 / oe .
18.023420.

[77] A. Schropp et al. “Hard xray nanobeam characterization by coherent diffraction mi
croscopy”. In:Applied Physics Letters 96.9 (Mar. 2010), p. 091102. ISSN: 00036951.
DOI: 10.1063/1.3332591.

[78] Manuel GuizarSicairos et al. “Measurement of hard xray lens wavefront aberra
tions using phase retrieval”. In:Applied Physics Letters 98.11 (Mar. 2011), p. 111108.
ISSN: 00036951. DOI: 10.1063/1.3558914.

[79] Susanne Hönig et al. “Full optical characterization of coherent xray nanobeams
by ptychographic imaging”. In: Optics Express 19.17 (Aug. 2011), p. 16324. ISSN:
10944087. DOI: 10.1364/oe.19.016324.

[80] Darren J Batey et al. “Xray Ptychography with a Laboratory Source”. In: arxiv.org
(2021).

[81] B Enders and P Thibault. “A computational framework for ptychographic recon
structions”. In: Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences. Vol. 472. 2196. Royal Society, Dec. 2016. DOI: 10.1098/
rspa.2016.0640.

[82] Klaus Wakonig et al. “PtychoShelves, a versatile highlevel framework for high
performance analysis of ptychographic data”. In: Journal of Applied Crystallogra
phy 53 (2020), pp. 574–586. ISSN: 16005767. DOI: 10.1107/S1600576720001776.

[83] Vincent FavreNicolin et al. “PyNX: Highperformance computing toolkit for coher
ent Xray imaging based on operators”. In: Journal of Applied Crystallography 53.5
(Oct. 2020), pp. 1404–1413. ISSN: 16005767. DOI: 10.1107/S1600576720010985.

[84] Atsushi Momose et al. Demonstration of xray Talbot interferometry. July 2003.
DOI: 10.1143/jjap.42.l866.

[85] TorbenH. Jensen et al. “Directional xray darkfield imaging”. In:Physics inMedicine
and Biology 55.12 (2010), pp. 3317–3323. ISSN: 00319155. DOI: 10.1088/0031-
9155/55/12/004.

[86] Matias Kagias et al. “2DOmnidirectional HardXRay Scattering Sensitivity in a
Single Shot”. In: Physical Review Letters 116.9 (2016), p. 93902. ISSN: 10797114.
DOI: 10.1103/PhysRevLett.116.093902.

[87] M Van Heel et al. Arthropod hemocyanin structures studied by image analysis.
1982.

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

75

https://doi.org/10.1364/josaa.4.000118
https://doi.org/10.1364/josaa.15.001662
https://doi.org/10.1063/1.1823034
https://doi.org/10.1016/j.ultramic.2008.12.011
https://doi.org/10.1016/j.ultramic.2008.12.011
https://doi.org/10.1016/S0304-3991(96)00084-8
https://doi.org/10.1364/oe.18.023420
https://doi.org/10.1364/oe.18.023420
https://doi.org/10.1063/1.3332591
https://doi.org/10.1063/1.3558914
https://doi.org/10.1364/oe.19.016324
https://doi.org/10.1098/rspa.2016.0640
https://doi.org/10.1098/rspa.2016.0640
https://doi.org/10.1107/S1600576720001776
https://doi.org/10.1107/S1600576720010985
https://doi.org/10.1143/jjap.42.l866
https://doi.org/10.1088/0031-9155/55/12/004
https://doi.org/10.1088/0031-9155/55/12/004
https://doi.org/10.1103/PhysRevLett.116.093902


[88] KHA Janssens, F Adams, and A Rindby. Microscopic Xray fluorescence analysis.
Wiley, 2000.

[89] Koen Janssens et al. Recent trends in quantitative aspects of microscopic Xray
fluorescence analysis. 2010. DOI: 10.1016/j.trac.2010.03.003.

[90] O F Vyvenko et al. “Xray beam induced current  A synchrotron radiation based
technique for the in situ analysis of recombination properties and chemical na
ture of metal clusters in silicon”. In: Journal of Applied Physics 91.6 (Mar. 2002),
pp. 3614–3617. ISSN: 00218979. DOI: 10.1063/1.1450026.

[91] M. Trushin et al. “Combined XBIC/µXRF/µXAS/DLTS investigation of chemical
character and electrical properties of Cu and Ni precipitates in silicon”. In: Physica
Status Solidi (C) Current Topics in Solid State Physics. Vol. 6. 8. 2009, pp. 1868–
1873. DOI: 10.1002/pssc.200881430.

[92] Bradley M. West et al. “Xray fluorescence at nanoscale resolution for multicom
ponent layered structures: A solar cell case study”. In: Journal of Synchrotron Ra
diation. Vol. 24. 1. International Union of Crystallography, Jan. 2017, pp. 288–295.
DOI: 10.1107/S1600577516015721.

[93] Ulf Johansson, Ulrich Vogt, and AndersMikkelsen. “NanoMAX: a hard xray nanoprobe
beamline at MAX IV”. In: XRay Nanoimaging: Instruments and Methods. Ed. by
Barry Lai. Vol. 8851. SPIE, Sept. 2013, p. 88510L. ISBN: 9780819497017. DOI:
10.1117/12.2026609.

[94] V. A. Solé et al. “A multiplatform code for the analysis of energydispersive Xray
fluorescence spectra”. In: Spectrochimica Acta  Part B Atomic Spectroscopy 62.1
(Jan. 2007), pp. 63–68. ISSN: 05848547. DOI: 10.1016/j.sab.2006.12.002.

[95] Andrea Cazzaniga et al. “Ultrathin Cu2ZnSnS4 solar cell by pulsed laser deposi
tion”. In: Solar Energy Materials and Solar Cells 166 (July 2017), pp. 91–99. ISSN:
09270248. DOI: 10.1016/j.solmat.2017.03.002.

[96] Sean M. Polvino et al. “Synchrotron microbeam xray radiation damage in semi
conductor layers”. In: Applied Physics Letters 92.22 (June 2008), p. 224105. ISSN:
00036951. DOI: 10.1063/1.2942380.

[97] Christina Ossig et al. “Xray beam induced current measurements for multimodal
xray microscopy of solar cells”. In: Journal of Visualized Experiments 2019.150
(Aug. 2019). ISSN: 1940087X. DOI: 10.3791/60001.

[98] Junjing Deng et al. “Continuous motion scan ptychography: characterization for
increased speed in coherent xray imaging”. In: Optics Express 23.5 (Mar. 2015),
p. 5438. ISSN: 10944087. DOI: 10.1364/oe.23.005438.

[99] Xiaojing Huang et al. “Flyscan ptychography”. In: Scientific Reports 5.1 (Mar.
2015), pp. 1–5. ISSN: 20452322. DOI: 10.1038/srep09074.

[100] Manuel GuizarSicairos, Samuel T. Thurman, and James R. Fienup. “Efficient sub
pixel image registration algorithms”. In: Optics Letters 33.2 (2008), p. 156. ISSN:
01469592. DOI: 10.1364/ol.33.000156.

[101] R. Hegerl andW. Hoppe. “Influence of Electron Noise on Threedimensional Image
Reconstruction”. In: Zeitschrift fur Naturforschung  Section A Journal of Physical
Sciences 31.12 (Dec. 1976), pp. 1717–1721. ISSN: 18657109. DOI: 10.1515/zna-
1976-1241.

[102] Ming Du, Do�a Gürsoy, and Chris Jacobsen. “Near, far, wherever you are: Sim
ulations on the dose efficiency of holographic and ptychographic coherent imag
ing”. In: Journal of Applied Crystallography 53.3 (June 2020), pp. 748–759. ISSN:
16005767. DOI: 10.1107/S1600576720005816.

76 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

https://doi.org/10.1016/j.trac.2010.03.003
https://doi.org/10.1063/1.1450026
https://doi.org/10.1002/pssc.200881430
https://doi.org/10.1107/S1600577516015721
https://doi.org/10.1117/12.2026609
https://doi.org/10.1016/j.sab.2006.12.002
https://doi.org/10.1016/j.solmat.2017.03.002
https://doi.org/10.1063/1.2942380
https://doi.org/10.3791/60001
https://doi.org/10.1364/oe.23.005438
https://doi.org/10.1038/srep09074
https://doi.org/10.1364/ol.33.000156
https://doi.org/10.1515/zna-1976-1241
https://doi.org/10.1515/zna-1976-1241
https://doi.org/10.1107/S1600576720005816


[103] Pablo VillanuevaPerez et al. “Signaltonoise criterion for freepropagation imag
ing techniques at freeelectron lasers and synchrotrons”. In: Optics Express 24.4
(Feb. 2016), p. 3189. ISSN: 10944087. DOI: 10.1364/oe.24.003189.

[104] Selin Aslan et al. “Joint ptychotomography reconstruction through alternating di
rection method of multipliers”. In:Optics Express 27.6 (2019), p. 9128. ISSN: 1094
4087. DOI: 10.1364/oe.27.009128.

[105] Viktor Nikitin et al. Distributed optimization for nonrigid nanotomography. Feb.
2020. DOI: 10.1109/TCI.2021.3060915.

[106] Michal Odstrcil et al. “Fast positioning for Xray scanning microscopy by a com
binedmotion of sample and beamdefining optics”. In: Journal of Synchrotron Radi
ation 26.2 (2019), pp. 504–509. ISSN: 16005775. DOI: 10.1107/S160057751801785X.

[107] Sina Baier et al. “In Situ Ptychography of Heterogeneous Catalysts using Hard X
Rays: High Resolution Imaging at Ambient Pressure and Elevated Temperature”.
In:Microscopy and Microanalysis 22.1 (Feb. 2016), pp. 178–188. ISSN: 14358115.
DOI: 10.1017/S1431927615015573.

[108] Kristin Høydalsvik et al. “In situ Xray ptychography imaging of hightemperature
CO2 acceptor particle agglomerates”. In: Applied Physics Letters 104.24 (June
2014), p. 241909. ISSN: 00036951. DOI: 10.1063/1.4884598.

[109] Peng Li and Andrew Maiden. “Multislice ptychographic tomography”. In: Scientific
Reports 8.1 (Dec. 2018), p. 2049. ISSN: 20452322. DOI: 10.1038/s41598- 018-
20530-x.

[110] Maik Kahnt et al. “Multislice ptychography enables highresolution measurements
in extended chemical reactors”. In: Scientific Reports 11.1 (Dec. 2021), p. 1500.
ISSN: 20452322. DOI: 10.1038/s41598-020-80926-6.

[111] A. V. Zozulya et al. “Imaging of nanoislands in coherent grazingincidence small
angle xray scattering experiments”. In: Physical Review B  Condensed Matter
and Materials Physics 78.12 (Sept. 2008), p. 121304. ISSN: 10980121. DOI: 10.
1103/PhysRevB.78.121304.

[112] Tao Sun et al. “Threedimensional coherent Xray surface scattering imaging near
total external reflection”. In:Nature Photonics 6.9 (Sept. 2012), pp. 586–590. ISSN:
17494885. DOI: 10.1038/nphoton.2012.178.

[113] Dennis F. Gardner et al. “High numerical aperture reflection mode coherent diffrac
tion microscopy using offaxis apertured illumination”. In: Optics Express 20.17
(Aug. 2012), p. 19050. ISSN: 10944087. DOI: 10.1364/oe.20.019050.

[114] Xiaojing Huang et al. “Optimization of overlap uniformness for ptychography”. In:
Optics Express 22.10 (May 2014), p. 12634. ISSN: 10944087. DOI: 10.1364/oe.
22.012634.

[115] Giovanni Fevola et al. “A Monte Carlo raytracing simulation of coherent Xray
diffractive imaging https://orcid.org/0000000315000831 FevolaGiovanni”. In: Jour
nal of Synchrotron Radiation 27 (2020), pp. 134–145. ISSN: 16005775. DOI: 10.
1107/S1600577519014425.

[116] Kenan Li, Michael Wojcik, and Chris Jacobsen. “Multislice does it all—calculating
the performance of nanofocusing Xray optics”. In:Optics Express 25.3 (Feb. 2017),
p. 1831. ISSN: 10944087. DOI: 10.1364/oe.25.001831.

[117] Alex von Bohlen. Total reflection Xray fluorescence and grazing incidence Xray
spectrometry  Tools for micro and surface analysis. A review. Sept. 2009. DOI:
10.1016/j.sab.2009.06.012.

[118] F. Meirer et al. Synchrotron radiationinduced total reflection Xray fluorescence
analysis. June 2010. DOI: 10.1016/j.trac.2010.04.001.

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

77

https://doi.org/10.1364/oe.24.003189
https://doi.org/10.1364/oe.27.009128
https://doi.org/10.1109/TCI.2021.3060915
https://doi.org/10.1107/S160057751801785X
https://doi.org/10.1017/S1431927615015573
https://doi.org/10.1063/1.4884598
https://doi.org/10.1038/s41598-018-20530-x
https://doi.org/10.1038/s41598-018-20530-x
https://doi.org/10.1038/s41598-020-80926-6
https://doi.org/10.1103/PhysRevB.78.121304
https://doi.org/10.1103/PhysRevB.78.121304
https://doi.org/10.1038/nphoton.2012.178
https://doi.org/10.1364/oe.20.019050
https://doi.org/10.1364/oe.22.012634
https://doi.org/10.1364/oe.22.012634
https://doi.org/10.1107/S1600577519014425
https://doi.org/10.1107/S1600577519014425
https://doi.org/10.1364/oe.25.001831
https://doi.org/10.1016/j.sab.2009.06.012
https://doi.org/10.1016/j.trac.2010.04.001


[119] Jisoo Kim et al. “Xray scattering tensor tomography with circular gratings”. In:
Applied Physics Letters 116.13 (Mar. 2020), p. 134102. ISSN: 00036951. DOI:
10.1063/1.5145361.

[120] Leonhard Euler. Formulae generales pro translatione quacunque corporum rigido
rum Recommended Citation. Tech. rep.

[121] LD Landau and EM Lifshitz. Mechanics: Volume 1. 1976.
[122] James J. Kuffner. “Effective sampling and distance metrics for 3D rigid body path

planning”. In: Proceedings  IEEE International Conference on Robotics and Au
tomation. Vol. 2004. 4. Institute of Electrical and Electronics Engineers Inc., 2004,
pp. 3993–3998. DOI: 10.1109/robot.2004.1308895.

[123] Helmut Vogel. “A better way to construct the sunflower head”. In: Mathematical
Biosciences 44.34 (June 1979), pp. 179–189. ISSN: 00255564. DOI: 10.1016/
0025-5564(79)90080-4.

[124] Richard Swinbank and R. James Purser. “Fibonacci grids: A novel approach to
global modelling”. In:Quarterly Journal of the Royal Meteorological Society 132.619
(July 2006), pp. 1769–1793. ISSN: 00359009. DOI: 10.1256/qj.05.227.

[125] Andreas Fieselmann et al. “Twin robotic xray system for 2D radiographic and 3D
conebeam CT imaging”. In: Medical Imaging 2016: Physics of Medical Imaging.
Ed. by Despina Kontos, Thomas G. Flohr, and Joseph Y. Lo. Vol. 9783. 22. SPIE,
Mar. 2016, 97830G. ISBN: 9781510600188. DOI: 10.1117/12.2212242.

[126] Chumin Zhao et al. “A robotic xray conebeam CT system: trajectory optimization
for 3D imaging of the weightbearing spine”. In: Medical Imaging 2019: Physics
of Medical Imaging. Ed. by Hilde Bosmans, GuangHong Chen, and Taly Gilat
Schmidt. Vol. 109481. 1. SPIE, Mar. 2019, p. 56. ISBN: 9781510625433. DOI:
10.1117/12.2513433.

[127] Jochen Hiller et al. “Evaluation of the impact of faulty scanning trajectories in robot
based xray computed tomography”. In: Measurement Science and Technology
32.1 (Jan. 2021), pp. 15401–15415. ISSN: 13616501. DOI: 10.1088/1361-6501/
abaf2a.

[128] C. Randau et al. “Improved sample manipulation at the STRESSSPEC neutron
diffractometer using an industrial 6axis robot for texture and strain analyses”.
In: Nuclear Instruments and Methods in Physics Research, Section A: Acceler
ators, Spectrometers, Detectors and Associated Equipment 794 (2015), pp. 67–
75. ISSN: 01689002. DOI: 10.1016/j.nima.2015.05.014.

[129] Richard P. Paul. Robot Manipulators: Mathematics, Programming, and Control :
the Computer Control of Robot Manipualtor. 1981.

[130] Matias Kagias et al. “Diffractive small angle Xray scattering imaging for anisotropic
structures”. In:Nature Communications 10.1 (Dec. 2019), pp. 1–9. ISSN: 20411723.
DOI: 10.1038/s41467-019-12635-2.

[131] Stephan Preibisch, Stephan Saalfeld, and Pavel Tomancak. “Globally optimal stitch
ing of tiled 3D microscopic image acquisitions”. In: Bioinformatics 25.11 (June
2009), pp. 1463–1465. ISSN: 13674803. DOI: 10.1093/bioinformatics/btp184.

[132] A. Malecki et al. “Xray tensor tomography”. In: EPL 105.3 (Feb. 2014), p. 38002.
ISSN: 02955075. DOI: 10.1209/0295-5075/105/38002.

78 Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

https://doi.org/10.1063/1.5145361
https://doi.org/10.1109/robot.2004.1308895
https://doi.org/10.1016/0025-5564(79)90080-4
https://doi.org/10.1016/0025-5564(79)90080-4
https://doi.org/10.1256/qj.05.227
https://doi.org/10.1117/12.2212242
https://doi.org/10.1117/12.2513433
https://doi.org/10.1088/1361-6501/abaf2a
https://doi.org/10.1088/1361-6501/abaf2a
https://doi.org/10.1016/j.nima.2015.05.014
https://doi.org/10.1038/s41467-019-12635-2
https://doi.org/10.1093/bioinformatics/btp184
https://doi.org/10.1209/0295-5075/105/38002


A Appendix

Multimodal Coherent Xray Imaging
and Tomography of Functional Materials

79



Multi-Modal Characterization of Functionality, Composition, and Morphology of
Kesterite Thin-Film Solar Cells

Abdellatif Saadaldin,1, ∗ Azat M. Slyamov,2, ∗ Michael E. Stuckelberger,3, † Peter S. Jørgensen,2 Christian Rein,2

Mariana Mar Lucas,2 Tiago Ramos,2 Angel Rodriguez-Fernandez,4 Dominique Bernard,1 and Jens W. Andreasen2

1CNRS, Univ. Bordeaux, Bordeaux INP, ICMCB, UMR 5026, F-33600 Pessac, France
2Technical Univ. of Denmark, DTU Energy, 310, Fysikvej, DK-2800 Kgs. Lyngby, Denmark

3Deutsches Elektronen-Synchrotron (DESY), Notkestr. 85, 22607 Hamburg, Germany
4MAX IV Laboratory, Lund University, Box 118, 221 00 Lund, Sweden

(Dated: April 29, 2021)

We report a multi-modal study of electrical, chemical, and structural properties of a kesterite
thin-film solar cell by combining the spatially-resolved X-ray beam induced current and fluorescence
imaging techniques for the evaluation of a fully functional device in cross-section geometry. Data
allowed correlating chemical composition, defects at interfaces, and inhomogeneous deposition of
the layers with the local photon conversion efficiency of the device. We support our observations
with Monte Carlo simulations of high-energy X-rays interaction with the semiconductor device and
finite volume modeling of the charge collection.

I. INTRODUCTION

The growing energy demand associated with the in-
crease of the Earth’s surface temperature is currently
being addressed with a focus on climate change mitiga-
tion, and the development of renewable energy sources
[1]. Among all of them, solar energy has the potential of
becoming multi-terawatt technology [2, 3]. In 2017, crys-
talline silicon-based photo-voltaic (PV) technology had
around 95% of the solar market share due to the well-
established silicon industry, relatively high efficiency, and
stability of the devices. However, silicon solar modules’
production is not efficient in terms of energy and material
consumption [4–6]. To become a commercially viable al-
ternative to silicon-based technology, the new generations
of solar cells have to be competitive in terms of stability,
up-scaling, and energy payback time [7]. Thin-film PV
(TFPV) is currently being investigated as a promising
candidate that could satisfy the requirements mentioned
above.

One of the emerging TFPV technologies is based on
kesterite crystal structures such as Cu2ZnSnS4 (copper
zinc tin sulfide - CZTS). The advantage of kesterite solar
cells is that they can be produced in a low-cost man-
ner, mostly made of abundant and non-toxic elements.
The CZTS bandgap is tunable to convert maximum so-
lar irradiance into electric energy. The high absorption
coefficient of CZTS allows reducing the thickness of the
absorber layer to hundreds of nanometers, making the
technology extremely resource-efficient. However, the
most recent studies on laboratory scale CZTS solar cells
have shown efficiencies above 12% which is far behind the
predicted theoretical limit of 28% for this type of mate-
rial [8]. The possible factors limiting the performance
are the presence of undesired phases in the composition

∗ These two authors contributed equally
† Corresponding author: michael.stuckelberger@desy.de

of the CZTS absorber layer and defects at the interface
of the device’s layers [9, 10]. The ability to observe at
the nanoscale the influence of these defects on the local
performance of a fully functional CZTS device can bring
crucial information for understanding spatial correlations
between charge transport mechanism and defects in the
structure of the device.

Synchrotron-based scanning X-ray microscopy is a
powerful technique for spatially resolved high-resolution
investigation of solar-cell materials [11, 12]. The high
flexibility of beamlines to incorporate different study
modalities and the development of X-ray optics allows
obtaining and uniquely correlating information about dif-
ferent properties of materials at the nanoscale [13–16].
Analytical techniques, such as X-ray fluorescence (XRF),
X-ray diffraction, ptychography and X-ray beam induced
current (XBIC) applied simultaneously can provide spa-
tially correlated information between chemical compo-
sition and electrical properties of the specimen without
destroying it [17–21]. However, such information is of-
ten not sufficient to understand limitations of energy-
harvesting devices. The complex architecture of the new
generation solar cells comprising multiple layers makes
it hard to determine the fundamental mechanisms im-
pacting electrical performance. First-principles modeling
of the XBIC signal is required to obtain a deeper un-
derstanding of the correlations between material prop-
erties and the device’s electrical performance. XBIC
experiment on a semiconductor device combined with
the modeling has been performed for a single nanowire
with 1D numerical simulation carried out using Com-
sol Multiphysics software [22], and for a single-junction,
CdTe/CdS solar cell with 2D drift-diffusion modeling
[23].

In this paper, we present the results of the multi-modal
study of a CZTS solar cell in cross-section by employ-
ing combined measurements of scanning X-ray analyti-
cal techniques for correlative investigation of structural,
chemical, and electrical properties of a fully functional
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device at the nanoscale. We support experimental data
with the finite volume modeling of the XBIC signal by
solving the Poisson equation and the continuity equa-
tions for electrons and holes within the 2D computation
domain constructed from the XRF data.

II. EXPERIMENTAL

A. CZTS solar cell preparation

The solar cell was obtained by deposition of a Mo bi-
layer on the soda-lime glass before pulsed laser deposi-
tion of CZTS precursors. For good adhesion to the sub-
strate, the first 200 nm thick Mo layer was deposited
under 1.3 × 10−2 mbar pressure. For a lower sheet re-
sistance, the second 300 nm Mo layer was deposited un-
der 3.9 × 10−3 mbar pressure. CZTS precursors were
deposited under high vacuum (5 × 10−6 mbar) from a
sintered target with overall CZTS stoichiometry (2.5 cm
diameter, 2CuS:ZnS:SnS, Testbourne Ltd), resulting in
an ultra-thin absorber layer (less than 450 nm). Anneal-
ing was performed at 560 ◦C in the presence of S and
SnS. On top of the absorber layer, a 60 nm CdS buffer
layer was deposited by chemical bath deposition. After

that, a 50 nm intrinsic ZnO (i ZnO) window layer and a
200 nm indium tin oxide (ITO) layer were sputtered by a
RF magnetron, followed by 100 nm MgF anti-reflection
coating. A more detailed description of the solar cell
fabrication is discussed in the literature [24].

A multi-modal study of a single device put constraints
on the sample configuration. In contrast to the common
approach of plan-view measurements, the measurements
presented hereafter were taken on a cross-section follow-
ing a similar experiment design as in reference [25]: XBIC
and XRF measurements of a thin lamella in a cross-
section of the sample allow observing the collection of
charge carriers in the absorber layer on the one hand,
and the elemental distribution on the other hand. A 1
µm-thick lamella was chosen to match the approximate
CZTS grain size determined from another experiment on
a sample from similar devices [26, 27]. In addition to
that, the thin sample cross-section allowed X-rays to be
transmitted and recorded in the far-field regime to de-
rive differential phase contrast (DPC) using a pixel array
detector [28].

The investigated CZTS thin-film solar cell was pre-
viously characterized by Raman spectroscopy, X-ray
diffraction, time-resolved photoluminescence, and reso-
nant ptychographic tomography [26]. Fig ure 1 (left)
shows the device architecture alongside an SEM image
of the sample (right) used in the experiment, consisting
of a cross-section lamella of ca. 1 µm thickness derived
from the solar cell using a focused ion beam (FIB) tech-
nique.

FIG. 1: Solar cell device architecture (left) and SEM
image (right) of the cross-section lamella sample used in
the experiment. The red box indicates the scanned area.

B. Analytical techniques

During XRF measurements, core-level electrons are ex-
cited to a higher state or ejected by incident photons
with energy exceeding electrons’ binding energy. Excited
atoms relax to the ground state by filling the resulted va-
cancies with electrons from one of the higher states. Such
transitions are accompanied by the emission of fluores-
cent photons of energies that are characteristic of given
types of atoms in the specimen. Two-dimensional maps
of constituent elements can be derived by scanning the
specimen and recording the energy of emitted fluorescent
photons. The energy spectrum of fluorescent photons at
every scanning position is composed of individual peaks
directly related to the abundance of atoms of constituent
elements.

The principle of XBIC is similar to that of electron
beam induced current (EBIC) in a scanning electron mi-
croscope: a current measuring device connected to the
solar-cell electrodes evaluates the X-ray beam induced
current. Excess carriers generated by the X-ray beam
will diffuse inside the sample, with part of it reaching the
edge of the space-charge region (SCR) of the p-n junction.
The electric field inside the SCR separates electron-hole
pairs that lead to an appearance of current in an external
circuit giving rise to the photo-current. By scanning the
X-ray beam, a two-dimensional map of collected photo-
current in the device is constructed[29–31].

C. Measurements

The experiment was performed at the NanoMAX, a
hard X-ray nanoprobe beamline of the MAX IV syn-
chrotron facility in Lund, Sweden [14]. The measure-
ments were carried out under ambient conditions with a
10.4 keV coherent monochromatic X-ray beam. The X-
ray energy was chosen to yield fluorescent photons cor-
responded to K and L transitions of the sample’s consti-
tuting elements. The beam was focused by Kirkpatrick-
Baez (KB) mirrors to the spot size of 50 × 50 nm2 on
the sample. A piezo stage was used to move the sam-
ple with 50 nm step size in the plane perpendicular the
beam propagation. Energy-dispersive AMPTEK silicon
drift detector (SDD) was placed 2 cm before the sample
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under approximately 30◦ relative to the scanning plane
to collect fluorescence photons. Photon counting Dectris
Pilatus 100k pixel array detector was located 4 m down-
stream from the sample to record the diffraction signal
of transmitted photons. The optical chopper was placed
upstream of the sample to modulate the incident X-ray
beam with a chopping frequency of 617 Hz. A current
measuring device was connected to P and N terminals of
the solar cell sample through the MFLI lock-in amplifier
from Zurich Instruments.

FIG. 2: Schematic of the experimental setup. Incoming
X-rays are focused using KB-mirrors down to 50

FWHM square-shaped beam. The sample is raster
scanned in the lateral plane. A far-field detector

measures the diffraction signal of the transmitted beam,
and an energy-dispersive detector is collecting

fluorescent photons. Beam-induced current in the
semiconductor device is amplified and measured at

every scanning position.

III. NUMERICAL MODELING

In this work, a 2D computation domain from the XRF
data was generated, and a 2D finite volume numerical
simulation approach was used. In conjunction with the
continuity equations for electrons and holes coupled with
a Monte Carlo (MC) simulation for the X-ray material
interaction, the Poisson equation was solved to simulate
the XBIC experiment.

A. Electron-hole-pair generation from X-ray beam

X-ray propagation and interaction with matter are of-
ten described using analytical models. This approach
might not be sufficient for modeling more complex phe-
nomena, and Monte Carlo-based numerical simulations
might be more suitable. In general, a Monte Carlo simu-
lation employs known probability distributions of various
interactions of X-ray photons with matter to model their

propagation within the interaction volume and associ-
ated change of their state. We utilized a a personalized
version of Penelope [32], to simulate the generation of
electron-hole pairs in the multi-layered solar cell upon
the incidence of the localized X-ray beam. The resulting
profiles of the generation rate G were then used in the
modeling of the XBIC signal.

B. Numerical model

The basic equations to be solved in modeling semicon-
ductor devices are Poisson’s equation and the electrons
and holes continuity equation. In steady state, they are
expressed as

∇ · (εrε0∇ψ) = q(n− p+NA −ND), (1)

∇ · Jn = −q(G−R), (2)

∇ · Jp = q(G−R), (3)

where εr, ε0 denote the relative and vacuum permittiv-
ity, ψ the electrostatic potential, q the elementary charge,
n, p the electron and hole densities, NA, ND the ionized
acceptor and donor densities, and Jn, Jp electron- and
hole-current densities. The Shockley-Read-Hall recombi-
nation rate R is given by

R =
np− n2i

τp(n+ nt) + τn(p+ pt)
, (4)

where ni is the intrinsic carrier density, τp, τn are the hole
and electron lifetimes, and nt, pt are the electron and hole
concentrations when quasi Fermi-level matches the trap
energy. Using the drift-diffusion model, we expressed the
current densities as

Jn = qµn (−n∇ψn + VT∇n) , (5)

Jp = qµp (−p∇ψp − VT∇p) , (6)

where µn, µp are the electron and hole mobilities, ψn =

qψ+
χ

q
+VT lnNC, ψp = qψ+

χ

q
+
Eg

q
+VT lnNV are the ef-

fective potentials for electrons and holes, χ is the electron
affinity, Eg is the energy gap, NC, NV are the effective
densities of state in the conduction and valence bands,

and VT =
kT

q
is the thermal potential with the Boltz-

mann constant k and the temperature T . In equations (5)
and (6), we used the so-called Einstein relation. More-
over, since we assumed having only non-degenerate semi-
conductors, the Boltzmann approximations were used in
our simulations to compute the density of carriers.

To have complete model we need boundary conditions.
The choice of these conditions will effect the solution of
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the set of partial differential equations. It depends on the
type of the electrical contacts at the boundary. In our
simulations we assumed having two types of contacts,
Ohmic and Schottky contacts. For ideal Ohmic contact,
the space charge is vanishing at the contact and the inter-
face recombination velocities for electron and hole (Sn,
Sp) is assumed to be infinite. This will impose the Dirich-
let boundary conditions for n and p at the contact. The
Dirichlet boundary conditions for the electrostatic poten-
tial at Ohmic contact is given by the sum of the external
applied bias V0 and the the built-in potential ψbi. The
physics of Schottky contacts is extremely complex and
the models used for simulation are highly simplified. We
assume that the Fermi level in the semiconductor is lined
up with the Fermi level of the metal and the electro-
static potential at the boundary is proportional to the
Electrons barrier height ΦBn

. The carrier concentrations
at a Schottky contact depend in general on the current
density at the contact which implies that it depend on
Sn, Sp and ΦBn

.

Due to the great different orders of magnitude existing
between the dependent variables (ψ, n, p) and to avoid
numerical overflow, rewriting the equations in dimension-
less form is necessary. The scaling factors used in the
simulations are summarized in table I.

Quantity Expression Value
Concentrations M0 1025 m−3

Potentials Vt =
kT

q
0.02585 V

Length l =

√
ε0kBT

q2M0
3.78 × 10−10 m

Energy kT 0.02585 eV
Mobility µ0 10−4 m2 V−1 s−1

Time
l2

µ0Vt
5.53 × 10−14 s

Gen., Rec. rates
VtN0µ0

l2
1.81 × 1038 m−2 s−1

Current density −kBTN0µ0

l
1.10 × 1010 A m−2

Velocity
µ0Vt

l
6.84 × 103 m s−1

TABLE I: Quantities used to scale variables to
dimensionless form

The finite volume method was used to discretize the
linearized Poisson’s equation and the continuity equa-
tions. A suitable approximation for the current expres-
sions using the Scharfetter Gummel scheme [33] was im-
plemented. The derived coupled nonlinear system was
solved using Gummel’s algorithm [34]. Current densities
were calculated from the resulting solution, and the total
current (XBIC signal) was calculated by integrating the
local current density over the contact.

IV. RESULTS AND DISCUSSION

A. Experimental results

Fig. 3 shows XRF images of elements constituting the
sample and the corresponding XBIC signal. Since mea-
surements were performed simultaneously, no registra-
tion of XRF and XBIC images is necessary and per pixel
based correlation between images can be performed. The
most prominent compositional inhomogeneties within the
CZTS layer are highlighted in the images with white ar-
rows. They are associated with the relatively lower con-
centration in all elements composing the layer (except for
S which cannot be reliably differentiated from the Mo).
This can be attributed to reduced thickness of the sample
due to preparation or voids between CZTS grains filled
with CdS [26]. Both factors will result in reduced charge
collection that is correlated with the relative decrease of
XBIC signal in these regions. A more notable area with
inhomogeneous chemical composition is marked with the
white box. The corresponding area in the XRF image of
Cd indicates CdS precipitates resulting from the chemi-
cal bath deposition. It is, however, unclear whether the
CdS precipitate resulted in the absence of the ZnO layer
deposited on top. Regardless, the XRF images of In and
Sn show a variation in composition of elements constitut-
ing the ITO layer that follows the topology of the CdS
precipitate. Overall, XBIC image in the area below the
white box shows decreased charge collection associated
with the local defects of the layers.

B. Construction of the computation domain

Individual XRF maps of elements constituting the
CZTS sample under consideration were used to construct
the computational domain. Image pixels were assigned
to one of the materials according to the nominal archi-
tecture of the device presented in Fig. 1. From the XRF
data, the geometry had been obtained through the fol-
lowing process: We started from the bottom of the image:
Mo will correspond to the pixels having an intensity in
the MoS image larger than ξ1, MoS2 to the pixels not
yet defined and having an intensity in the MoS image
larger than ξ2, CZTS to the pixels not yet defined and
having an intensity in the Cu image larger than ξ3, CdS
to the pixels not yet defined and having an intensity in
the Cd image larger than ξ4, etc. The threshold values
were selected manually by combining the six chemical
images and examining the interfaces between the differ-
ent layers. After cleaning the geometry defined from the
chemical data, we obtained the grey level image shown
in Fig. 4. At the lower part of the sample, the MoS2

layer was considered as the electrode, and the boundary
condition was applied at the interface with the CZTS
layer. At the upper part, the ITO layer was considered
as an electrode, and the boundary condition was applied
at the interface with the ZnO and CdS layers. The re-
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FIG. 3: XRF images of the elements constituting the
sample. The white arrow are highlighting the areas

associated with variations in the CZTS layer and the
white box indicates the area with inhomogeneous

distribution of elements from CdS and ITO layers, as
well as the absence of the ZnO layer

sulting computation domain was then composed of the
three layers limited by a red line in Fig. 4 and shown in
Fig. 5.a. On the lateral boundaries, we impose period-
icity, and on the upper and lower boundaries, electrical
contact with the electrodes.

C. 2D Simulation

The computation domain shown in Fig. 5.a is dis-
cretized into 1435 computation cells with 50 nm × 50 nm
size, equivalent to the focused beam spot size. For each

FIG. 4: Layered configuration of sample based on XRF
data with computation domain between red lines.

cell, a generation profile was derived from the Monte-
Carlo simulation of a pencil beam with an energy of 10.4
keV interacting with the material associated with each
layer. After trying different combinations of Ohmic and
Schottky boundary conditions, we chose to apply the
Schottky boundary condition at the top of ZnO, CdS,
and bottom of CZTS region. The material parameters
for each layer used in the simulation are listed in table II.
Most of these parameters were taken from the literature
[35–37], and the other parameters (NA, ND, τn, τp, and
ΦBn

) were chosen after applying 2D sensitivity analysis
to have the best fitting for the experimental data. The
continuity equations, along with Poisson’s equation were
solved for the entire domain for each generation profile,
and the resulting total current was stored to construct
a 2D map of the XBIC signal represented in Fig. 5.c.
Fig. 5.b shows the experimentally measured XBIC signal
as described in II C.

FIG. 5: (a) The computation domain, (b) The
experimental results and (c) The simulation results.

From Fig. 5.b we can see different behavior for the ex-
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perimental result correlated with the structure of the lay-
ers. Similar trends can be seen from the simulation result
as in Fig. 5.c. The highest XBIC signals in both experi-
mental and simulation results are located in the regions
with the complete layers structure ZnO/CdS/CZTS. The
charge loss of the signal in the right-hand side of the do-
main is corresponds to the lack of ZnO layer. Moreover,
the charge loss is correlated with the CdS thickness in
both results.

D. Analysis

Fig. 6 (a-c) represent the line profiles from the exper-
imental and simulation results along with the positions
P1, P2, and P3 defined in Fig. 5.a. From the experimen-
tal XBIC signal’s different behavior from these positions
can be noticed even that they have the same layer struc-
ture ZnO/CdS/CZTS. The positions P4 and P5 defined
in Fig. 5.a, are missing the ZnO layer and having dif-
ferent thicknesses of the CdS layer. The line profiles in
these positions are represented in Fig. 6 (d-e).

From Fig. 6 (a-e), we can observe that the experimental
XBIC peak is almost at the center of the absorber layer
(CZTS), while in the simulation result, the XBIC peak is
shifted towards the CZTS/CdS interface. In spite of that,
we can see a good agreement between the experimental
and simulation results in the absorber layer. In Fig. 6.d
we can see the effect of missing ZnO compared to Fig. 6
(b-c). From the simulation we can consider ITO as an
Ohmic contact to ZnO with low barrier height (ΦBn

=
0.1). Which is not the case between ITO and CdS with
relatively high barrier height (ΦBn

= 0.8). This effect
is proportion to the CdS thickness, increasing the CdS
thickness will increase the charge loss in the absorber
layer see Fig. 6.e.

In our simulation, we assumed homogeneous layers
with constant parameters. From Fig. 6.a, we can see
less charge collection on the experimental result than the
simulation. This is related to the fact that P1 is lying in
one of the regions with an inhomogeneous distribution of
the absorber layer contents. We can see the correlation
between the diffusion of Cd in the absorber layer and the
XBIC signal in Fig. 3.e. In Fig. 6 (a-e), we can see a
sharp loss of the charge collection in the simulation re-
sults near the heterointerface. One reason for that is the
quality of the interfaces since construction of the domain
from the XRF data is challenging due to the experiment’s
resolution and the diffusion that we might have between
the layers. Furthermore, a simple model at the heteroin-
terface was used in our simulation by taking into account
the effective potentials for electrons and holes.

In general, it is very hard to avoid the presence of the
secondary phases in CZTS based solar cells [9]. The ex-
perimental peak shift seen in Fig. 6 (a-e) is might be due
to to the presence of such a phase near the heterointer-
face. Due to the experiment’s resolution limitations and
2D configuration it was difficult to deduct such a phase

FIG. 6: Line profiles from the experimental and
simulated data shown in Fig. 5.a along P1, P2, P3, P4

and P5.

from the XRF data in our sample. The experiment’s
ultimate resolution was one of the factors limiting the
scales at which the modeling was performed. Recent de-
velopments in X-ray optics can yield X-ray beams focused
down to sub-10-nm [38]. Future experiments combining
chemical mapping and electrical performance of TFPV
can differentiate layers with higher accuracy.

V. CONCLUSIONS

Correlative scanning X-ray microscopy is a powerful
tool for in situ and operando studies of functional ma-
terials such as solar cells, providing a spatially-resolved
correlative characterization of chemical composition and
electrical performance at the nanoscale. From the analy-
sis of the acquired data from different modalities, we see
the significant potential of applying the correlative scan-
ning X-ray microscopy for the new generation of solar
cells. XRF maps allowed us to visualize inhomogeneities
in all the device layers and correlate them with local con-
version efficiency obtained from XBIC measurements.

The conventional approach of modeling the perfor-
mance of solar cells considers the nominal architecture
of the device. However, structural variations such as in-
homogeneous deposition of layers during fabrication and
various defects occurring in the real devices are not con-
sidered. We presented a framework under which material
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Parameter Description Unit CZTS CdS ZnO

NC Effective density of state in conduction band m−3 2.2×1024 2.2×1024 2.2×1024

NV Effective density of state in valence band m−3 1.8×1025 1.8×1025 1.8×1025

Eg Energy gap eV 1.4 2.4 3.3

χ Electron affinity eV 4.7 4.5 4.5

εr Relative permittivity − 10 10 9

µn Electron mobility m2V −1s−1 10−2 10−2 10−2

µp Hole mobility m2V −1s−1 2.5×10−3 2.5×10−3 2.5×10−3

τn Electron lifetime s 2×10−8 10−12 10−12

τp Hole lifetime s 10−5 5×10−13 10−7

ND Ionized donor density m−3 0 1022 1023

NA Ionized acceptor density m−3 3×1022 0 0

Sn Interface recombination velocities for electron ms−1 105 105 105

Sp Interface recombination velocities for hole ms−1 105 105 105

ΦBn Electrons barrier height eV 0.9 0.8 0.1

TABLE II: Material parameter used for the 2D simulation.

parameters can be associated with local electrical per-
formance based on the device’s actual structure. The
framework consists of constructing a computational do-
main from X-ray fluorescence data (and phase-contrast
images, if needed) used for first principles modeling of
XBIC signal. An experimentally measured XBIC sig-
nal can then be used for validation of the model. Our
approach shows that electronic defects can be identified
by XBIC, correlated with compositional and structural
inhomogeneities from XRF and phase contrast, and ex-
plained by simulations.
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Rajmund Moksod and Jens W. Andreasen a*

aTechnical University of Denmark, Department of Energy Conversion and Storage,

4000 Roskilde, Denmark, bAdvanced Photon Source, Argonne National Laboratory,

9700 South Cass Avenue, Lemont, IL, 60439, USA, cNorthwestern University,

Evanston, IL 60208, USA, and dMAX IV Laboratory, Fotongatan 2, 225 92 Lund,

Sweden. E-mail: jewa@dtu.dk

X-ray; Ptychography; Tomography; Alignment; Re-projection

Abstract

Coupled ptychography and tomography (CPT) is a recently developed computational

framework that can enable high-resolution 3D reconstruction of samples with signifi-

cantly relaxed data sampling requirements. In conventional ptychographic X-ray com-

puted tomography (PXCT), translational scanning of the sample is performed using

high-precision interferometer-controlled piezo-stages to obtain projection images for

each rotation angle, and those images are aligned before or during the tomographic

reconstruction process to compensate the run-out errors of rotational stages. However,

such projections are not readily available for CPT and would thus either require pre-

cise knowledge of the angular positioning of the sample, which is prohibitively limited

by hardware precision or require a joint alignment procedure. Here, we present a fast
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and efficient method for correcting the misalignment of ptychographic tomography

data with respect to the rotation axis without having to apply phase retrieval on the

data. This will facilitate the development and application of CPT in providing fast

and data-efficient CPT experiments.

1. Introduction

X-ray ptychography is a powerful microscopy technique that has been successfully

developed from the synergy of raster scanning and coherent diffraction imaging tech-

niques (Pfeiffer, 2018; Thibault et al., 2009c). Ptychography provides unlimited fields-

of-view and exploits phase retrieval algorithms to reconstruct the sample and the

generally unknown illumination (probe) (Thibault et al., 2009a). When applied in

a computed tomography setting it has been able to achieve sub-15 nm isotropic 3D

resolution of the reconstruction (Holler et al., 2017).

Conventional reconstruction of PXCT data implies a decoupled approach by retriev-

ing 2D projections and then using them as an input for the tomographic reconstruc-

tion. Such decoupling is necessary for post-processing of retrieved phase projection

before the tomographic reconstruction(Guizar-Sicairos et al., 2008). Phase projections

need to be corrected for undesired phase terms, wrapped phase, and phase artifacts.

Afterwards, processed phase projections have to be aligned with respect to the rotation

axis to correct for run-out errors of the tomography stage, thermal drifts during acqui-

sition, and mechanical instabilities of the scanning stage (Gürsoy et al., 2017; Ramos

et al., 2017).
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Fig. 1. Schematic of PXCT set-up. The incoming X-rays are concentrated into a sharp
beam using focusing optics and raster scanned across the sample. The diffraction
signal is recorded at every scanning position with a far-field pixel array detector.
Tomography acquisition is performed by rotating the sample.

In ptychography, the quality of retrieved projections is highly dependent on the

degree of probe overlap at adjacent scanning positions. When followed by tomo-

graphic reconstruction, this approach becomes data extensive and time-consuming.

Recently developed optimization algorithms (Gürsoy, 2017; Ramos et al., 2019; Aslan

et al., 2019; Nikitin et al., 2019; Chang et al., 2019) have shown that solving the

coupled ptycho-tomography problem can greatly relax the probe overlapping condi-

tion without loss of reconstruction quality. This is achieved by the support of the

angular overlap of the probe from tomographic acquisition, and the more strict con-

straint of the coupled problem. So far, all the existing CPT algorithms rely on precise

knowledge of the angular and translation parameters of the sample. If the position

knowledge is not optimal, the reconstruction will be corrupted by artifacts. Recon-

struction of experimental data under the CPT framework utilizes parameters obtained

from a conventional PXCT reconstruction (Ramos et al., 2019; Kahnt et al., 2019).

However, for such a scheme CPT is redundant since conventional reconstruction is
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already achieved. To fully exploit the potential of CPT one needs to address post-

processing procedures of conventional PXCT, which can be in principle done as a part

of CPT optimization. Overcoming these challenges will pave the way for data-efficient

acquisition schemes for PXCT experiments that are becoming more important due

to ever-increasing amounts of generated experimental data. In this paper, we discuss

the possibility of using methods of scanning transmission X-ray microscopy (STXM)

(Howellst & Jacobsen, 1995; Menzel et al., 2009; Kaulich et al., 2011) for CPT. STXM

data is readily available from PXCT data (Fig.1) and can yield projections of vari-

ous contrast modes without phase-retrieval. We suggest a fast method of generating

edge-sensitive STXM contrast-based projections that can be used for tomographic

alignment. We show the robustness of the method to different PXCT datasets.

2. Tomographic Alignment of PXCT Data

Modern synchrotron ptychography beamlines are equipped with interferometer-controlled

scanning stages that can provide sub-10 nm positioning accuracy (Holler et al., 2018;

Odstrcil et al., 2019). Tomography data is acquired independently for every angular

view that may introduce misalignment of projections with respect to the rotation

axis. The misalignment may arise from intrinsic limitations of a rotary stage (run-

out errors), mechanical instabilities or thermal drifts due to long scanning time per

angular view. Various methods have been proposed to correct for the misalignment of

projections and were briefly discussed in (Gürsoy et al., 2017). For X-ray nanotomog-

raphy the most common approach is based on the assumption that two neighbouring

projections are infinitely close (similar) to each other and alignment can be performed

by sequentially registering translation between adjacent projections (Guizar-Sicairos

et al., 2008). In the first approximation, the precision of such an approach depends on

the density of angular sampling as accumulated registration errors can propagate from
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one angular view to another. Vertical alignment can be performed using a so-called

common lines method to correct for vertical mass fluctuations (VMF). Assuming that

all projections are aligned with each other, the distribution of the mass integrated

along the horizontal axis is constant for each projection. For misaligned projections,

VMF can be estimated with sub-pixel precision by one-dimensional cross-correlation

of projections integrated in horizontal direction. More advanced alignment can be per-

formed using ”bootstrapping” or ”projection-matching” algorithms that are based on

tomographic consistency of the reconstructed volume(Gürsoy et al., 2017). However,

solving alignment problems with such an approach comes with a higher computa-

tional cost compared to fast cross-correlation, since iterative re-projection schemes are

exploited. Recently, a framework has been proposed that combines the above methods

and can achieve alignment with deep sub-pixel accuracy (Odstrčil et al., 2019). The

framework implies coarse alignment of projections by cross-correlation and common-

line methods followed by multi-resolution alignment using iterative re-projection algo-

rithms.

3. Alternative contrasts in STXM

In a conventional absorption-based STXM, the signal transmitted through the speci-

men is recorded at different scanning positions to produce projection images. Record-

ing transmitted signals in the far-field diffraction-based regime allows obtaining sen-

sitivity to several alternative contrasts. If a configured pixel-array detector is used

to collect diffraction signals, projections of different contrasts can be produced com-

putationally from a single measurement as a part of post-acquisition data processing

(Morrison et al., 2003; Menzel et al., 2010). Conventional absorption contrast is based

on measuring local attenuation of X-rays when traversing the specimen that according

to the Beer-Lambert law is associated with thickness and absorption coefficient of the
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specimen within the probed region. Although the most widespread type of imaging,

absorption contrast is however significantly reduced with increasing energy of the inci-

dent photons. Scattering or refraction of X-rays traveling through the specimen can

be characterized by phase-sensitive imaging methods. There are several advantages of

phase contrast compared to conventional absorption, such as stronger contrast across

the full spectrum of X-ray energies (Thibault et al., 2009b) and superior signal-to-

noise ratio at an equivalent amount of radiation dose (Zambelli et al., 2010). The

phase-sensitive mode that is available from STXM data is differential phase contrast

(DPC). In the far-field detection regime, DPC projections can be produced by esti-

mating deflection of the X-ray beam from the optical axis as a function of scanning

position (Hornberger et al., 2008). DPC consists of two components corresponding to

orthogonal phase gradients, derived as:

Gx =
Il − Ir
Il + Ir

, (1)

where Gx is the horizontal phase gradient, Il and Ir are total intensities at the left and

the right detector half-planes, respectively. Derivation of the vertical phase gradient

Gy follows the same procedure, but for the top and the bottom detector half-planes.

Absolute phase projection can be retrieved from DPC projections by various methods

such as direct integration, Fourier integration (de Jonge et al., 2007; Menzel et al.,

2010; Grizolli et al., 2019), or iterative schemes (Thüring et al., 2011; Yan et al., 2013).

However, such methods may produce projections with phase-retrieval and wrapping

artifacts that require additional correction. If not corrected, projections with artifacts

can corrupt tomographic reconstruction and reduce the quality of the reconstructed

volume. To avoid these issues, for alignment of projections with respect to the rotation

axis, we are suggesting to use another type of contrast, the phase gradient magnitude

(PGM), which, however, do not provide quantitative information. It can be considered

as an image of a phase projection to which an edge detecting filter was applied. PGM
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can be derived from two orthogonal components of DPC simply as:

G =
√
G2

x + G2
y. (2)

The key advantages of PGM contrast are insensitivity to photon flux variations, phase

ramps (linear and constant phase terms), and, thanks to the computation directly from

diffraction data (without the use of phase-retrieval methods), the contrast is free of

reconstruction and phase-ambiguity artifacts. These make PGM projections a perfect

candidate to serve as an input for tomographic alignment. It can also be used for the

region-of-interest reconstruction as the weight function that indicates the presence of

the features within the scanned area.

4. Experimental validation and discussion

PGM is sensitive to the edges of the specimen and its internal features with no infor-

mation about the absolute phase. Alignment methods correcting for the common-lines

or center-of-mass distortions are not valid since the gradient of the phase is not pre-

served at different angular views. The appearance of the edges in PGM projections

is dependent on the relative orientation of the specimen to the beam path. Lateral

edges of the specimen are preserved throughout all angular views and sequential cross-

correlation alignment of adjacent projections can be used to correct for horizontal

alignment. Small features inside the specimen provide finer edges in PGM projec-

tions and can increase the precision of cross-correlation and correct the mismatch of

projections in both vertical and horizontal directions. However, if a rapid change of

PGM occurs from one projection to another, as in the case of features with sharp

edges, such an approach is not optimal. We are suggesting to use iterative projection-

matching alignment methods that will be shifting projections obeying tomographic

consistency. To show the robustness of the proposed method we implemented it on
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various datasets collected at different synchrotron facilities. The alignment of each

dataset was performed using the approach suggested in (Gürsoy et al., 2017) that is

available through the open-source Python package for tomography analysis TomoPy

(Gürsoy et al., 2014). A single recipe (reconstruction algorithm, number of iterations,

and upsampling factor) was used for every dataset.

4.1. Velociprobe@APS: Ultrafast hard X-ray PXCT

The first example dataset was collected at the 2-ID-D beamline of the Advanced

Photon Source. 10 µm diameter cylindrical pillar sample was milled from a 90 nm

node integrated circuit through focused ion beam (FIB) milling using a Ga+ ion

source (Thermo Fischer Scientific Nova 600 Nanolab). An 8.8 keV monochromatic

X-ray beam was focused by a zone plate with 50 nm outmost zone width and 180

µm diameter. The chip pillar was placed about 500 µm downstream of the focal

spot, forming an illumination with a diameter of about 1.2 µm. 2D ptychography was

performed in a ”snake pattern” fly scan with a step size of 100 nm in both horizontal

and vertical directions across 15×12 µm field-of-view, and diffraction patterns were

acquired by a Dectris Eiger 500K pixel array detector (1.92 m downstream of the

sample) with a frame rate of 200 Hz. In total, 425 ptychographic projections were

acquired in an angular range from -85 degrees to 85 degrees, with an angular increment

of 0.4 degrees.

Continuous fly-scanning data acquisition allowed recording of a large number of

diffraction patterns. This is in general beneficial for producing higher quality STXM

images as data can be mapped onto a finer grid, albeit reduced stability of the sample

stage due to high-speed scanning may introduce artifacts. Fig.2 shows projections of

different contrast modes available from the data at a given tilt angle. The attenuation

map is produced by mapping total photon counts at the detector. The overall shape
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of the sample can be recognized, but the image appears blurred as the difference in

attenuation of X-rays between two relatively large probed areas separated by 100 nm

is extremely low. Dark-field image produced by masking out the primary beam at each

diffraction pattern shows that scattering effects are more pronounced than attenuation.

However, both attenuation and dark-field contrasts are dependent on incoming flux

and its variation appears as a noise in the images. Two orthogonal components of

DPC are shown in the figure along with the reconstructed phase projection and the

proposed PGM projection. All the advantages of PGM mentioned above, such as high

signal-to-noise ratio, insensitivity to flux variations, and absence of phase-retrieval

artifacts are seen.

Fig. 2. (a) Absorption and (b) dark-field projections, insets of the figures show the cor-
responding masking of diffraction data. (c) Phase gradient magnitude projection.
(d) Horizontal and (e) vertical phase gradient projections, the red and blue rect-
angles inside of the insets depict corresponding detector half-planes used to derive
phase gradient projections from diffraction data. (f) Phase projection reconstructed
using Fourier integration method and corrected for linear phase term.

We then performed alignment of PGM projections from the full tilt series with

respect to the common rotation axis. Fig.3 shows alignment parameters obtained as a
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result of the iterative projection-matching alignment and relative mean square error

over iterations of the algorithm. Convergence to sub-0.2 pixel error has been achieved

in less than 30 iterations. The algorithm was running for 32 iterations with a total

computational time of around one hour (108 seconds per iteration) on a single machine

utilizing 2 CPUs.

Fig. 3. Vertical and horizontal parameters obtained from the iterative projection-
matching algorithm along with the algorithm convergence plot.

Although common-lines methods are not suitable for alignment of PGM projections,

their approach can be used to visualize vertical drifts of the sample during rotation.

Horizontal drifts can be visualized by distortions in the sinogram of a slice. Fig. 4

shows common-lines maps and the sinogram of a slice before and after the alignment.

As mentioned above, common-lines maps of PGM projections may consist of features

that appear only at certain tilt angles. One can find distinct features in both common-

lines maps and sinograms at tilt angles 20 and 20+90 degrees and less pronounced

features at 45 and 45+90 degrees. Such features are due to the internal structure of

the integrated chip sample seen from the reconstructed edge-contrast volume shown

in Fig.5.
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Fig. 4. Common-lines map and sinogram of a slice before and after the alignment.
Insets in red, blue, and green boxes are zoomed-in parts of sinograms highlighted
in the boxes of the corresponding color.

Fig. 5. Orthogonal cross-sections of the reconstructed volume. Red and blue lines in the
image of transverse section correspond to coronal and sagittal sections, respectively
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4.2. NanoMAX@MAX IV: Hard X-ray nanoprobe PXCT

The second example dataset was collected at the NanoMAX beamline of the MAX

IV Laboratory (Kahnt et al., 2020). For the experiment, a 4 µm diameter conical-

shaped sample was prepared by FIB milling technique from a nickel-based metallic

wood (Pikul et al., 2019). Monochromatic illumination with the energy of 12.4 keV was

focused by Kirkpatrick-Baez (KB) mirrors down to 200 nm (FWHM) square-shaped

beam. The sample was scanned with 40 nm horizontal and 100 nm vertical step sizes

across 7×8 µm field-of-view. In total, 181 ptychographic projections were acquired in

the range from -90 to 90 degrees with an angular step size of 1 degree. Diffraction

patterns were recorded at a distance of 3,970 m with a PILATUS 2 100K detector

with the final effective detector area of 128×128 pixels.

Fig. 6. (a) Absorption and (b) dark-field projections. (c) Phase gradient magnitude
projection. (d) Horizontal and (e) vertical phase gradient projections. (f) Phase
projection reconstructed using Fourier integration method.
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Fig. 7. Sinograms and slices of the reconstructed volume before and after the align-
ment. Sinograms correspond to transverse section of the reconstructions.

5. Conclusions

In this paper, we discussed the possibility of using STXM methods to align ptycho-

graphic X-ray computed tomography data. STXM contrasts are routinely used at

ptychography beamlines to produce low-resolution maps and determine regions for

high-resolution ptychographic scans. We have demonstrated that projections of alter-

native contrast modes readily available from PXCT data can be used for tomographic

alignment. In particular, phase gradient magnitude projections provide a superior

signal-to-noise ratio, as well as high contrast for edges of the sample and internal

features. Such projections do not require probe overlap and can be obtained without

the use of phase-retrieval algorithms. Therefore, they do not contain phase-retrieval

artifacts, are free of undesired phase offsets, and are not sensitive phase wrapping
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ambiguity. In that case, the alignment can be done using the fully scanned area and

not just well-behaved regions. The proposed alignment procedure is useful when solv-

ing coupled ptychography and tomography problem where complete phase-retrieval

of each projection is not performed. In the presence of severe or moderate misalign-

ment, the method may be used as a fast pre-alignment routine that can be more pre-

cisely refined by jointly solving CPT and alignment problems. Such a framework will

allow collecting PXCT data with insufficient probe overlap for a conventional ptycho-

graphic phase-retrieval and yet obtain quantitative reconstructions. We believe that

the proposed method will push the development and application of a new generation

of data-efficient CPT reconstruction algorithms for ptychographic nanotomography.
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Synopsis

Fast and efficient method for pre-alignment of ptychographic X-ray computed tomography
data is presented. Application for Coupled Ptychography and Tomography is discussed.
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