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Abstract 

The investigation of material structures and their evolution under in situ conditions is 

the main focus of this work. Thereby, nanostructural motives in amorphous, disordered, 

and porous solids are identified and quantified using small-angle scattering techniques.  

Three different scientific questions concerning three different material systems are 

discussed. First, the nanostructure of density fluctuations in hydrogenated amorphous 

silicon (a-Si:H) is evaluated and quantified. Second, the adsorption, condensation, and 

desorption of xenon (Xe) confined in the pores of a mesoporous silicon (Si) membrane 

is studied in situ using Xe-specific characterization methods. Finally, the natural aging 

(NA) of an aluminum-magnesium-silicon model alloy (Al-0.6Mg-0.8Si) is discussed.  

In all three material systems, it was necessary to distinguish between different phases. 

In all cases, the phase contrast was weak for X-ray and electron experiments. This 

problem was handled by applying contrast variation experiments. Small-angle 

scattering experiments were performed using X-rays (SAXS) as well as neutrons 

(SANS), in both cases normalized to absolute scattering cross-sections. The normalized 

data were correlated directly to distinguish between phases, depending on their X-ray 

and neutron interaction. An even more sophisticated approach was used to extract 

element-specific structural information, anomalous SAXS (ASAXS). The scattering data 

were complemented by transmission electron microscopy (TEM) in bright field and 

holographic-cone dark-field mode, scanning electron microscopy (SEM), and X-ray 

absorption near edge structure (XANES) spectroscopy. 

The amorphous semiconductor a-Si:H is used in various electronic devices such as 

photovoltaics and thin-film transistors. In the a-Si:H materials, two different phases, 

both embedded in the a-Si:H matrix, were identified and quantified according to their 

scattering cross-sections with a special resolution of below 1 nm. These new insights 

solve a question upon the nanostructure of a-Si:H closed without result 20 years ago. 

First, 1.2 nm sized voids were detected, forming a superlattice with 1.6 nm void-to-void 

distance (up to 6 x 1019 cm-3 voids in a-Si:H). Second, dense ordered domains (DOD) 

that are depleted of hydrogen with 1 nm average diameter were uncovered. The DOD 

tends to form 10-15 nm sized aggregates found in all a-Si:H materials studied here. 

These quantitative findings make it possible to understand the complex correlation 

between structure and electronic properties of a-Si:H. Particularly, these findings can 

be directly linked to the light-induced formation of defects that cause a major 

degradation process in silicon solar cell performance, first described by Staebler and 

Wronsky. Finally, a structural model was derived, verifying theoretical predictions 

about the a-Si:H nanostructure.  

The physisorption and condensation of gasses in porous materials is a matter 

investigated as a process itself and as a method to classify porous materials for nearly a 

century. There are several empirical models to describe these processes. However, the 
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exact physisorption mechanisms still remain unclear and are only described by 

empirically-based theories. In this work, a combination of ASAXS and XANES is 

introduced to investigate the physisorption and condensation processes of Xe in porous 

silicon directly. This approach makes it possible to directly identify the probe gas Xe's 

spatial distribution and chemical state in porous silicon at any state of the physisorption 

process. The new ASAXS results lead to a detailed understanding of the physisorption 

of Xe in porous silicon and reveal distinct differences between pore filling and emptying 

mechanisms. Prior to pore emptying, the mass density of the Xe was found to decrease. 

Although this effect was theoretically predicted before, it was not yet experimentally 

proven. XANES analyses made it possible to distinguish between Xe in direct contact to 

the silicon surface and Xe in a liquid state confined in the pores. This combination of 

ASAXS, XANES, and gas adsorption provides an elegant approach for studying 

nanoconfined matter for catalysis, gas, and energy storage applications.  

AlMgSi alloys are the state-of-the-art materials for the construction of automobiles, 

off-shore facilities, and aircrafts. Even if these alloys exhibit excellent properties as a 

construction material, they experience aging effects even at room temperature 

necessary to be considered in their application. The herein studied AlMgSi alloy was 

investigated in two different aging states. First, the natural aging (NA) process within 

the first 4 to 1000 minutes after quenching was studied time-dependent using SAXS. 

These time-dependent measurements give direct insights into the nanostructural 

changes of the primary states of NA. Second, a combination of SAXS, SANS, and 

Si-ASAXS was used to investigate the AlMgSi alloy after 18 months of NA, especially 

with respect to segregation zones in the alloy. Up to now, segregation zones in AlMgSi 

alloys were mostly investigated by microscopic methods probing a limited sample 

volume. The new results presented in this work strongly support interpreting these 

segregation zones as MgxSiy nano-phases in an Al-matrix. Thereby, the applied 

scattering methods give integral results of a representative sample volume. 

In all three scientific topics, new insights into the nanostructure of the respective 

material were achieved. The new insights into the a-Si:H material lead to the possibility 

to develop and verify density functional theory simulations of a-Si:H. The combination 

of ASAXS and XANES was proven to be applicable to investigate physi- and 

chemisorption processes in situ. The application of the developed method combination 

facilitates new mechanistic insights into the gas adsorption processes of various probe 

gasses in porous materials. Such insights can lead to a new understanding of 

physisorption processes. For the AlMgSi alloy, the new SAXS, SANS, and ASAXS results 

refine the understanding of time-related structural changes causing alloy material 

property changes.  
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Zusammenfassung 

Schwerpunkt dieser Arbeit ist die Untersuchung der Struktur von Materialien und 

ihrer Entwicklung unter in situ Bedingungen. Dabei werden nanoskopische 

Strukturmotive in amorphen, ungeordneten und porösen Festkörpern mit Hilfe von 

Kleinwinkelstreuungstechniken identifiziert und quantifiziert.  

Es werden drei verschiedene wissenschaftliche Fragestellungen bezüglich dreier 

unterschiedlicher Materialsystemen diskutiert. Erstens wird die Nanostruktur von 

Dichtefluktuationen in hydriertem amorphen Silizium (a-Si:H) charakterisiert und 

quantifiziert. Zweitens wird die Adsorption, Kondensation und Desorption von Xenon 

(Xe) in den Poren einer mesoporösen Silizium-Membran untersucht. Dabei werden Xe-

spezifische Charakterisierungsmethoden eingesetzt. Zuletzt wird die natürliche 

Alterung (NA) einer Aluminium-Magnesium-Silizium-Modelllegierung diskutiert.  

Bei allen drei Materialsystemen war es notwendig zwischen den verschiedenen 

Phasen zu unterscheiden, aus denen das Material besteht. In allen Fällen war der 

Phasenkontrast für Röntgen- und Elektronenexperimente unzureichend. Um mit diesem 

Problem um zu gehen, wurden kontrastvariierende Experimente durchgeführt. 

Kleinwinkelstreuung wurde sowohl mit Röntgenphotonen (SAXS) als auch Neutronen 

(SANS) durchgeführt. In beiden Fällen wurden die Streudaten auf absolute 

Streuquerschnitte normiert. Die normierten Daten wurden direkt korreliert, um die 

Phasen auf Grundlage ihrer Röntgen- und Neutronenwechselwirkung zu unterscheiden. 

Außerdem wurden mittels der anomalen SAXS (ASAXS) elementspezifische 

Strukturinformationen extrahiert, was einen noch anspruchsvolleren Ansatz darstellt. 

Die Streudaten wurden durch Transmissionselektronenmikroskopie (TEM) im Hellfeld- 

und Holographie-Kegel-Dunkelfeld-Modus, Rasterelektronenmikroskopie (SEM) und 

Röntgenabsorptionsspektroskopie (XANES) ergänzt. 

Der amorphe Halbleiter a-Si:H besitzt ein breites Anwendungsspektrum etwa in der 

Photovoltaik und in Dünnschichttransistoren. In den untersuchten a-Si:H-Materialien 

wurden zwei unterschiedliche, in die a-Si:H-Matrix eingebettete Phasen identifiziert 

und anhand ihrer Streuquerschnitte quantifiziert. Diese neuen Ergebnisse beantworten 

eine seit 20 Jahren ungelöste Fragestellung über das a-Si:H-Material. Erstens wurden 

1,2 nm große Hohlräume gefunden, die ein Übergitter mit 1,6 nm Hohlraum-zu-

Hohlraum-Abstand bilden (bis zu 6 x 1019 cm-3 Hohlräume in a-Si:H). Zweitens wurden 

dichte geordnete Domänen (DOD) nachgewiesen. Die DOD sind verglichen mit der 

a-Si:H-Matrix arm an Wasserstoff und weisen einen mittleren Durchmesser von 1 nm 

auf. In allen betrachteten a-Si:H-Materialien neigten die DOD dazu 10-15 nm große 

Aggregate zu bilden. Diese quantitativen Erkenntnisse ermöglichen es den komplexen 

Zusammenhang zwischen Struktur und elektronischen Eigenschaften von a-Si:H zu 

verstehen. Insbesondere war es möglich diese Ergebnisse direkt mit der lichtinduzierten 

Bildung von Defekten im a-Si:H in Verbindung zu bringen, welche zu einem von 

Staebler und Wronsky beschrieben Degradationsprozess in Silizium-Solarzellen führen. 
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Abschließend wurde ein Strukturmodell abgeleitet, das die theoretischen Vorhersagen 

über die Nanostruktur von a-Si:H verifiziert.  

Die Physisorption und Kondensation von Gasen in porösen Materialien sind Themen, 

welche als Prozess selbst und als Methode zur Klassifizierung poröser Materialien seit 

fast einem Jahrhundert untersucht werden. Es gibt eine Vielzahl von Modellen um diese 

Prozesse zu beschreiben, denen vor allem auf empirischen Beobachtungen basierende 

Theorien zugrunde liegen. Die genauen Physisorptionsmechanismen sind nach wie vor 

unklar. In dieser Arbeit wird eine Kombination aus ASAXS und XANES eingesetzt, um 

die Physisorptions- und Kondensationsprozesse von Xe in porösem Silizium direkt zu 

untersuchen. Dieser Ansatz ermöglicht es die räumliche Verteilung und den chemischen 

Zustand des Sondengases Xe in porösem Silizium in jedem Stadium des Prozesses zu 

identifizieren. Die neuen ASAXS-Ergebnisse führen zu einem detaillierten Verständnis 

der Physisorption von Xe in porösem Silizium und zeigen deutliche Unterschiede 

zwischen Porenfüllungs- und Porenentleerungsmechanismen auf. Vor der 

Porenentleerung wurde eine Abnahme der Xe-Massendichte festgestellt. Dieser Effekt 

wurde zwar theoretisch vorhergesagt, aber noch nicht experimentell nachgewiesen. 

Durch XANES-Analysen konnten zwei unterscheidbare Xe-Spezies identifiziert werden, 

eine ist Xe in direktem Kontakt zur Siliziumoberfläche, die andere ist Xe in flüssigem 

Zustand eingeschlossen in den Poren. Diese Kombination von ASAXS, XANES und 

Gasadsorption bietet einen eleganten Ansatz zur Untersuchung von poröser Materie für 

Katalyse-, Gas- und Energiespeicheranwendungen.  

AlMgSi-Legierungen sind moderne Werkstoffe für den Bau von Automobilen, Off-Shore-

Anlagen und Flugzeugen. Auch wenn diese Legierungen hervorragende Eigenschaften 

als Konstruktionswerkstoff aufweisen, zeigen sie bereits bei Raumtemperatur 

Alterungseffekte, die bei ihrer Anwendung berücksichtigt werden müssen. Die hier 

untersuchte AlMgSi-Legierung wurde in zwei verschiedenen Alterungszuständen 

betrachtet. Erstens wurden die Phänomene der natürlichen Alterung (NA) innerhalb 

der ersten 4 bis 1000 Minuten nach dem Abschrecken mit SAXS zeitabhängig 

untersucht. Diese zeitabhängigen Messungen geben direkte Einblicke in die 

nanostrukturellen Veränderungen der primären Alterungsschritte. Zweitens wurde eine 

Kombination aus SAXS, SANS und Si-ASAXS eingesetzt, um die AlMgSi-Legierung nach 

18 Monaten NA, insbesondere mit Hinblick auf die Bildung von Segragationszonen hin, 

zu untersuchen. Die Streuexperimente weisen auf das Vorhandensein von 

Segregationszonen hin und unterstützen die Interpretation dieser Zonen als MgxSiy-

Nanophasen in der Al-Matrix. Bislang wurden Segregationszonen in AlMgSi-

Legierungen zumeist mit mikroskopischen Methoden untersucht, welche ein begrenztes 

Volumen beproben. Die hier eingesetzten Streumethoden arbeiten integrativ und geben 

damit Informationen über ein repräsentatives Probenvolumen wieder.   

Bei allen drei wissenschaftlichen Themen wurden neue Erkenntnisse über die jeweilige 

Material-Nanostruktur gewonnen. Für das Material a-Si:H führen diese Erkenntnisse zu 

neuen Ansätzen um detaillierte theoretische Simulationen mit Experimentaldaten zu 
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verifizieren. Die erfolgreiche in situ Kombination der Xe-Physisorption mit ASAXS und 

XANES hat gezeigt, dass diese Methodenkombination zur Untersuchung von Physi- und 

Chemisorptionsprozessen im Allgemeinen anwendbar ist.  Für die AlMgSi-Legierung 

verbessern die neuen SAXS-, SANS- und ASAXS-Ergebnisse das Verständnis der 

strukturellen Veränderungen im Material, mit Konsequenzen für dessen Eigenschaften. 
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1 Introduction 

The structure of a material determines all of its physical, chemical, electronic and 

optical properties. The term “structure” is used with various meanings. In materials 

research, this term “structure” can mean: (i) the atomic structure of a phase, (ii) the 

nanostructure of intermixed phases [1], (iii) the micro-structure ranging from the 

nanoscale to the visible scale of a few micrometers, or (iv) the electronic structure 

effecting the electron and electron-hole transport and electronic defects [2]. This list 

can be extended depending on the property in question. 

What kind of structure of a material affects which specific properties? To understand 

the structure-to-property connection means to be able to control the material’s 

properties. Having this understanding, a material can be designed for a specific purpose. 

Various experimental methods can be considered to evaluate a material regarding its 

structure. These experimental methods can be classified by the probe used (X-rays, 

neutrons, electrons, positrons, microwave radiation), by the interaction of the probe 

and the material (scattering, absorption), or the kind of data collected (scattering 

patterns, spectra, or images). Several experimental methods will be used within this 

work, involving all types of probes, interactions, and data types listed here. However, 

the most prominent method will be elastic small-angle scattering (SAS) [3–5].  

Investigation of material structures and their evolution 

under in situ conditions is the main focus of this work. 

Three different scientific questions concerning three different material systems will 

be discussed. First, the nanostructure of density fluctuations in hydrogenated 

amorphous silicon (a-Si:H) is evaluated and quantified [2,3,6–8]. Second, the 

adsorption, condensation, and desorption of xenon (Xe) confined in the pores of a 

mesoporous silicon (Si) membrane is studied [4,9–11] in situ using Xe-specific 

characterization methods. Finally, the natural aging (NA) of an aluminum-magnesium-

silicon model alloy (Al-0.6Mg-0.8Si) is discussed. All three material systems exhibit 

structures that range from subnanometer to several nanometers in size and are 

homogeneous on the macroscopic scale. To study such materials, elastic scattering 

experiments are more suitable than microscopic methods. This is because SAS allows 

to gain average information over a large sample volume. Small-angle X-ray scattering 

(SAXS) and small-angle neutron scattering (SANS) both measure the geometrical 

structure ranging from below 1 nm up to several 100 nm. Both are measured in 

transmission mode giving integral information on a large sample volume of 0.001 mm3 

to 100 mm3.  

For two of the material systems (a-Si:H and Al-0.6Mg-0.8Si) the discrimination 

between the materials' nanostructure and surface roughness is of importance. In a-Si:H 

the density fluctuation and distribution of Si and hydrogen (H) atoms in the amorphous 

matrix is studied, yielding mainly weak scattering contrasts. Thereby, X-ray photons 
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exhibit a strong interaction with Si and nearly no interaction with hydrogen. Neutrons 

instead interact strongly with hydrogen and only moderately with Si [8]. Correlating 

SAXS and SANS data results in contrast-varied scattering information. This contrast 

variation is key to a quantitative evaluation of the a-Si:H nanostructure [3]. In AlMgSi 

alloy, segregated MgxSiy phases are expected to be found. Unfortunately, those MgxSiy 

phases are nearly isoelectronic to Al-phases and thus have a weak or negligible contrast 

in all X-ray and electron scattering and transmission experiments. To evaluate the 

MgxSiy phases visibility in an Al-matrix SAXS and SANS results are compared directly 

and supported by Si-specific scattering experiments. To obtain element-specific 

scattering data, anomalous small-angle X-ray scattering (ASAXS) is used.  

In contrast to those weak scattering systems, the material system of Xe confined in a 

mesoporous Si membrane always gives an intense scattering signal. More specific, the 

porous Si membrane itself is the source of this intense scattering signal. To observe the 

adsorbing Xe phase directly, the Xe-related scattering contribution must be separated. 

This is possible by applying in situ Xe-specific ASAXS [4]. A number of variations in the 

experimental strategy were introduced to make the three experiments possible. Details 

are discussed in chapters 3.4, 3.5, and 3.6. 

1.1 Quantification of nanoscale density fluctuations in a-Si:H 

The nanostructure of a-Si:H [2,3,6–8,12] is studied by a combination of SAXS and 

SANS with a spatial resolution of 0.8 nm. The a-Si:H materials were deposited by 

plasma-enhanced chemical vapor deposition (PE-CVD) using a range of widely varied 

conditions and are representative for this class of materials [13–16]. Two different 

phases which are embedded in the a-Si:H matrix were identified and quantified both 

according to their scattering cross-sections. First, 1.2 nm sized voids (multivacancies 

with more than 10 missing atoms) which form a superlattice with 1.6 nm void-to-void 

distance are detected [17–19]. The voids are found in concentrations as high as 

6 x 1019 cm-3 in a-Si:H material that is deposited at a high rate. Second, dense ordered 

domains (DOD) that are depleted of hydrogen with 1 nm average diameter are found. 

The DOD tends to form 10-15 nm sized aggregates and are largely found in all a-Si:H 

materials considered here. These quantitative findings make it possible to understand 

the complex correlation between structure and electronic properties of a-Si:H and 

directly link them to the light-induced formation of defects [20,21]. Finally, a structural 

model is derived, verifying theoretical predictions about the nanostructure of a-Si:H. 
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1.2 Xe-specific X-ray scattering and spectroscopy during physisorption in 

mesopores 

The structure and properties of confined matter are still not yet fully 

understood [9,10,22–24]. To work on this challenge, a novel combination of in situ 

methods is presented [4]. The element-specific methods ASAXS and X-ray absorption 

near edge structure (XANES) spectroscopy are combined to directly probe the evolution 

of the Xe adsorbate phase in mesoporous silicon during gas adsorption at 165 K [25–

28]. The interface area and size evolution of the confined xenon phase are determined 

from ASAXS, demonstrating that filling and emptying the pores follows two distinct 

mechanisms. The mass density of the confined xenon is found to decrease prior to pore 

emptying [29]. XANES analyses clearly identify Xe in monolayer and multilayer 

structures, demonstrating the atomic polarization of xenon during 

physisorption [30,31]. This combination of methods provides an elegant approach for 

studying nanoconfined matter for catalysis [32–35], gas and energy storage 

applications [36–38] and hybrid materials [39]. 

1.3 Natural aging of AlMgSi alloy 

Precipitation strengthening of Al-Mg-Si alloys is an important technological process 

for applying alloys as lightweight construction materials [40]. The phenomena observed 

in these alloys are complicated and partially not well understood. During and after 

quenching, solute atoms diffuse through the lattice assisted by vacancies and form 

clusters that gradually grow. Here the natural aging (NA) phenomena in Al-0.6Mg-0.8Si 

alloy (weight %) was studied in two different aging states. First, the natural aging (NA) 

phenomena within the first 4 to 1000 minutes after quenching was studied time-

dependent using SAXS [40]. Second, a combination of SAXS, SANS, and Si-ASAXS was 

used to investigate the AlMgSi alloy after 18 months NA. The scattering experiments 

are clearly indicating the presence of nanostructural segregation zones and strongly 

support the interpretation of these zones as MgxSiy phases in Al-matrix [41,42]. 
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2 Theory and Methods 

2.1 Elastic scattering of photons 

The scattering of photons by matter is a phenomenon utilized in various scientific 

methods to characterize materials. When a photon is scattered, a momentum transfer 

takes place between the photon and the scattering material. As long as no simultaneous 

energy transfer occurs, the scattering is denoted as elastic scattering [43,44]. Small-

angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) are such elastic 

scattering methods. Here small-angle refers to an angular range of 0° to 10° and wide-

angle to more than 10°. A more precise definition would depend on the momentum 

transfer vector (q) value what is discussed below. Both SAXS and WAXS are usually 

measured in transmission mode. For WAXS experiments carried out in reflection mode, 

the term X-ray diffraction (XRD) is preferably used. Scattering processes involving 

energy transfer between the scattered X-ray photon and the scattering material are 

summarized as inelastic scattering. Resonant inelastic X-ray scattering (RIXS) is a 

typical method of observing and utilizing this energy transfer. In this chapter and this 

work, only elastic scattering methods will be utilized and discussed.  

When X-ray photons are elastically scattered by a material, they are actually scattered 

by the electrons, or nuclei, or magnetic moments of the material. The scattering cross-

section between X-ray photons and nuclei is insignificant and the scattering cross-

section between X-ray photons and magnetic moments is weak. In contrast to this, X-ray 

photons and electrons exhibit a strong interaction with a scattering cross-section 103 

times higher compared to magnetic scattering. The resulting scattering signal is up to 

106 times more intense, making it the most relevant interaction [45,46]. Hence, 

hereafter only scattering by electrons will be discussed in detail. Within this work, SANS 

is discussed as well. Neutrons are primarily scattered by nuclei, and the scattering cross-

section depends on the nuclei type (isotope). Although small-angle neutron scattering 

(SANS) is not discussed in greater detail here, it can be described in analogy to SAXS.  

In the following, X-ray scattering is discussed based on the perturbation of an X-ray 

photon wave function by the interaction with an electronic wave function. This 

description is based on a work by Sunil K Sinha [47]. A perturbation probability 𝑊1→2 

describes the likelihood that one incoming photon is perturbated by an electron. The 

photon state and the electron state change from state one to state two (1 → 2). The 

initial wave vector k of the photon changes to the final wave vector k’. Simultaneously, 

the photon polarization changes from  to . The electron function changes from an 

initial to a final state |𝜆⟩ to |𝜆′⟩, Figure 2-1.  
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Figure 2-1: Feynman diagram of a two-photon 

scattering event with Hamiltonian 𝐻𝑖𝑛𝑡
(2). 

This approach allows to describe the differential scattering cross-section d𝜎 of photons 

per unit solid scattering angle d𝛺 (d𝜎 d𝛺⁄ ) in terms of the transition probability 

𝑊𝒌𝛼𝜆→𝒌′𝛽𝜆′ per number of incident photons 𝛷 and summed over all scattering 

directions k’:  

 (
d𝜎

d𝛺
)
𝒌𝛼𝜆→𝒌′𝛽𝜆′

=
1

𝛷

1

d𝛺
∑𝑊𝒌𝛼𝜆→𝒌′𝛽𝜆′

d𝛺

𝑘′

 (2-1) 

The incident photon flux is defined by the vacuum speed of light 𝑐 and the size of the 

box 𝐿3 in which the photon and electron states are located. 

 𝛷 = 𝑐 𝐿3⁄  (2-2) 

𝑊𝒌𝛼𝜆→𝒌′𝛽𝜆′ depends on the density of the final state 𝜈𝒌′𝛽. Furthermore, the transition 

matrix element of the perturbation operator H (initial to final state) is given by Fermi’s 

golden rule [48,49]:  

 ∑𝑊𝒌𝛼𝜆→𝒌′𝛽𝜆′

d𝛺

𝑘′

=
2𝜋

ℏ
𝜈𝒌′𝛽|⟨𝒌

′𝛽𝜆′|𝐻|𝒌𝛼𝜆⟩|2 (2-3) 

   

The operator can be taken from the Hamiltonian for a system of non-relativistic 

electrons [47].  

 
𝐻 = 𝐻el  +  𝐻int

(1)  +  𝐻int
(2) (2-4) 

 𝐻el =∑{
𝑷𝑖
2

2𝑚e
+ 𝑉(𝒓𝑖)}

𝑖

 (2-5) 

 𝐻int
(1) = −

𝑒

2𝑚e 𝑐
∑{𝑷𝑖 ∙ 𝑨(𝒓)𝛿(𝒓 − 𝒓𝑖) + 𝑨(𝒓)𝛿(𝒓 − 𝒓𝑖) ∙ 𝑷𝑖 }

𝑖

 (2-6) 
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 𝐻𝑖𝑛𝑡
(2) = −

𝑒2

2𝑚e 𝑐
2
∑𝛿(𝒓 − 𝒓𝑖)

𝑖

 𝑨2(𝒓) (2-7) 

𝐻el is the sum of the electron’s kinetic energy (impulse 𝑷 and electron mass 𝑚𝑒) and 

the electron’s potential field 𝑉(𝒓𝑖) of the i involved electrons. The terms 𝐻int
(1) and 𝐻int

(2) 

describe the photon-electron interaction. The first term 𝐻int
(1) describes a one-photon 

process; meaning one photon is absorbed by a system of electrons and changes their 

state, or the inverse case, the system changes its state and emits one photon. The second 

interaction term 𝐻int
(2) describes a two-photon process that gives rise to scattering in the 

first order, illustrated in the Feynman diagrams in Figure 2-1. Accordingly, the X-ray 

photon scattering cross-section in equation (2-1) can be described using equations (2-3) 

and 𝐻int
(2) in equation (2-7): 

 (
d𝜎

d𝛺
)
𝒌𝛼𝜆→𝒌′𝛽𝜆′

=
𝐿6

ℏ2𝑐2(2𝜋)2
𝑘′
2
|⟨𝒌′𝛽𝜆′|𝐻int

(2)
|𝒌𝛼𝜆⟩|

2

 (2-8) 

Using this approach, elastic as well as inelastic scattering can be described. In the 

following, only elastic scattering is considered by constraining: 

 |𝒌| = |𝒌′| (2-9) 

The vector potential 𝑨(𝒓) of a vector 𝒓 in volume 𝐿3 can be written as: 

 𝑨(𝒓) = 𝐿−3 2⁄ ∑(
ℏ

𝜔𝑘
)
1 2⁄

𝒌𝛼

𝑐{휀𝛼𝒂𝒌𝛼
† 𝑒i𝒌𝒓 + 휀𝛼𝒂𝒌𝛼𝑒

−i𝒌𝒓} (2-10) 

with the photon creation and annihilation operators 𝒂𝒌𝛼
†  and 𝒂𝒌𝛼 for the photon (𝒌 𝛼) 

and the permittivity 휀. The transition matrix element for equation (2-3) can be written 

using equations (2-7) and (2-10) as [47]: 

 ⟨𝒌′𝛽𝜆′|𝐻int
(2)
|𝒌𝛼𝜆⟩ =

1

𝐿3
(
𝑒2

𝑚e 𝑐
2
)

ℏ𝑐

(𝜔𝑘𝜔𝑘′)
1 2⁄
(휀𝛼
∗ ∙ 휀𝛽)⟨𝜆

′| ∑ 𝑒−i(𝒌−𝒌
′)∙𝒓𝑖

𝑖 |𝜆⟩ (2-11) 

The matrix element depends on the integral involving the wavefunction in the sample 

(|𝜆⟩ and |𝜆′⟩) only. By using 𝜔 = 𝑐 ⋅ 𝑘  under elastic conditions (|𝒌| = |𝒌′| and |𝜆| =

|𝜆′|), the partial differential cross-section for elastic scattering is obtained: 

 (
d𝜎

d𝛺
)
𝒌𝛼𝜆→𝒌′𝛽𝜆′

= (
𝑒2

𝑚e 𝑐
2
)

2

|𝜖𝛼
∗ ∙ 𝜖𝛽|

2
(𝑘′ 𝑘⁄ ) ⟨𝜆| ∑ 𝑒−i𝒒∙𝒓𝑖𝑖 |𝜆′⟩⟨𝜆′| ∑ 𝑒i𝒒∙𝒓𝑖𝑖 |𝜆⟩ (2-12) 
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At this point, the momentum transfer vector 𝒒 and its value 𝑞 are introduced. The vector 

𝒒 is the displacement vector between 𝒌 and 𝒌′. The value 𝑞 can be determined from the 

scattering angle (frequently measured in terms of 2𝜃) and the X-ray wavelength 𝜆: 

 𝒒 = 𝒌 − 𝒌′ (2-13) 

 𝑞 = |𝒒| =
4𝜋

𝜆
∙ sin

2𝜃

2
 (2-14) 

Equation (2-12) can be shortened to: 

 (
d𝜎

d𝛺
)
𝒌𝛼𝜆→𝒌′𝛽𝜆′

= (𝑘′ 𝑘⁄ ) (
𝑒2

𝑚e 𝑐
2
)

2

|𝜖𝛼
∗ ∙ 𝜖𝛽|

2
 𝑆el(𝒒,𝜔) (2-15) 

With the electron structure factor 𝑆el 

 𝑆el(𝒒,𝜔) =∑∑𝑝𝜆⟨𝜆|𝑒
−i𝒒∙𝒓𝑖|𝜆′⟩⟨𝜆′|𝑒i𝒒∙𝒓𝑗|𝜆⟩

𝑖𝑗𝜆𝜆′

 (2-16) 

where 𝑝𝜆 is the probability of the initial state |𝜆⟩, given by [50]: 

 𝑝𝜆 = 𝑍
−1𝑒−𝐸𝜆 𝑘B𝑇⁄  (2-17) 

Z is the partition function. Using the time-dependent Heisenberg operator ansatz for 

two arbitrary operators A(t) and B(t) it can (even for inelastic scattering) be shown 

that [47]: 

 ∑𝑝𝜆⟨𝜆|𝐴(0)|𝜆
′⟩⟨𝜆′|𝐵(𝑡)|𝜆⟩

𝜆𝜆′

=
1

2𝜋ℏ
∫ d𝑡 𝑒−i𝜔𝑡 𝑝𝜆 ⟨𝜆|𝐴(0) 𝐵(𝑡)|𝜆⟩
∞

−∞

 (2-18) 

 ∑𝑝𝜆⟨𝜆|𝐴(0) 𝐵(𝑡)|𝜆⟩

𝜆

≡ 〈𝐴(0) 𝐵(𝑡)〉 (2-19) 

Using the electron density fluctuation operator 𝜌(𝒒) = ∑ 𝑒−i𝒒∙𝒓𝑖𝑖  instead of A(t) and B(t), 

the equation (2-16) can be written as: 

 𝑆𝑒𝑙(𝒒, 𝜔) =
1

2𝜋ℏ
∫ d𝑡 𝑒−𝑖𝜔𝑡〈𝜌(𝒒, 0) 𝜌†(𝒒, 𝑡)〉
∞

−∞

 (2-20) 

Indeed, 〈𝜌(𝒒, 0) 𝜌†(𝒒, 𝑡)〉 is the Fourier transform of the Van Hove space-time 

correlation function 𝐺(𝒓, 𝑡) = 𝑁−1 〈∑ ∫ d 𝒓′ ∙ 𝛿(𝒓 + 𝒓𝑙(0) − 𝒓
′) 𝛿 (𝒓′ − 𝒓𝑗(𝑡))

𝑁
𝑙,𝑗=1 〉 [50]. 

For elastic scattering, no energy transfer (𝒌′ 𝒌⁄ ) = 1 and no explicit time dependence 

needs to be considered in the correlation function 〈𝜌(𝒒, 0) 𝜌†(𝒒, 0)〉 ≡ 〈𝜌(𝒒) 𝜌†(𝒒)〉 and 

accordingly 𝐺(𝒓, 𝑡)
𝑡=0
→ 𝑔(𝒓). 
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 〈𝜌(𝒒) 𝜌†(𝒒)〉 = ∫d𝒓 𝑒−𝑖𝒒∙𝒓 𝑔(𝒓) (2-21) 

The spatial Fourier transform of the electron density operator is: 

 𝜌(𝒓) =∑𝛿(𝒓 − 𝒓𝑖)

𝑖

 (2-22) 

being the sum over 𝑖 of the Dirac delta distribution 𝛿 of the electron density in the 

distance (𝒓 − 𝒓𝑖) around a central point.  

As 𝑔(𝒓) is the space correlation function for electrons in volume 𝐿3, 𝑔(𝒓) can be 

expressed as the Fourier transform of 𝑆el(𝒒) and vice versa. 

 𝑆el(𝒒) =
1

2𝜋ℏ
∫d𝒓 𝑒−i𝒒∙𝒓 𝑔(𝒓) (2-23) 

 𝑔(𝒓) =
1

2𝜋ℏ
∫d𝒒 𝑒i𝒒∙𝒓 𝑆el(𝒒) (2-24) 

A wide variety of approaches for the interpretation of small-angle scattering results is 

based on these two equations. For instance, 𝑔(𝒓) can be approximated by a power-law 

series, see chapter 2.5.2. As well, an analytical form factor for 𝑆el(𝒒) can be found by 

transforming an analytical description of 𝑔(𝒓), e.g. a sphere in polar coordinates, see 

chapter 2.5.1.  

The scattering cross-section of the wave function of a single electron can then be 

derived from equation (2-15) inserting (2-23) to: 

 (
d𝜎

d𝛺
)
𝒌𝛼𝜆→𝒌′𝛽𝜆′

= (
𝑒2

me 𝑐
2
)

2

|𝜖𝛼
∗ ∙ 𝜖𝛽|

2
 
1

2𝜋ℏ
∫d𝒓 𝑒−i𝒒∙𝒓 𝑔(𝒓) (2-25) 

In a SAXS experiment, the total scattering cross-section (d𝛴 d𝛺⁄ ) of an ensemble of 𝑁 

electrons is measured. In such a system, regions of homogeneous electron density will 

exist. Within such a homogeneous region, all scattering contributions cancels out by 

interference [1,44]. If two or more homogeneous regions are intermixed, e.g. a 

homogeneous gold particle in a solvent, the interface scattering contributions of both 

phases remain. To describe the (d𝛴 d𝛺⁄ ) of such a system, it is sufficient to describe the 

scattering length density 𝜂 distribution differences of the system. The 𝜂 of an ensemble 

of electrons is calculated using the Thomson radius 𝑟e of an electron in detail described 

in chapter 2.2. 

 𝑟e =
1

4𝜋휀

𝑒2

𝑚e 𝑐
2
= 2.9818 ∙ 1013 cm (2-26) 
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what leads to the SAXS equation: 

 (
d𝛴

d𝛺
) = 𝑁 (

d𝜎

d𝛺
) = 𝑁 (𝜂2 − 𝜂1)

2∫ d𝒓 𝑒−i𝒒∙𝒓 𝑔(𝒓)
𝑅

0

 (2-27) 

 

2.2 Scattering length density and contrast 

The scattering contrast (Δ𝜂)2 between two phases is defined as the square of the 

scattering length density 𝜂 difference of these phases, equation (2-28). In this approach, 

a vacuum (e.g. an empty void) can be treated like a phase of 𝜂 = 0. To calculate 𝜂 of a 

phase we must ask for the density of atoms of scattering length 𝑏 in that phase, 

equations (2-29) and (2-30). As described above, X-ray interacts with the electrons of 

an atom; see chapter 2.1. The electrons are considered superpositioned around the 

atom's center of mass, with the scattering length of a single electron being its cross-

section 𝑟𝑒
2; compare to equation (2-26). To gain 𝑏 of an atom the number of electrons 

in that specific atom 𝑓0 needs to be considered, modulated by the energy-dependent 

real 𝑓′(𝐸) and imaginary 𝑓′′(𝐸) attenuation coefficients, equation (2-31). 

Δ𝜂2 = (𝜂2 − 𝜂1)
2 (2-28) 

𝜂 =
𝜌m𝑁A  ∑ (𝑥𝑖𝑏𝑖)

𝑘
𝑖=1

∑ (𝑥𝑖𝑀𝑖)
𝑘
𝑖=1

 (2-29) 

𝑏 = 𝑟e
2 𝑓 (2-30) 

𝑓(𝐸) = 𝑓0 + 𝑓
′(𝐸) + 𝑖 ∙ 𝑓′′(𝐸) (2-31) 

To calculate 𝜂 of a phase (of mass density 𝜌m) of 𝑘 different types of atoms, the 

scattering length 𝑏, molar mass 𝑀, and atomic fraction 𝑥 of each type of atoms must be 

known, equations (2-29). 𝑁A being the Avogadro number.  

An example for the calculation of scattering contrasts is given here for the material 

hydrogenated amorphous silicon (a-Si:H), as discussed in chapter 4.1. The following 

phases are predicted in a-Si:H: (i) the a-Si:H matrix, which is a continuous random 

network, (ii) dense ordered domains (DOD) of silicon, (iii) crystalline silicon (c-Si), (iv) 

hydrogen (H) filled voids, and (v) empty voids. The scattering length density 𝜂 of all 

phases in a-Si:H is calculated for X-ray photons of 9.6 keV energy (Table 2-1) and 

neutrons (Table 2-2). The phases (ii) to (v) are assumed to be embedded in the a-Si:H 

matrix phase (i). The matrix is assumed to be the a-Si:H continuous random network 

CRN known from the literature [2]. Values for the scattering-length density difference 

Δ𝜂 and Δ𝜂2 are calculated relative to this matrix phases 𝜂.  
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Table 2-1: X-ray  and 2 of the phases predicted in a-Si:H calculated according to 
equations (2-28) and (2-29). The X-ray scattering length b calculated by equations (2-30) 
and (2-31) at 9.6 keV for silicon and hydrogen atoms is 40.00 10-13 cm and 
2.814 10-13 cm, respectively. X-ray attenuation coefficients are taken from the National 
Institute of Standards and Technology (NIST) [51].

 Phase 
Mass 

density 
H 

fraction 

𝜂X Δ𝜂X Δ𝜂X
2 Δ𝜌X

2

Δ𝜌N
2  

(g/cm3) (1010 cm-2) (1021 cm-4) 

a-Si:H 

Matrix 2.02 0.1 40.45 n.a. n.a. n.a. 

DOD 2.30 0.0 44.12 3.67 1.35 20 

c-Si 2.33 0.0 46.73 6.28 3.94 33 

H-filled 

void 0.02 1.0 0.336 40.12 161 96 

empty 

void 0.0 0.0 0.0 40.45 164 117 

 

 

 

Table 2-2: Neutron  and 2 of the phases predicted in a-Si:H calculated according to 
equations (2-28) and (2-29). The neutron scattering length b for silicon and hydrogen 
atoms is 4.149 10-13 cm and -3.739 10-13 cm, respectively. Values are tabulated in the 
literature [52]. 

Phase 

Mass 

density 
H-

fraction 

𝜂N Δ𝜂N Δ𝜂N
2  Δ𝜌X

2

Δ𝜌N
2  

(g/cm3) (1010 cm-2) (1021 cm-4) 

a-Si:H 

Matrix 2.02 0.1 3.75 n.a. n.a. n.a. 

DOD 2.30 0.0 4.58 0.83 0.069 20 

c-Si 2.33 0.0 4.85 1.10 0.12 33 

H-filled 

void 0.02 1.0 -0.45 4.19 1.67 96 

empty 

void 0.0 0.0 0.00 3.75 1.40 117 
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2.3 Shape of small-angle scattering patterns 

The first step in interpreting SAXS data is to evaluate the respective scattering curve 

shape. The appearance of raw SAXS data depends on the types of camera used (e.g., 

pinhole camera, Bonse-Hart camera, or Kratky camera) [53]. After a dedicated data 

treatment, the resulting SAXS data should be independent of the specific camera. 

Typically, SAXS data are presented and evaluated as SAXS curve. In a SAXS curve the 

total scattering cross-section (d𝛴 d𝛺⁄ ) against the momentum transfer value (q-value) 

is given. It is convenient to plot these curves on a double logarithmic scale. The 

measured total scattering cross-section (d𝛴 d𝛺⁄ ) is often abbreviated as scattering 

intensity 𝐼(𝑞). d𝛴 d𝛺⁄  is normalized to scattering cross-sections per unit solid angle and 

per unit volume (cm2 cm−3⁄ = cm−1) within this work. In literature, sometimes 

arbitrary units (a.u.) are used for 𝐼(𝑞). The q-value is measured in nm-1 here, but Å-1 is 

frequently used in literature as well.  

SAXS, SANS, and ASAXS data in the present work were measured using pinhole 

cameras. Two-dimensional scattering images were recorded. An example is shown in 

Figure 2-2a. Such a scattering image is usually center-symmetric and radial-symmetric 

for disordered systems. The SAXS curve shown in Figure 2-2b is obtained by azimuthal 

integration of the 2D scattering image. The integration is done circular around the beam 

center as illustrated by arrows in Figure 2-2. The q-value is determined according to 

equation (2-14). The scattering angle 2𝜃 is directly determined from the displacement 

of the scattered beam respective to the primary beam on the 2D detector 𝑎 and the 

sample to detector distance 𝑏, roughly approximated by tan 2𝜃 = 𝑎 𝑏⁄ . Within this work 

the data were corrected for spherical distortion. To be more precise, the beforehand 

discussed SAXS image is that of Silver-Behenate (Ag-Beh). Ag-Beh is a multilayer 

structure of silver ions and n-docosanic acid ions (behenate) with a nanometer 

periodicity. The positions of the peaks give information about the lattice spacing of the 

layers.  

SAXS and SANS are often used to investigate globular particles, grains, or voids in 

matrices. As different globular-shaped objects like spheres, icosahedrons, 

dodecahedrons, and irregular shapes are difficult to distinguish in SAXS and SANS, all 

these forms are frequently approximated to be spherical. The mathematical description 

of a sphere and its scattering pattern is straightforward and sufficient as an 

approximation if e.g. the number density and diameter of those particles are in question. 

Hence, the following examples are calculated for spherical objects, if not specified 

differently, using the program SASfit [54]. The examples do not depend on the nature 

of the investigated material. A spherical gold particle in water matrix can give an equally 

shaped SAXS curve as a cluster in a glass or a spherical void in a solid matrix. For 

simplicity, scattering objects are referred to as particles in the following examples. Two 

different x-axis are used. One represents the q-value in nm-1 and used if effects 

concerning the particle size are discussed. The other x-axis qR (the q-value multiplied 
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by the sphere radius R) is used to discuss the general curve shape. The qR representation 

results in an x-axis normalized for objects of any size.  

 

Figure 2-2: a) Small-angle scattering pattern of Ag-Beh (scale bar measures 2 nm-1) 
and b) from this 2D image azimuthally integrated scattering curve of Ag-Beh. 

Example (i) polydispersity. For a system of monodisperse spherical particles, a SAXS 

curve with periodic minima and local maxima is expected (Figure 2-3a). In a real 

experiment, such a curve will not be observed. Instrumentation effects smear any 

experimental curve. Examples for such instrumental smearing effects are listed here:  

- Smearing by the beam size and the finite detector pixel size 

- Smearing by beam divergence 

- Smearing depending on the bandwidth of the beam wavelength 

The significance of instrumental smearing depends significantly on the specific 

instrument. Furthermore, a real sample will consist of an ensemble of particles with a 

certain degree of polydispersity. As a result, a measured SAXS curve represents a 

superposition of particles varying in size. A sample heaving about 5 % polydispersity 

would be considered as quasi-monodisperse. A polydispersity of 10 % can usually be 

expected, Figure 2-3b. A polydispersity of 20 % or more can be found in many cases, 

shown in Figure 2-3c. Gaussian size distribution is always used.  
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Figure 2-3: Simulated SAXS curves of spheres with varying polydispersity 
a) monodisperse spheres, b) 10 %, and c) 20 % polydisperse spheres. All 
simulated with Gaussian size distribution using SASfit [54]. 

Example (ii) scattering intensity. The scattering intensity magnitude depends on 

the number of scattering particles and the scattering ability of the individual particle. 

The scattering intensity scales proportionally to the number of particles (𝐼q,R ∝ 𝑁). 

Comparing the SAXS curve of two ensembles of particles, one of a given particle number 

density (Figure 2-4a solid line) and one of 10 times the particle number density 

(Figure 2-4a dashed line) shifts the SAXS curve by a factor of 10. The scattering ability 

of an individual particle depends on its volume and contrast (or scattering length 

density 𝜂Particle) 𝐼q,R ∝ Δ𝜂
2 = (𝜂Particle − 𝜂Matrix)

2, discussed in chapter 2.2. An 

ensemble of particles with 10 times higher 𝜂Particle would exhibit an about 100 times 

more intense scattering signal (for 𝜂Matrix ≪ 𝜂Particle and constant 𝑁), Figure 2-4a 

dotted line. 

Example (iii) particle size. The particle size affects the position of the respective 

SAXS curve on the q-axis. This is shown for spherical particles of 5 nm, 10 nm, and 20 nm 

mean radius (equal N, 20 % polydispersity) in Figure 2-4b. The scattering ability of the 

individual particle is proportional to its volume squared (𝐼q,R ∝ 𝑉
2). Figure 2-4c gives 

an impression of the size resolution of SAXS experiments. Simulated SAXS curves of 

spherical particles with 10.0 nm, 10.5 nm, and 11.0 nm mean radius are shown (20 % 

polydispersity). The three curves are normalized to the curve height. In this example, a 

5 % variation in the mean radius can be distinguished. Such resolution can be achieved 

in synchrotron SAXS experiments due to an excellent signal-to-noise ratio and low 

instrumental smearing.  
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Figure 2-4: SAXS curves of spheres of 20 % polydispersity [54]. a): Influence 
of particle number and contrast. Solid line: N = 1, 𝜂𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 1; dashed line: 
N = 10, 𝜂𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 1; dotted line: N = 1, 𝜂𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 10. b): SAXS curves of 
spheres of 5 nm, 10 nm, and 20 nm mean radius. c): SAXS curves of spheres 
of slightly varying mean radius, normalized to the same height in the plot. 

Example (iv) particle interaction. So far, the examples address the scattering 

behavior of isolated particles. A particle-to-particle interaction can take place e.g. due 

to a high particle number density or due to attracting forces between the particles. Two 

typical superstructures formed by interacting particles are discussed here. The first is 

the case of an ordered superstructure, Figure 2-5a. Initially, non-interacting particles 

(Figure 2-5a, dashed line) form a superlattice with a local scattering intensity maximum 

(Figure 2-5a, solid line). The center of this local maximum 𝑞max indicates the inter-

particle spacing (𝑑 = 2𝜋 𝑞max⁄ ). The form of this local maximum can be described by a 

Voigt function or hard-sphere interaction, in detail discussed in chapter 2.5.1. The 

second example is the random agglomeration, Figure 2-5b. Agglomerating particles 

form an object significantly larger compared to the single particles. This agglomerate's 

inner structuring can be described as fractal-like within the boundary conditions: 

individual particle size (lower limit) and agglomerate size (upper limit). The SAXS 

curve of non-interacting spherical particles is shown as a dashed line (Figure 2-5b). The 

respective SAXS curve of agglomerated particles (the agglomerate having 10-times the 

individual particles' size) is shown as a solid line (Figure 2-5b). Two shoulders emerge, 

one at high q-values related to the individual particle size and one at low q-values 

related to the agglomerate size.  
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Figure 2-5: SAXS curves of spheres having different superstructures 
(20 % polydispersity) [54]. a): SAXS curve of particles forming a 
superlattice (solid line) and the respective SAXS curve of isolated 
particles (dashed line). b): Agglomeration (agglom.) of particles, with 
10-times the size of the individual particles (solid line) and the 
respective SAXS curve of isolated particles (dashed line). 

Example (v) core-shell particles. Figure 2-6a shows two systems of particle which 

can be mistaken for each other. The first one are core-shell particles (solid line) and the 

other one is a system with bimodal particle size (dashed line). The core-shell particles 

feature an outer mean radius of 10 nm and a core mean radius of 5 nm, both with 20 % 

polydispersity. The bimodal system features a larger 10 nm and a smaller 5 nm mean 

radius, both with 20 % polydispersity. In both cases, the smaller particles or the core 

features 3-times higher 𝜂 compared to the larger particles or shell. In Figure 2-6a, the 

SAXS curves of both systems can be distinguished. However, a detailed analysis and a 

pre-assumption of the particle shape are necessary for the curve interpretation.  

Example (vi) particle shape. Figure 2-6b shows simulated scattering curves of three 

different particle shapes (polydispersity 20 %), all normalized to the same curve height. 

The systems are (i) spherical particles (solid line), (ii) prolate ellipsoids (dashed line), 

and (iii) oblate ellipsoids (dash-dotted line). The curves were simulated for (i) spheres 

of 20 nm a mean diameter, (ii) the prolate ellipsoids of 26 nm length and 17 nm 

diameter, and (iii) oblate ellipsoids with 17 nm thickness and 22 nm diameter. The 

three simulated curves are indistinguishable. Hence, in a model-based data 

interpretation all three models would fit the experimental data. In consequence, 

information from complementary methods like electron microscopy or pre-assumptions 

are mandatory to justify elaborated models. If no such information is available, the 

assumption of spherical particles is adequate. 
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Figure 2-6: SAXS curves of spheres having different shapes (20 % 
polydispersity) [54]. a): SAXS curve of core-shell particles (5 nm 
core and 10 nm outer radius, solid line) and the SAXS curve of a 
bimodal particle size distribution of 5 nm and 10 nm mean radius. 
b): Indistinguishable SAXS curves of a spherical, elliptic prolate 
and elliptic oblate particles of the same radius of gyration. 

Example (vii) scattering contributions. Experimental SAXS curves of real samples 

exhibit additional scattering contributions. Figure 2-7 shows the simulated curve of 

spheres of 10 nm mean radius (short dashed line), of Porod-like surface scattering 

(dashed line, compare to chapter 2.5.2), and of angle-independent scattering (dash-

dotted line, compare to chapter 2.5.1). The sum of all contributions (Figure 2-7 solid 

line) illustrates a SAXS curve as it can be measured. The significance of the specific 

contributions depends on the sample and sample preparation.  

 

Figure 2-7: SAXS curve as expected for an 
actual experiment, modeled using SASfit [54]. 
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2.4 Anomalous scattering – Stuhrmann approach 

In an ASAXS experiment, several SAXS experiments are measured on the same sample 

spot using different photon energies. The scattering cross-section (of the normalized 

SAXS curves) will vary slightly depending on the photon energy. Here, the relative 

accuracy between the SAXS experiments needs to be very high. The photon energy 

dependent variation of the scattering cross-section is called the anomalous effect. In 

consequence, these experiments are described as anomalous SAXS (ASAXS). The 

anomalous effect is most pronounced close to the X-ray absorption edge of an element. 

If several SAXS curves are measured energetically close to the X-ray absorption edge of 

one element, the anomalous effect becomes element-specific [35]. In this case, an 

element-specific resonant scattering curve can be extracted [55–58]. This approach is 

known as the Stuhrmann approach [55] and reported similarly by Epperson and 

Thiyagarajan [59]. In a detailed view, the scattering cross-section varies dependent on 

a resonance between an electronic core state of the element and the Fermi level.  

In the Stuhrmann approach, the scattering information of a sample's nanostructure is 

described by a not yet defined scattering amplitude A(q) (see chapter 2.5.1). Even if 

A(q) is undetermined, the entire structural information A(q) can be decomposed into a 

photon energy independent 𝐴0(𝑞) and a photon energy-dependent resonant 

amplitude 𝐴R(𝐸, 𝑞).  

 𝐴(𝐸, 𝑞) = 𝐴0(𝑞) + 𝐴R(𝐸, 𝑞) (2-32) 

𝐴0(𝑞) contains information about the entire examined system, including the non-

resonant contribution of the target element. 𝐴R(𝐸, 𝑞) instead contains only information 

about the target element. Equation (2-33) describes the relation between the 

differential scattering cross-section d𝜎 d𝛺⁄ (𝑞) (the SAXS curve), 𝐴(𝑞) and the complex 

conjugated 𝐴∗(𝑞). With equation (2-32) this expression extends to equation (2-33a) and 

is further reduced to (2-34). The following scattering intensity functions can be defined: 

the energy independent 𝐼0(𝑞) = 𝐴0(𝑞) 𝐴0
∗(𝑞), the resonant 𝐼R(𝑞) = 𝐴R(𝑞) 𝐴R

∗ (𝑞), and 

the cross-term 𝐼0R(𝑞) ≅  𝐴0(𝑞)𝐴R
∗ (𝑞) ≅ 𝐴R(𝑞)𝐴0

∗(𝑞). 

 d𝜎

d𝛺
(𝑞) = (𝐴(𝑞) 𝐴∗(𝑞)) (2-33) 

 d𝜎

d𝛺
(𝑞) = (𝐴0(𝑞) + 𝐴𝑅(𝑞)) (𝐴0(𝑞) + 𝐴𝑅(𝑞))

∗
 (2-33a) 

 d𝜎

d𝛺
(𝑞) = 𝐴0(𝑞) 𝐴0

∗(𝑞) + 𝐴R(𝑞) 𝐴R
∗ (𝑞) + 𝐴0(𝑞)𝐴R

∗ (𝑞) + 𝐴R(𝑞)𝐴0
∗(𝑞) (2-33b) 
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 d𝜎

d𝛺
(𝑞) = 𝐼0(𝑞) + 𝐼R(𝑞) + 2 𝐼0R(𝑞) (2-34) 

Equations (2-33) and (2-34) show the resonant and non-resonant scattering 

contributions to be separatable.  To do this separation, the real 𝑓′ and imaginary 𝑓′′ 

X-ray attenuation coefficients of the target element need to be known for each measured 

photon energy. In equation (2-35) 𝑓0 is equal to the number of electrons of the element 

and 𝑓(𝐸) is the effective and energy dependent X-ray attenuation coefficient of the 

element.  

 𝑓(𝐸1) = 𝑓0 + 𝑓1
′ + 𝑖 𝑓1

′′

𝑓(𝐸2) = 𝑓0 + 𝑓2
′ + 𝑖 𝑓2

′′

𝑓(𝐸3) = 𝑓0 + 𝑓3
′ + 𝑖 𝑓3

′′
 (2-35) 

The contributions 𝐼0(𝑞), 𝐼R(𝑞), and 𝐼0R(𝑞) can be separated by solving the matrix 

problem (2-36), in detail described by Stuhrmann [55]. 

 

[

𝐼0(𝑞)

𝐼0R(𝑞)

𝐼R(𝑞)
] = [𝐼1(𝐸1, 𝑞) 𝐼2(𝐸2, 𝑞) 𝐼3(𝐸3, 𝑞)]  ∙  [

1 2 𝑓1
′ 𝑓1

′2 + 𝑓1
′′2

1 2 𝑓2
′ 𝑓2

′2 + 𝑓2
′′2

1 2 𝑓3
′ 𝑓3

′2 + 𝑓3
′′2

] (2-36) 

Equation (2-36) can be solved to three linear equations. The linear equation for 𝐼R(𝑞) 

is shown in equation (2-37). It is also possible to use the matrix form directly for three 

or more scattering curves, leading to the following results: 𝐼0(𝑞), 𝐼R(𝑞), 𝐼0R(𝑞), and 

𝐼R0(𝑞); as in equation (2-33b) [60].  

 
𝐼R(𝑞) =

2(𝑓3
′(𝐼1 − 𝐼2) + 𝑓1

′(𝐼2 − 𝐼3) + 𝑓2
′(−𝐼1 + 𝐼3))

−2(𝑓1
′ − 𝑓3

′)(𝑓1
′2 − 𝑓2

′2 + 𝑓1
′′2 − 𝑓2

′′2) + 2(𝑓1
′ − 𝑓2

′)(𝑓1
′2 − 𝑓3

′2 + 𝑓1
′′2 − 𝑓3

′′2)
 (2-37) 
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2.5 Evaluation approaches 

2.5.1 Model-based evaluation 

General model-based evaluation. From equations (2-23), (2-24), and (2-25) it can 

be seen that the differential scattering cross-section (2-25) of any scattering object can 

be described analytically if the space-correlation-function g(r) is known. g(r) can be 

derived for every geometrical object and transformed to an electronic (or nuclear) 

structure factor (2-23). In many cases, hierarchical structures are investigated using 

SAXS and SANS, e.g. aggregates made up of nanoparticles made up of atoms. It is 

common to decompose such complex nanostructures to derive simple analytical 

descriptions as done in equation (2-38) with 𝐹(|𝒒|) and 𝑆(|𝒒|). Individual nanoparticles 

are mostly described by the particle form factor 𝐹(|𝒒|). The arrangement of these 

individual nanoparticles to superstructures (aggregates, chains, superlattices) are 

mainly described by the particle structure factor 𝑆(|𝒒|) [54]. In SAXS and SANS the term 

‘structure factor’ is generally used to describe the arrangement of nanoparticles. This 

𝑆(|𝒒|) is not to be confused with the electronic structure factor (2-23).  

 
𝑆(|𝒒|)  ∙  𝐹(|𝒒|) = ∫d𝒓 𝑒−i𝒒∙𝒓 𝑔(𝒓) (2-38) 

The particle form factor 𝐹(|𝒒|) can be described by the scattering amplitude 𝐴(|𝒒|) of a 

geometrical structure and its complex conjugated 𝐴(|𝒒|)∗. 

 𝐹(|𝒒|) = 𝐴(|𝒒|)  ∙  𝐴(|𝒒|)∗ (2-39) 

The form factor for a sphere of radius R is calculated analytically by integrating over 

polar coordinate for a sphere function:  

 
𝐴(𝑞) = ∫ 𝑟2 𝑑𝑟

𝑅

0

∫ 𝑒−i𝑞𝑟 cos𝜗 d cos 𝜗
1

−1

∫ d𝜑
2𝜋

0

 (2-40) 

 
𝐴(𝑞) = 2𝜋 ∫ 𝑟2 d𝑟

𝑅

0

∫ (cos(𝑞𝑟 cos 𝜗) − 𝑖 sin(𝑞𝑟 cos 𝜗)) d cos 𝜗
1

−1

 (2-40a) 

 
𝐴(𝑞) = 3

sin(𝑞𝑅)  −  𝑞𝑅 cos(𝑞𝑅)

(𝑞𝑅)3
 (2-40b) 

Similar derivations can be made for different geometrical objects. A variety of form 

and structure factors is implemented in the data fitting program SASfit [54]. The 

separation of both terms 𝐹(|𝒒|) and 𝑆(|𝒒|) is an approximation in itself. The cross-terms 

(𝐴F(|𝒒|)  ∙  𝐴S(|𝒒|)
∗ and 𝐴S(|𝒒|)  ∙  𝐴F(|𝒒|)

∗) of  𝐹(|𝒒|) and 𝑆(|𝒒|) are excluded. This 

approximation is sufficient if the structure described by 𝑆(|𝒒|) is significantly larger 

than the single particles described by 𝐹(|𝒒|). In first approximation 𝐹(|𝒒|) describes the 
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scattering of monodisperse particles. In real samples, particles will generally not be 

monodisperse. A particle size distribution function 𝑁(𝑅) needs to be introduced to 

account for this by inserting 𝑁(𝑅) in the integral (2-41). An alternative approach is the 

linear combination of multiple 𝐹(𝑞, 𝑅) with a varying size parameter R [61].  

 d𝛴

d𝛺
(𝑞, 𝑅) ≈ ∫𝑁(𝑅) ∙ 𝐹(𝑞, 𝑅) ∙ 𝑆(𝑞, 𝑅) d𝑅 (2-41) 

A model-based evaluation gives the chance to draw an image of the nanostructure 

measured by SAXS. A model is an excellent approach to report results to non-SAXS-

specialists. In this way, absolute numbers and values about the sample like size and 

number-density can be found. For data fitting, the program SASfit by Kohlbrecher and 

Bressler was always used [54]. The problem of this approach is that a model fit can 

never be bijective. Complementary methods, such as scanning and transmission 

electron-microscopy are necessary to validate the model fit.  

Exemplary fitting model for a-Si:H as utilized in chapter 4.1. The as described 

methods and theory are used for a model based scattering data interpretation in chapter 

4.1 and are exemplarily shown here. The dense ordered domains (DOD) are described 

as spherical objects 𝐹Sph(𝑞, 𝑅) of logarithmic normal distribution 𝑁LgN(𝑅) embedded in 

a homogeneous matrix of amorphous hydrogenated silicon. The spherical objects are 

described with a spherical form factor 𝐹Sph(𝑞, 𝑅) (2-42) (sphere radius R, scattering 

length density difference Δ𝜂 ) and a logarithmic normal size distribution 𝑁LgN(𝑅) (2-43) 

(absolute particle number density N, distribution parameter 𝜎 , median radius R). The 

DOD aggregate and form larger structures described by the a specific structure factor 

for aggregates 𝑆Agg(𝑞, 𝑟) (2-44) (size of individual scatterers r0 [equal to R in (2-42)], the 

radius of gyration of the aggregate 𝑅g
a, and dimension D). The linear combination of 

(2-42) and (2-44) is used to fit the experimental data (2-45). 

𝐹Sph(𝑞, 𝑅) = (Δ𝜂 ∙
4

3
𝜋 𝑅3 3

sin(𝑞𝑅) − 𝑟𝑅 cos(𝑞𝑅)

(𝑞𝑅)3
)

2

 
 

(2-42) 

𝑁LgN(𝑅) =
𝑁

√2𝜋 𝜎 𝑅
∙ 𝑒
− 
(ln(𝑅)−ln(𝑅μ))

2

2 𝜎2  (2-43) 

𝑆Agg(𝑞, 𝑟0, 𝑅g
a) = 1 +

𝐷

𝑟0
D∫ 𝑟0

D−3𝑒
−𝑟 𝜉⁄

2 sin(𝑞𝑅g
a)

𝑞𝑅g
a

𝑟2 d𝑟0

∞

0

 (2-44) 

𝜉 = 4
𝑅g
a2

𝐷
  

d𝛴

d𝛺
(𝑞, 𝑅, 𝑅g

a) ≈ ∫𝑁LgN(𝑅) ∙ 𝐹Sph(𝑞, 𝑅) ∙ 𝑆Agg(𝑞, 𝑅, 𝑅g
a) d𝑅 (2-45) 
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Nanovoids are described as spherical objects (2-42) with logarithmic normal size 

distribution (2-43). The nanovoids are assumed to cluster with a typical void-to-void 

distance that is described with a structure factor for hard-sphere interaction 

𝑆HS(𝑞, 𝑓p, 𝑅HS) (2-46) (volume fraction of interacting particles 𝑓p, and particle radius 𝑅HS 

(corresponds to R in (2-42)). The model description for clustered spherical voids (2-47) 

gives a broad scattering maximum at a q-value of about 4 nm-1 as experimentally 

observed. An additional narrower peak-shaped scattering contribution is also observed. 

This contribution is described using a Voigt function (2-48) (peak area A, width of 

Gaussian contribution 𝜎  Lorentzian contribution , and peak center 𝑞C) and can be 

interpreted as scattering by a nanovoid lattice. The linear combination of equations 

(2-47) and (2-48) is used to describe the scattering by nanovoids here (2-49). 

𝑆HS(𝑞, 𝑓p, 𝑅HS) = 1 1 + 24𝑓p
𝐺(𝑓p, 𝑅HS)

2 𝑅HS 𝑞
⁄  (2-46) 

(
d𝛴

d𝛺
)
𝐻𝑆
(𝑞, 𝑅, 𝑓p) ≈ ∫𝑁LgN(𝑅) ∙ 𝐹Sph(𝑞, 𝑅) ∙ 𝑆HS(𝑞, 𝑓p, 𝑅) d𝑅 (2-47) 

(
d𝛴

d𝛺
)
V

(𝑞|𝐴, 𝜎, 𝛾) = 𝐴
𝛾

2𝜋
3
2𝜎2

∫
exp(−𝑢2)

𝛾2

2𝜎2
+ (
𝑞 − 𝑞C
√2𝜎

− 𝑢)
2  d𝑢

∞

−∞

 
(2-48) 

(
d𝛴

d𝛺
)
Void

(𝑞, 𝑅, 𝑓p|𝐴, 𝜎, 𝛾) = (
d𝛴

d𝛺
)
𝐻𝑆
(𝑞, 𝑅, 𝑓p) + (

d𝛴

d𝛺
)
V

(𝑞|𝐴, 𝜎, 𝛾) (2-49) 

 

2.5.2 Guinier and Porod 

André Guinier and Günther Porod facilitated SAXS experiments at the time as the first 

electronic computers were built. Their approaches to evaluate SAXS and SANS results 

are computationally inexpensive and lead to general ideas about nanostructured 

systems.  

The Guinier approach describes a formalism to derive the radius of gyration 𝑅G from 

a scattering curve [1]. 𝑅G is defined in analogy to the mechanical radius of gyration in 

equation (2-50) with a density difference distribution function Δ𝑝(𝑟𝑖) of the length 

parameters 𝑟𝑖 and the volume integral d𝑉𝑖 of a geometrical object. 

 
𝑅G
2 =

∫ Δ𝑝(𝑟𝑖)𝑟𝑖
2d𝑉𝑖𝑉

∫ Δ𝑝(𝑟𝑖)d𝑉𝑖𝑉

 (2-50) 
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A scattering particle gives a scattering curve. This curve can be described by the Fourier 

transformed of the space correlation function 𝑔(𝒓) equation (2-24) of the respective 

particle. For a symmetric particle the approximation 𝑔(𝑟) is sufficient. When the central 

part of this 𝑔(𝑟) is approximated with a Gaussian function, this leads to the Guinier 

equation [62,63]: 

 
𝐼(𝑞) = 𝐼q→0 𝑒

− 
𝑞2𝑅G

2  
3  (2-51) 

The Guinier equation gives the relation between the scattering intensity 𝐼(𝑞) and the 

forward scattering intensity 𝐼𝑞→0 and  𝑅G. In an ln(𝐼(𝑞)) vs. 𝑞2 a linear part with a slope 

proportional to 𝑅G
2 can be observed.  

The scattering intensity 𝐼(𝑞) of a small-angle scattering curve typically shows an 

asymptotic decay for high q-values. This behavior was in detail studied by Porod [64]. 

The spatial correlation function 𝑔(𝑟) can be approximated by a power law series with 

the differential parameters a, b, and c for large 𝑟 and small 𝑞: 

 𝑔(𝑟) = 1 − 𝑎𝑟 + 𝑏𝑟2 − 𝑐𝑟3 (2-52) 

As discussed by Porod and Glatter, the first coefficient a is directly related to the 

distribution of cord-length in the scattering structure, and accordingly equation (2-52) 

can be approximated to 

 
𝑔(𝑟) ≃ 1 −

𝑆

4𝑉
𝑟 +⋯ (2-53) 

with the inner surface S per volume V (specific surface 𝑆 𝑉⁄ )  [1,64]. When equation 

(2-53) is substituted into equation (2-27) a series of negative and even power laws in 

q a found. If the series in equation (2-52) is approximated to break down after 𝑎 the 

Porod law can be derived with an 𝑞−4 asymptotic decay: 

  

 
𝐼(𝑞)𝑞→∞ = 2𝜋 Δ𝜂

2
𝑆

𝑉
 𝑞−4 (2-54) 
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2.5.3 Invariant scattering 

The scattering invariant 𝑄 describes the scattering ability of a system depending on 

its scattering volume 𝑉S but independent of its specific structure. This parameter has 

great practical importance. For instance, if nanoparticles are formed in solution, their 

scattering volume 𝑉𝑆 and accordingly 𝑄 increases. If instead, a constant number of 

particles form an agglomerate or aggregate 𝑉𝑆 and accordingly 𝑄 stays constant. The 

invariant 𝑄 is derived from 𝐼(𝑞) by an integral from 𝑞 = 0  to 𝑞 = ∞ [1]:  

 
𝑄 = ∫ 𝐼(𝑞) ∙ 𝑞2

∞

0

𝑑𝑞 
(2-55) 

To approximate the course of an experimentally measured scattering curve the 

Guinier law (𝑞 → 0) and the Porod law (𝑞 → ∞) can be used; see chapter 2.5.2. 𝑄 is 

related to the volume fraction 𝜙S of 𝑉S on the entire volume 𝑉 (𝜙S = 𝑉S 𝑉⁄ ) and the 

volume fraction of the remaining matrix 𝜙M (1=𝜙S + 𝜙M):  

 𝑄 = 2𝜋2 𝜙S 𝜙M (𝜂S − 𝜂M)
2 (2-56) 

 

2.6 X-ray absorption near edge structure spectroscopy 

X-ray absorption near edge structure (XANES) spectroscopy is a method probing a 

materials X-ray absorption coefficient energetically close to its X-ray absorption edge. 

An X-ray absorption edge is defined as the following. The X-ray absorption coefficient 

of a material 𝜇 depends on the X-ray photon's energy and changes continuously over a 

broad energy range. The absorption coefficient increases in a step-like manner at 

specific energies, which is called an X-ray absorption edge. The energetic positions of 

the absorption edges are specific for particular elements. The step height is proportional 

to the amount of the particular element in the X-ray beam with an edge-specific 

proportionality factor.  

In a XANES experiment, the incident (𝐼0) and transmitted (𝐼) X-ray beam intensity is 

monitored depending on the X-ray photon energy. Both are related by: 

 𝐼 = 𝐼0 ∙ 𝑒
− 𝑑∙𝜇(𝐸) (2-57) 

The sample thickness 𝑑 usually stays constant during an experiment, the absorption 

coefficient 𝜇(𝐸) changes with the photon energy 𝐸. Experimental data is often plotted 

as ln(𝐼0 𝐼⁄ ) against 𝐸 to gain proportionality to 𝑑 ∙ 𝜇(𝐸). At an absorption edge, electrons 

are excited from a core state of the particular elements to the Fermi energy 𝐸F level of 

the material. Hence, the edge position measured the stabilization energy of these core 

states. The edge is sharp at low temperatures (close to 0 K) and broadens at elevated 

temperatures relative to the occupation statistics of states close to 𝐸F. The energetic 

edge position is then determined by the turning point of 𝑑 ∙ 𝜇(𝐸). If electrons are excited 

from the 1s1/2 state, the respective edge is called K-edge. Edges depending on the 

excitations from the 2s1/2, 2p1/2, and 2p3/2 states are denoted as L1, L2, and L3 edge, 

respectively [65]. A particular element's energetic edge position can vary by about 
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± 10 eV depending on the element's chemical environment. For instance, the sulfur K-

edge of orthorhombic sulfur (oxidation state zero, most common polymorph) can be 

found at 2469.1 ± 0.1 eV [66]. For negatively polarized sulfur in mono-thio-

antraquinone (older name: thio-hemi-anthraquinone) the K-edge is shifted by – 3.0 eV 

to 2466.1 eV and for sulfur in oxidation state + IV (in K2SO4) the K-edge is shifted by 

+ 9.4 eV to 2478.5 eV [66].  

In XANES experiments, core electrons are excited to unoccupied states close to 𝐸F of 

the probed material, or to the energetic continuum by the absorption of one photon. 

Excitation only to the continuum would result in a simple step function in 𝜇(𝐸). 

Transitions to unoccupied or partially unoccupied states cause a fine structure in the 

XANES spectra. These are local maxima in 𝜇(𝐸) at energies below the edge position 

(pre-edge), above the edge position (post-edge), or one global maximum a few eV 

above the edge (white-line). As one photon carrying the angular momentum quantum 

number j = 1 is absorbed, core level electrons can be excited to unoccupied states 

obeying the selection rule J = ± 1 (J is the total j of the respective electronic 

state)  [65]. The angular momentum quantum number of the 1s1/2 state is J = 1/2. 

According to the selection rule, J = 3/2 states close to 𝐸F are probed at the K-edge. At 

the L3 edge, electrons are excited from 2p3/2 state and states having J = 1/2 or 5/2 are 

probed.  

In a material investigated using XANES spectroscopy, the unoccupied or partially 

unoccupied states are not only atomically localized states but hybrid states of the 

associated chemical component. Hence, XANES probes the chemical environment of an 

element at its X-ray absorption edges. A model-based understanding of the fine 

structure part in XANES can be developed by a quantum mechanical approach. The 

density functional theory (DFT) approach is convenient to approximate the fine 

structure [67,68]. 
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3 Instrumental part 

3.1 Setup for SAXS and ASAXS experiments and X-ray spectroscopy 

All SAXS, ASAXS and XANES experiments discussed in this work were measured at 

the ASAXS instrument of the Helmholtz-Zentrum Berlin für Materialien und Energie 

(HZB) [69] installed at the four-crystal monochromator (FCM) beamline of 

Physikalisch-Technische Bundesanstalt (PTB, the German National Metrology Institute) 

at the synchrotron light source BESSY II [70]. The FCM beamline utilizes the 

synchrotron radiation of a dipol-magnet source at BESSY II (D71). A rectangular 

entrance slit cuts the primary beam down to typically 5 x 8 mm2. Beryllium (Be) filters 

can be used to lower the thermal power of the synchrotron beam on the further 

beamline optics. A 125 m Be filter is used for experiments in the X-ray photon energy 

range of 5 keV to 10 keV, a 25 m Be filter is used in the range of 1.75 keV to 5 keV. A 

copper (Cu) filter mounted in the beamline under constant ultra-high vacuum (UHV) 

conditions is used for energy calibration of the monochromator. The FCM beamline is 

equipped with a pair of coated silicon mirrors (each having two differently coated 

tracks) in total reflectance geometry. The platinum coated tracks are used in the photon 

energy range of 2.3 keV to 10 keV, the magnesium-fluorite (MgF2) coated tracks are 

used in the range of 1.75 keV to 4 keV. The four-crystal monochromator of the FCM 

beamline is equipped with two sets of crystals to use in alternative; Si(111) crystals 

(range: 2.1 keV to 10 keV) and InSb(111) crystals (range: 1.75 keV to 3.6 keV). The 

spectral purity of the Si crystals is E/E = 2 · 10-4 and of the InSb crystals it is 

E/E = 10-3. The X-ray beam shape is defined to a diameter of 520 m using a SCATEX-

germanium pinhole aperture (Incoatec, Germany) located 1.5 m upstream of the 

sample position. An anti-scatter aperture (JJ-X-ray GaAs slit system, Denmark) is 

located 0.2 m upstream of the sample position to minimize instrumental scattering. An 

8 m thin semi-transmissive silicon diode was used to monitor the primary X-ray beam 

intensity directly downstream the pinhole aperture. For XANES experiments, the X-ray 

beam intensity downstream the sample was measured using a windowless 10 x 10 mm2 

silicon pin-diode (Hamamatsu, Japan) 0.5 m behind the sample position. In scattering 

experiments, the scattered photons were registered by a large area hybrid-pixel photon-

counting in-vacuum detector (Pilatus 1M, Dectris, Swizerland) [71]. The area detector 

was protected against the primary X-ray beam by a beamstop. The beamstop (5 mm) 

diameter was equipped with a photodiode. This particular photodiode was used to 

monitor the transmitted beam intensity after sample transmission while SAXS and 

ASAXS patterns were measured. The area detector and beamstop were mounted on an 

optical bench via a motorized sled equipped with a linear position encoder 

(HEIDENHAIN, Germany). The sled can be positioned on the bench of 2500 mm length 

with 0.002 mm precision. The area detector with beamstop was connected to the 

beamline with a vacuum-tight edge welded bellow. The pressure inside the entire 

instrument was 10-4 mbar or below.  
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3.2 Data treatment, correction, normalization of scattering data 

All SAXS and ASAXS data within this work were measured at the PTB FCM beamline 

described in chapter 3.1. The data evaluation described below refers to the data 

structure generated at this specific beamline.  

An ASAXS experiment consists of several SAXS experiments measured at different 

photon energies, normalized to absolute scattering cross-sections (cm2 cm3⁄ = cm−1). 

In the following, the appropriate data treatment for SAXS is discussed.  

3.2.1 Design of a SAXS experiment 

Components of a SAXS experiment. For each SAXS experiment the following 

instrumental parameters need to be determined:  

• the X-ray photon energy or wavelength 

• the X-ray photon beam dimension and shape 

• the distance and orientation between sample and area detector  

• the detector geometry 

During the SAXS experiment, the following parameters have to be measured: 

• the scattering pattern on the area detector 

• the photon flux before attenuation by the sample (total or average) 

• the photon flux after attenuation by the sample (total or average) 

• the acquisition time 

The sample is the object of interest. It can be a free-standing solid (e.g. a thin section 

of a glass or an alloy or a foil) or a powder, a liquid, or a gas in a sample container. In 

many cases, the sample is dispersed in a matrix, e.g. nanoparticles dispersed in a liquid. 

In this case, the pure matrix is also measured for later data treatment. The following 

information needed to be known about the sample:  

• the sample thickness 

• the sample container 

• the sample matrix 

For each sample measurement, the additional sample-independent scattering must be 

taken into account. This scattering is defined as background in the following text. The 

scattering background consists of (i) the instrumental scattering, (ii) the container 

scattering, and (iii) the matrix scattering. For each sample, a specific background must 

be chosen and measured. This specific background is measured with the same 

instrumental parameters as the sample.  
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Sample design. For a free-standing solid sample, the background is the instrumental 

scattering only, Figure 3-1a. The instrumental scattering is measured on the free X-ray 

photon beam. Such measurement is further denoted as measurement on an empty 

sample position. For a sample in a container, the background consists of the 

instrumental scattering and scattering of the container, Figure 3-1b. Such background 

is measured on this specific container or a similar container without sample. An 

additional measurement on the empty sample position is mandatory for later data 

correction. For a sample dispersed in a matrix inside a container, the background 

consists of the instrumental scattering, scattering of the container, and scattering of the 

matrix, Figure 3-1c. Such background is measured on the matrix inside the container.  

References for normalization. For the data normalization, two types of reference 

samples are necessary, a q-value reference and a scattering intensity reference. The 

q-value reference is used to verify the experimental q-value range. A typical q-value 

reference gives a distinct scattering pattern with well-known reflection positions. 

Knowing the X-ray wavelength 𝜆, the reflections’ scattering angle (2𝜃) is determined, 

equation (2-14). From the geometrical distance between the reflections’ and the 

primary X-ray beam on the 2D detector (𝑎reflection) and 2𝜃 the distance (𝑑detector) 

between the q-value reference and the 2D detector is determined. 

 

Figure 3-1: Illustration of SAXS measurements on three standard sample designs (top) 
and their respective backgrounds measurements (bottom), which are: (a) a free-standing 
solid sample (black), (b) a sample in a container (orange), and (c) a sample dispersed in 
a matrix (blue) inside a container. The primary X-ray beam (purple solid line) points 
from left to right. Instrumental scattering is depicted as dashed purple line. The X-ray 
photon beam of both is reduced in intensity after penetrating the sample, depicted by 
thinner lines. Scattered X-ray photons are depicted as triangle opening to the right. The 
color depth is chosen respective to the expected scattering intensity. 
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𝑡𝑎𝑛(2𝜃) = 𝑎reflection 𝑑detector⁄  
(3-1) 

𝑑detector = 𝑎reflection 𝑡𝑎𝑛(2𝜃)⁄  

Within this work, either a silver-behenate salt (Ag-Beh) [72] or Santa-Barbara 

amorphous-15 (SBA-15) [73–75] are used as q-value reference. The calibration of the 

q-value reference samples is described in chapter 3.3.2.  

The scattering intensity is normalized to absolute scattering cross-sections (cm-1) by a 

normalization factor f. The significance of this normalization is described trough 

chapter 2.1, equation (2-27). To determine f, the scattering-intensity reference is 

measured with the same instrumental parameters as the sample. The precise scattering 

pattern expected from the scattering-intensity reference must be known. This expected 

pattern is calibrated as described in chapter 3.3.1. The factor necessary to align the 

measured to the expected pattern is the normalization factor f. In this work, a free-

standing solid of glassy carbon (GC) was used as reference sample [76,77]. Within the 

data correction, the measurement on the scattering intensity reference must be treated 

exactly in the same manner as a sample measurement.  

Necessary measurements for a SAXS experiment. From the paragraphs above a 

necessary minimal set of five measurements is implied to obtain a normalized SAXS 

pattern, summarized here:  

i. the sample measurement 

ii. the background measurement 

iii. the empty sample position measurement  

iv. the scattering-intensity reference (GC) measurement 

v. the q-value reference measurement  

SAXS experiments are frequently measured with more than one sample-to-detector 

distance (𝑑detector) to extend the experimental q-value range. Within this work, 𝑑detector 

of 800 mm to 3440 mm were used.  

At least five individual SAXS measurements are necessary to yield a complete SAXS 

experiment for one sample (measurements i to v from the list above). For two 𝑑detector 

it results in 10 individual measurements. For an ASAXS experiment using five specific 

photon energies with two 𝑑detector each, at least 50 individual scattering measurements 

are necessary.  

3.2.2 Defining the data evaluation instruction file  

A self-developed Python script is used to aggregate all information necessary for 

further data evaluation. In the following, the function and application of this script 

(pyASAXS_InputFileGenerator) will be discussed in detail [78]. During an experiment 

at the FCM beamline all experimental parameters mentioned above are stored in a 

hierarchical database file (HDF5 format) and exported in a table format data file (ASCII 

format, tab-separated). Scattering patterns measured by the area detector are stored 
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separately as image file (TIF format). The identifier of the respective image file is stored 

in the hierarchal database file. All related database and image files were moved to single 

directories for data evaluation. The Python script picks the relevant information from 

the database files and groups them in a new data frame, using four device lists which 

are defined in the script. A device can be any existing module, or virtual module, or 

defined parameter e.g., the sample positioning motor and its readback value (existing 

module), the X-ray energy (virtual value calculated from the monochromator-crystal 

settings), or the sample name (assigned by the user):  

i. The so-called deviceList contains all devices necessary for the evaluation, 

which can be found in the database file, such as the image file identifier.  

ii. A second list, the so-called deviceByHandList contains all necessary devices 

which cannot be found in the database file of the FCM beamline, e.g., the 

sample name. The python script inserts ‘NaN’ (not a number) placeholders to 

mark entries with no value.  

iii. In addition, the so-called deviceStandardNameList contains all devices to 

which default values are assigned, listed in the  

iv. deviceStandardValueList (e.g., the beam center coordinates).  

The script generates a data reduction data frame with one column for each device 

defined in the four lists above. Each row corresponds to one scattering measurement 

with an index number starting from zero. If a value is not found in the database files 

nor pre-defined by the user, ‘NaN’ is written instead. The ‘data reduction’ data frame is 

exported as a tab-separated ASCII file to the data evaluation directory. The user can 

load this ASCII file with an appropriate tool, e.g., Origin®, Notepad++, Microsoft Excel 

or Python. The user is responsible for checking all values for plausibility and replace all 

‘NaN’ entries with proper values.  

In the following data evaluation, an area detector mask file is necessary. The mask 

file is a file with a data structure equal to the area detector files. Detector pixels that 

are not to regard (e.g. pixels covered by the beamstop) are marked as negative values, 

active ones as positive. A tool to prepare such a mask file is the pyFAI-drawmask tool 

of the Python package pyFAI developed at the European Synchrotron Radiation Source 

(ESRF) [79,80]. The needed detector mask file is stored in the data evaluation directory.  

Some devices in the data reduction frame are designated with ‘NaN’ and introduced 

by the deviceByHandList such as the:  

• sample name 

• empty position 

• background position 

• reference position 

• mask file name 
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The user enters the index numbers of the corresponding measurements into the data 

reduction data frame as exemplarily shown in Table 3-1. As explained before, the 

respective background for each measurement, as well as the respective empty sample 

position measurement has to be assigned for later data treatment. This is necessary to 

evaluate the X-ray transmission. Furthermore, the reference position (measured with 

the same instrumental parameters) must be assigned. The user has to allocate the 

prepared mask file name (file must be stored in the data directory), as well as the 

sample name and thickness. The assigned values for 𝑑detector and the primary beam 

position on the detector as x-, and y- coordinates in pixels have to be verified. 

Table 3-1: Example for specifications in the 
data reduction data frame to give by the user. 

index 
sample 

name 
energy empty background reference Maskfile 

0 Empty-Position 8048 0 0 1 mask.tif 

1 Glassy-Carbon 8048 0 0 1 mask.tif 

2 Background 8048 0 0 1 mask.tif 

3 q-Reference 8048 0 0 1 mask.tif 

4 Sample-1 8048 0 2 1 mask.tif 

5 Sample-2 8048 0 2 1 mask.tif 

6 Empty-Position 9000 6 6 7 mask.tif 

7 Glassy-Carbon 9000 6 6 7 mask.tif 

8 Background 9000 6 6 7 mask.tif 

9 q-Reference 9000 6 6 7 mask.tif 

10 Sample-1 9000 6 8 7 mask.tif 

11 Sample-2 9000 6 8 7 mask.tif 

 

3.2.3 Data evaluation  

A second self-developed Python script is used to treat and normalize the data, called 

pyASAXS_DataReduction [78]. The script reads the data reduction data frame and uses 

the python libraries pyFAI [79,80] and FabIO [81]. The following information need to 

be found in the data frame [in square brackets is the respective data type], (in brackets 

is a detailed description):  

• sample name [string] 

• image identifier [string] (tiffNumber in the script) 

• monitor diode [float] (measure for the unattenuated X-ray beam photon flux) 

• monitor deviation [float] (uncertainty of the measure) 

• transmission diode [float] (measure for the attenuated X-ray beam 

photon flux) 

• transmission deviation [float] (uncertainty of the measure) 
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• acquisition time [float] (is 1 if X-ray beam photon flux was 

measured integrative) 

• sample thickness [float] (corresponding to the calibration of the 

scattering-intensity reference)  

• X-ray energy [float] (photon energy in eV) 

• Mask file [string] (mask file name e.g. mask.edf or mask.tif) 

• Background subtraction factor [float] (is generally 1.0, for concentrated 

samples in a matrix between 0.0 to 1.0 depending on the sample fraction) 

• x-center [float] (beam center in x-direction in pixels)  

• y-center [float] (beam center in y-direction in pixels)  

• sample to detector distance [float] (in meter) 

• background identifier [integer] 

• reference identifier [integer] 

• empty sample position identifier [integer] 

In the pyASAXS_DataReduction script the user specifies the directory containing the 

data reduction data frame and the scattering images. In addition, the user specifies the 

location of the data set containing the calibrated expected pattern of the reference (in 

ASCII format). Further, the user specifies:  

i. detector type (from pyFAI library, here DECTRIS Pilatus1M is used) 

ii. detector pixel size in meter (here 172 · 10-6 m) 

iii. q-value binning (desired number of q-values points to be interpolated) 

The script always generates and exports scattering curves. To export normalized 2D 

scattering images the parameter ‘write_the_images’ has to be set to ‘True’.  

When the pyASAXS_DataReduction script is executed, a procedure illustrated in 

Figure 3-2 is repeated for each row in the data reduction data frame: (i) The script reads 

a row, representing a complete sample data set (Figure 3-2, blue oval frame). (ii) In the 

row the corresponding background, reference, and empty sample position data sets are 

defined (Figure 3-2, ovals frames). (iii) For these four data sets, the measured scattering 

images are read (Figure 3-2, rectangular frames on the left). (iv) Each scattering image 

is normalized (divided) by its specific acquisition time (AcqTime), X-ray beam monitor 

value (Monitor) and transmission (Trans) (Figure 3-2, horizontal arrows, for the empty 

beam experiment the transmission is defined to 1). The transmission values are 

determined using the related diode values from the empty sample position 

measurement (Figure 3-2, dashed line). (v) The normalized background image is 

subtracted from the sample image. The normalized empty sample position image is 

subtracted from the reference image (Figure 3-2, vertical arrows). (vi) The two 

resulting images in arbitrary units (a.u.) are divided by their respective thickness. (vii) 

The reference image is azimuthally integrated (Figure 3-2, circle arrow) to obtain a 

scattering curve in a.u. (Figure 3-2, reddish squircle). (viii) A calibration factor f is 

determined to match the reference’s measured scattering curve to the expected 
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scattering curve. This calibration factor f is specific for the instrumental settings and is 

valid to normalize the sample image. Now the sample image is normalized to scattering 

cross-sections (cm-1). (ix) The sample scattering image is azimuthally integrated to 

obtain a calibrated scattering curve (Figure 3-2, blue squircle). This procedure is 

repeated for each row in the data reduction data frame. The background and reference 

data is stored in the memory and is updated when necessary.  

  

 

3.3 Selection and calibration of normalization standards 

In small-angle scattering experiments, the scattering intensity is measured as a 

function of the scattering angle. Both, scattering intensity axis and q-value axis need to 

be calibrated to absolute units for further analysis, compare to chapter 3.2. Within this 

work, calibrated standard samples were used for this purpose. X-ray photon energies 

 

Figure 3-2: Programming scheme of the data reduction script. Data sets are displayed as 
oval frame. Image files are displayed as rectangular frames and were handled as arrays. 
Small rectangular frames indicate images as well. Thin arrows indicate where simple 
string or float values from the data sets are used. Thin dashed arrows indicate that values 
from the empty sample position experiment are used. Colored arrows indicate that an 
image is processed. The operation of azimuthal integration is indicated by a thin circle 
arrow. Squircles represent scattering curves. This scheme refers to the data treatment 
procedure used in: https://github.com/EikeGericke/pyASAXS  

https://github.com/EikeGericke/pyASAXS
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1.8 to 5.0 keV were utilized for the experiment. The existing calibration standards were 

not suitable for this energy range and new calibration standard samples were calibrated. 

To calibrate the measured scattering intensities to absolute scattering cross-section, a 

90 m thick glassy carbon sample was used previously (optimal for 5 to 12 keV). For 

the energy range of 1.8 to 5.0 keV a new 54 m thin glassy carbon sample was calibrated 

(see chapter 3.3.1), the existing 90 m samples were recalibrated alongside. The 

q-value axis is adjusted by measuring a standard sample which gives scattering reflexes 

at well-known q-values. Silver-behenate (Ag-Beh, a salt of silver Ag+ and beheneacid 

C21H41COO- ions) is frequently used for this purpose, giving the first reflex at 

1.076 nm-1 [72,82]. By using photon energies lower than 5.0 keV instead of 5.0 to 

12 keV, the experimental X-ray wavelength increases. Consequently, q-value range 

accessible at an existing instrument with a fixed geometry changes towards smaller 

q-values. The Ag-Beh reflex at 1.076 nm-1 was found to be inaccessible in some required 

instrumental configurations. The material SBA-15 was found to be an excellent 

alternative to Ag-Beh. An SBA-15 sample was in cooperation with the PTB, discussed in 

chapter 3.3.2. 

3.3.1 Absolute scattering cross-section standard 

As described in chapters 2.1 and 2.2 the absolute scattering cross-section contains the 

information about the number density 𝑁(𝑅) of scattering entities, equation (2-27).  

 
(
d𝛴

d𝛺
) = 𝑁(𝑅) (

d𝜎

d𝛺
) (3-2) 

From the absolute scattering cross-section it is possible to determine e.g. the number 

densities of particles or voids in a matrix (chapter 4.1), the inner surface of a porous 

material (chapter 4.2), or the scattering volume (chapters 4.2 and 4.3).  

A simple homogeneous liquid gives only angle independent scattering in SAS what 

can be utilized for calibration purposes. The scattering cross-section of such a liquid 

depends on its isothermal compressibility 𝜒T, scattering length density 𝜂, the 

Boltzmann-Constant 𝑘B, and the temperature 𝑇 [50,83]. 

 
(
d𝛴

d𝛺
) = 𝜂2 𝑘B𝑇 𝜒T (3-3) 

In X-ray scattering, the photons only interact with the electrons of this simple liquid. 

Hence, the scattering cross-section d𝛴 d𝛺⁄  is proportional to the electrons' thermal 

fluctuations 𝑘B𝑇 and 𝜂 being proportional to the liquids mass density 𝜌mass(𝑇), equation 

(2-29). The compressibility 𝜒T and mass(T) depend on the experimental 

temperature [84,85]. These values are well known for water at 26.00 ± 0.06 °C [86]: 
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𝜌mass(26 °C) = 0.99678 ± 0.00034 g cm3⁄  𝜒26 °C = 4.5139 ± 0.0002 10
−10 Pa−1.  

The scattering length density 𝜂  is calculated as described in equation (2-29) with an 

electron attenuation coefficient of 𝑓8.5 keV = 10.0737 ± 0.0074  for water at 8.500 keV, 

equation (2-31). The scattering angle independent scattering cross-section of water is:  

 
(
d𝛴

d𝛺
)
8.5 keV

26 °C

= 0.016681 ± 0.000013 cm−1 (3-4) 

A similar approach is possible for neutron scattering, where the atomic nuclei interact 

with the neutrons only resulting in an absolute scattering cross-section of 5.8 10-5 cm-1. 

The 𝜂 for X-ray and neutrons were calculated here using the Irena tool suite [87].  

As discussed, water can be used as a primary standard for small-angle scattering. 

Unfortunately, water has a weak scattering intensity for X-ray what causes long 

acquisition times. A secondary standard sample is calibrated based on the primary 

standard to overcome this problem. Glassy carbon is a convenient secondary standard. 

Its X-ray scattering cross-section orders of magnitude higher compared to water, it is 

long-term stable under standard environmental conditions, resistant to X-ray beam 

damage, and available as homogeneous platelet with high purity [88,89]. These 

properties make glassy carbon an excellent secondary standard for total scattering 

cross-section, accepted and used as well by the National Institute of Standards and 

Technology (NIST) [90].   

The calibration experiment for secondary standard samples was realized with the 

following procedure. First, a SAXS experiment for an empty flat quartz-glass capillary 

was measured at 8.5 keV photon energy. Second, the flat quartz-glass capillary was 

filled with ultra-pure water and sealed vacuum-tight. The ultra-pure water was 

prepared from by degassing Milli-Q® graded water (Photo-oxidation by an UV-lamp, 

filtration to 0.22 m, ion-exchange-column purification) for several hours under 

vacuum on keen stirring. The water-filled capillary was mounted together with the 

before-mentioned standard samples (glassy carbon of various thicknesses) on the SAXS 

sample holder. The glassy-carbon samples' thicknesses were determined before X-ray 

experiments using a micrometer caliper Mitutoyo ID-F125 (precision 3 m). SAXS 

experiments were measured for all samples without changing any instrumental settings. 

The instrumental scattering background was measured at an empty sample position 

(compare to chapter 3.2). The acquired SAXS detector images were normalized to the 

X-ray photon flux and acquisition time and azimuthally averaged to 1D SAXS curves. 

The SAXS curves of the empty and water-filled quartz-glass capillary were divided by 

their respective X-ray transmission value (𝑇𝑟filled = 0.2592 ± 0.002 and 𝑇𝑟empty =

0.1103 ± 0.002, respectively). The SAXS curve of pure water was gained by subtracting 

both SAXS curves from another, Figure 3-3. The resulting SAXS curve of water was 

divided by the water layer's thickness to gain the pure volume-weighted water 
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scattering signal. The water layer's thickness was calculated from X-ray transmission of 

pure water (𝑇𝑟water = 𝑇𝑟filled 𝑇𝑟empty⁄ = 0.426 ± 0.01) and the X-ray absorption 

coefficient of water, taken from NIST XCOM database to 0.099 ± 0.003 cm [51]. In 

Figure 3-3a the SAXS curves of pure water, the empty, and the filled quartz-glass 

capillary are shown (all divided by their thickness for representative reasons). The 

nearly flat pure water scattering was found at a level of 24.77 ± 0.02 in relative units 

(r.u.). This value was normalized to the absolute angle independent scattering cross-

section of water in equation (3-4) by multiplying with the factor 6.73 ∙ 10−4 ± 0.01 ∙

10−4 . All glassy carbon SAXS curves were treated in an equal manner using the SAXS 

measurement at the empty beam position as scattering background and the respective 

thickness. Finally, the glassy carbon scattering curves were normalized with the before 

mentioned normalization factor. All samples were measured for two sample-to-detector 

distances and the resulting scattering curves were merged. Figure 3-3b shows the SAXS 

curves of water and two glassy carbon samples of 54 m thickness (named GC-K 

54um-c, and -d) in total scattering cross-sections.  
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Figure 3-3: a) SAXS curves of the flat capillary empty and filled with water. 
Their difference is the pure water scattering, all in relative units (r.u.). b) 
SAXS curve calibrated to absolute scattering cross-sections for water and 
two 54 m thin glassy carbon samples (named GC-K 54um-c, and -d). 

Several glassy carbon samples of different thicknesses were calibrated to be used in 

different photon energy regimes. All glassy carbon samples were purchased from HTW 

Hochtemperatur-Werkstoffe GmbH (Thierhaupten, Germany) under the product name 

SIGRADUR K Folie 60m, SIGRADUR K Folie 100m and SIGRADUR G Platte 1mm. In 
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Figure 3-4a, one 90 m sample (GC-K 90 um-b), two 54 m sample (GC-K 54 um-c, -d), 

and one 1 mm sample (GC-K 1 mm-2015) are shown. Sample GC-K 1 mm-2015 was 

already used as a secondary standard since the year 2015 and was recalibrated here. 

Figure 3-4b, shows three SAXS curves, all from glassy carbon samples from the same 

production batch purchased in the year 2006. Sample ‘GC-K 90 um used 3 years’ was 

used as calibration standard in the years 2015 to 2018. Sample ‘GC-K 90 um used 12 

years’ was used in the years 2006 to 2018. The same sample (12 years) was calibrated 

in the year 2009 at the 7T-Wiggler beamline at BESSY II using a MarCCD detector. The 

respective SAXS curve is labeled as ‘2009 calibrated GC-K 90um’. Both SAXS curves of 

glassy carbon samples used for 3 and 12 years are identical within the uncertainty 

margin. This finding indicates glassy carbon to be inert against X-ray beam damage. 

The SAXS curve measured in 2009 deviates slightly from the actual curves, visible 

between q-values of 0.2 to 1.0 nm-1. It cannot be clarified here, if this is due to an 

experimental uncertainty (different SAXS setups were used) or a natural aging effect. 

All glassy carbon samples were always irradiated at the same beam spot between the 

years 2006 and 2018.  
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Figure 3-4: a) Calibrated SAXS curve of 90 m, 54 m, and 1 mm thin glassy 
carbon samples. b) Calibrated SAXS curve of 90 m thin glassy carbon 
samples, used for 3 years (since 2015) and 12 years (since 2006), and SAXS 
curve measured in 2009 on the sample used since 2006. 



Page | 49  
 

3.3.2 Scattering angle calibration 

The q-value is determined in SAXS, ASAXS, and SANS experiments from the X-ray or 

neutron wavelength and the scattering’s solid angle. The scattering angle of a scattering 

event is calculated from its displacement on the detector respective to the point of 

incidence of the primary beam and the sample-to-detector distance (StDD). The 

displacement on the detector is known from the detector geometry (e.g. the pixel size). 

The StDD can be measured mechanically or by measuring a reference sample with well-

known scattering reflex positions. Ag-Beh is used for this purpose. Ag-Beh crystallizes 

in a layered lattice with a lattice spacing of 5.839 nm, resulting in a (001) reflex position 

of 1.076 nm-1 [72,82]. The accuracy of this value depends on the purity of the used 

behenic acid and is sufficient for most experiments. For X-ray energies much lower than 

5 keV, the Ag-Beh (001) reflex cannot be resolved in some instrumental geometries. 

Thus, an additional q-value standard is needed providing a distinct reflex at low 

q-values. SBA-15 is chosen for this purpose, synthesized in a templating process from 

Tetraethyl-orthosilicate (Si(OEt)4) on the block-co-polymer Pluronic P123. The block-

co-polymer is synthesized from Polyethylenoxide (PEO) and Polyprolylenoxide (PPO). 

Bock order is PEO-PPO-PEO with 20 monomer units per PEO-chain and 70 monomer 

units per PPO-chain [73]. Dr. Roman Schmack synthesized the SBA-15 powder sample 

in the group of Dr.-Ing. Ralf Krähnert at the Technical-University Berlin. The template 

SBA-15 is usually annealed for 6 h at 500 °C in synthetic air. SBA-15 prepared like that 

showed a reflex position shift of 0.2% after 12 h X-ray beam exposure at the FCM 

beamline at 8 keV photon energy. This shift in the peak position is an X-ray beam 

damage effect. To prevent this effect, the SBA-15 sample was calcinated for 48 h at 

500 °C. The 48 h calcination resulted in a stable reflex position after 12 h X-ray beam 

exposure. The SBA-15 sample calcinated for 48 h is further used as q-value standard 

with a reflex position of 0.67017 ± 0.00003 nm-1 of the (111) lattice (d-spacing: 9.3755 

± 0.0004 nm). Figure 3-5a shows the SAXS curves of SBA 15 and Ag-Beh with their full 

width of half maximum (FWHM) reflex broadening of 0.013 nm-1 and 0.028 nm-1, 

respectively. These particular FWHM broadening values were observed at 0.8 m and 

3.7 m StDD. An instrumental broadening would lead to different values at both StDD, 

indicating them to be the natural broadenings. The SANS on these samples was 

measured using a wavelength of 6 Å ± 10.5 % (Figure 3-5b) leading to equivalent peak 

positions with an FWHM value (SBA-15: 0.092 nm-1, Ag-Beh: 0.23 nm-1) dominated by 

instrumental broadening.  

To determine the reflex positions of SBA-15 and Ag-Beh the StDD was determined 

with high precision. At the used SAXS-instrument, the detector is mounted on an optical 

bench on which the scattering detector can be positioned automatically with an 

accuracy better than 20 m. The sample chamber is attached to the SAXS-instrument 

by a flexible bellow. This setup makes it possible to continuously change the StDD with 

high relative precision between 150.000 ± 0.002 cm and 3800.000 ± 0.002 cm. The 

SBA-15 powder sample produces a scattering ring on the SAXS detector. Several SAXS 
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images were recorded at different StDD. The scattering ring's radius is measured in pixel 

for each image and is known to be zero at zero StDD. This allows determining the 

absolute StDD from multiple SAXS images by linear regression.  

 

Figure 3-5: a) The q-calibrated SAXS-curves of SBA-15 and Ag-Beh with 
peak position and peak broadening found here. The peak broadening is the 
natural broadening here. b) The same samples were measured by SANS 
with 10.5 % wavelength broadening at the V4 at the reactor BER-II 

 

3.4 Monochromator and X-ray windows 

Synchrotron radiation sources can generate X-ray of a brought photon energy range. 

Dependent on the energy range, different types of monochromators are used. Grating 

monochromators are equipped with mechanically or lithographically manufactured 

energy-dispersive units. Grating monochromators are used to access monochromatic 

X-ray of photon energies of lower than 200 eV and up to 1000 eV and can be optimized 

to reach 1500 eV. This energy range is frequently called “soft X-ray” range. 

Monochromatic X-ray of higher photon energy are accessed using crystal or multilayer 
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monochromators, frequently referred to as “hard X-ray” [70,91–93]. In crystal 

monochromators, Si crystals of (111) or (311) orientation are widely utilized as energy-

dispersive units, allowing to access X-ray photon energies of 5 keV and much higher. 

Monochromators using Si (111) crystals can be optimized to reach  a lowest photon 

energy of about 3 keV. Monochromators specified for X-ray energies lower than 5 keV 

can be build using Ge (111) or InSb (111) crystals [70,94,95]. Both types of crystals 

provide a lower spectral purity than Si (111) but a much higher photon flux. Ge (111) 

and InSb (111) operate well in the energy range of 1.8 to 3.5 keV.  

SAXS experiments using X-ray photon energies higher than 5 keV are frequently 

operated with an in-air sample stage as X-ray are only weekly disturbed by air. For X-ray 

of 1.8 keV to 5 keV energy, X-ray scattering and absorption by air is significantly high. 

In consequence, the entire experimental setup needs to be under high vacuum (HV) or 

ultra-high vacuum (UHV). The handling of samples under HV or UHV can cause damage 

to several materials, especially due to evaporation or sublimation components. For 

example, palladium-oxide nanoparticles can be reduced to palladium nanoparticles in 

UHV, solvent swollen organic networks shrink if the solvent evaporates, and liquid 

samples exhibit a high gas pressure and cannot be handled under UHV. To separate the 

sample from the HV or UHV environment, weak absorbing and weak scattering X-ray 

windows are needed.  

The Monochromator 

In the present work, the photon energy range of 1.8 to 5 keV is accessed using a crystal 

monochromator for “hard X-ray”. To reach lower photon energies (higher 

wavelength 𝜆), the diffraction angles 𝜃  can be increased or crystals having a larger 

lattice parameter 𝑑 can be used. Every single reflection of the X-ray at the 

monochromator crystals can be described by the Bragg equation: 

 𝑛𝜆 = 2𝑑 sin 𝜃 (3-5) 

The four-crystal monochromator (FCM) used here was described by DuMonde [91]. The 

commonly used Si(111) lattice provides a 2𝑑  of 6.2712 Å [96]. Si(111) crystals can be 

produced with a high degree of perfection and withstand high thermal stress induced 

by an intense X-ray beam. Ge(111) can be used instead, providing a slightly higher 

2𝑑 = 6.532 Å [96]. A double-mirror single-crystal monochromator using Ge(111) was 

proposed and build for the first ASAXS-instrument designed to measure at the sulfur 

K-edge (2.47 keV) [92,95]. InSb(111) provides a significantly higher 2𝑑 of 

7.4806 Å [96]. Due to the low melting point of InSb (500 °C), it cannot be used for high 

brilliance and high flux X-ray sources such as an Undulator or Wiggler.  

The FCM beamline used in this work is equipped with two sets of crystals, one Si(111) 

and one InSb(111) set. The FCM provides a high X-ray beam stability concerning beam 
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position and photon energy. The X-ray beam exit position is fixed and does not change 

while changing the photon energy [70,91]. Using the Si(111) set enables a photon 

energy range of 2.1 keV to 10 keV with a high spectral resolution (E/E = 2 ∙ 10-4), 

whereas the X-ray flux decreases rapidly for photon energies lower than 3 keV. The 

InSb(111) set provides a photon energy range of 1.75 to 3.5 keV and a low spectral 

resolution (E/E = 5 ∙ 10-3). The InSb(111) gives a high maximal photon flux 

(especially for lower photon energies), and a higher degree of beam divergence 

compared to Si(111). In SAXS a divergent beam causes parasitic scattering close to the 

beam center, limiting the accessible q-range. Hence, the Si(111) set is the best choice 

for photon energies of 2.6 to 10 keV at the FCM beamline. The InSb(111) set gives a 6 

to 10 times higher photon flux between photon energies of 2.1 to 2.6 keV and is used 

to access lower photon energies.  

The X-ray Windows 

X-ray windows for SAXS and ASAXS need to be highly X-ray transparent and 

providing a weak and isotropic X-ray scattering in the small-angle region. For low X-ray 

absorbance, the windows need to be thin and made of materials having a low mass 

density. This can be realized with the elements H, Be, B, C, N, O, and Si. A week 

scattering signal is achieved by using homogeneous materials with a smooth surface. 

Most materials such as organic polymers scatter in the small-angle region what is 

acceptable if their scattering pattern does not change during the experiment. The 

scattering contribution of the windows can be subtract in the data correction process. 

Examples for X-ray window materials are given in Table 3-2. 

Table 3-2: Possible X-ray window materials for the energy range 1.8 keV to 5 keV. 

Name Material Remark 

Kapton® Polyimide specific scattering, 

contain traces of phosphor 

Tesa® Polypropylene glue contains sulfur 

Ultralene® Polyethylene antistatic, high surface lubricity 

Beryllium Beryllium toxic 

Boron-Nitride BN high hardness 

Silicon-Nitride Amorphous Si3N4 low absorption/scattering, 

not suitable for cryogenic 

application 

Diamond Carbon high hardness, low absorbance 

Quartz SiO2 high hardness 

 

Window materials used within this work are Kapton®, Ultralene®, and silicon-nitride. 

Kapton® foils (20 m to 50 m thickness) were used in many experiments. In Figure 3-6 

an exemplary Kapton SAXS curve is shown (solid red line). Kapton® is inert against 
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various chemical substances, elevated temperatures (300 °C), and mechanical stress. 

Kapton® usually contains traces of phosphorous and gives a scattering ring at about 

4 nm-1. Ultralene is an antistatic packing foil which consists of hydrogen and carbon 

only. In SAXS and ASAXS experiments, Ultralene was used as a 4 m thin foil, resulting 

in low X-ray absorption and scattering even at low photon energies, Figure 3-6 (solid 

green lines). Amorphous silicon-nitride thin-films are available from Norcada® or 

Silon® in various thicknesses from 10 nm to 2 m. A 500 nm thin-film of 3 x 3 mm2 

cross-section withstands the gas pressure of liquid water under UHV conditions. The 

Si3N4 windows gave the lowest scattering background of all windows used in this work. 

In Figure 3-6 the SAXS curve of a 500 nm Si3N4 window supplied by Norcada® is shown 

(solid blue line). These windows are the best choice to measure weak scattering 

samples, but Si3N4 may become brittle at low temperatures (lower than 200 K). 
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Figure 3-6: SAXS curves of X-ray window materials used in this work. The 
curves were measured during different beamtimes at the FCM@PTB beamline 
using the HZB SAXS-instrument. The materials: Kapton® 2 x 20 m, 
Ultralene® 2 x 4 m, and Si3N4 from Norcada® 500 nm were measured at 
different photon energies indicated in the plot (material @ energy). All curves 
were normalized for the material thickness.  
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3.5 Beam monitoring for X-ray of 2.5 keV energy and lower 

For the data correction, it is essential to monitor the primary X-ray beam-intensity 

and beam-intensity after sample transmission, as discussed in chapter 3.2. It is crucial 

to determine both with high precision or, even better high accuracy. A monitoring 

strategy for photon energies lower than 2.5 keV is discussed here. At this point, the three 

terms of statistical quality are introduced: (i) precision, (ii) trueness, and (iii) accuracy, 

as these three can be mistaken for each other. Three targets are shown in Figure 3-7, 

12 darts shot each. Target a) was hit with high precision and low trueness. For an 

experiment, high precision can mean as well high reproducibility of the experimental 

outcome. Target b) was hit with low precision and high trueness. For an experiment, 

the trueness is high if the result can be successfully traced back to physical values (e.g., 

the vacuum speed of light) or an etalon (e.g. the primary kilogram) of the SI unit 

system. Target c) was hit with high precision and high trueness, resulting in high 

accuracy. For a successful ASAXS experiment, we need to measure three or more 

scattering curves with high precision regarding the absolute scattering cross-section. At 

least a per-mille precision (𝜎 𝐼⁄ = 10−3) of the scattering intensity I ( being the 

standard distribution) is needed. High precision can be achieved by using a secondary 

scattering intensity standard for normalization, as discussed in the data correction 

chapter 3.2 and chapter 3.3.1. If a secondary standard is used, the experiment's trueness 

depends on the calibration of the secondary standard. In this case, the precision depends 

primarily on the reproducibility of scattering experiments at the particular SAXS-

instrument. Indeed, the uncertainty of the sample thickness is many cases a significant 

matter for the precision and trueness of a SAXS experiment. However, in ASAXS several 

scattering experiments are measured at one and the same beam spot making the 

precision independent of the sample thickness.  

The precision required for a successful ASAXS experiment is exemplary estimated 

here: A Zn-ASAXS experiment is measured. Zinc has 30 electrons, and the attenuation 

coefficient fZn(E) changes about 3 e.u. (electron units) between the individual 

experimental ASAXS photon energies. Let us assume we measure the material ZnSe 

 

Figure 3-7: Illustration of a) high precision, b) high trueness and c) high accuracy of 
a statistical distribution of 12 shots on a target. 
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with 64 electrons in total. A change of 3 e.u. results in 5 % changes of 𝑓ZnSe(𝐸) between 

two scattering-curves of the ASAXS experiment. The scattering intensity difference of 

the two curves 𝐼(𝑞, 𝐸2) − 𝐼(𝑞, 𝐸1) is proportional to (𝑓ZnSe(𝐸2) − 𝑓ZnSe(𝐸1))
2
, what is 

0.25 % or 2.5 · 10-3. As the individual scattering curves of an ASAXS experiment must 

be clearly separated, the precision must be at least 10-3 or better.   

A careful beam monitoring and evaluation of the sample X-ray transmission is 

essential to achieve high precision in scattering experiments. The X-ray beam intensity 

of a synchrotron source can vary over time, affected by the change of the electron 

current and trajectory in the storage ring or by motions in the beamline's X-ray beam 

guidance system. Beam intensity variations must be corrected by monitoring the beam-

intensity during the entire experiment. At many beamlines, monitoring is achieved by 

using gas-ionization-chambers. The gas composition can be chosen to have a good 

compromise between count-rate and transmission. At the FCM beamline, such a 

chamber can not be used for safety reasons. Most parts of the beamline are under UHV. 

A free, undisturbed beam pathway from the storage ring right to the sample position 

can be opened. Implementing a gas-filled chamber in the beam path would significantly 

reduce beam intensity and pose the beamline and storage ring at risk if the chamber 

windows fail. An 8 m thin silicon pin-photo-diode is used instead to monitor the beam 

intensity. The 8 m thin-diode can be used to measure photon energies of 1.75 keV to 

1.833 keV and 2.6 keV and 11 keV. The silicon K-edge absorption at 1.833 keV of the 

Si-diodes absorber layer efficiently blocks all X-ray up to a photon energy of 2.6 keV.  

The monitoring gap between 1.833 and 2.6 keV needed to be covered to measure 

ASAXS in the entire photon energy range of the FCM beamline. Especially, the elements 

sulfur (K-edge at 2470 eV) and phosphorus (K-edge at 2145 eV) which are of high 

scientific interest, would be inaccessible otherwise [94,97,98]. In the present work, this 

problem is solved by monitoring the overall backscattering on an amorphous silicon 

nitride (Si3N4) window hit by the primary X-ray beam. The Si3N4 window is 500 nm 

thin and purchased from Norcada®. The measured backscattering is a sum of X-ray 

fluorescence, inelastic, and elastic scattering. The Si3N4-window is placed in the 

beamline’s reflectometer chamber (called NewRef) 1 m upstream of the ASAXS sample 

chamber. The backscattered beam is monitored using an energy-dispersive X-ray silicon-

drift-detector (SDD; Bruker XFlash-6 | 30; energy-resolution < 126 eV @ Mn-K) 

mounted 45° off the beam axis, 15 cm far from the Si3N4-window. The Si3N4-window is 

tilted by 7° in direction to the SDD. Under these conditions, more than 2000 counts per 

second were accumulated. The standard deviation 𝜎 of counting experiments with 

𝑛 counts is given by: 

 𝜎 = √𝑛 (3-6) 
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For 10 minutes (600 s) accumulation 𝜎  is about 0.1 %, sufficient for an ASAXS 

experiment. In consequence, 10 minutes was the minimal acquisition time for all ASAXS 

scattering curves monitored using the SDD.  

The signal-processing unit (QUANTAX by Bruker) used here was optimized for an as 

high as possible energy resolution, allowing a count rate of 16 kct/s. The SDD (XFlash) 

and the signal-processing unit can be operated with a count rate of 1500 kct/s at a lower 

energy resolution. This count rate is sufficient to achieve a 𝜎 of 0.1 % in a 1 s acquisition 

period or a 𝜎 of 0.0033 % in 10 minutes acquisition.  

3.6 X-ray detection at the Si K-edge 

It is appropriate to use a 2D area-sensitive detector to measure SAXS and ASAXS at a 

pinhole camera synchrotron beamline. Such detectors are designed to operate within 

the standard X-ray photon energy ranges (“soft X-ray” or “hard X-ray”) discussed for the 

monochromators in chapter 3.4. To measure photons of 1.75 to 4 keV energy (in 

between both energy ranges), commercially available detectors need to be operated 

beyond their specifications. To design a specialized detector was not objective of this 

work. The 2D detector best suited to measure between 1.75 and 1.839 keV (Si K-edge) 

is the Pilatus® detector developed by Dectris and the Paul-Scherrer-Institute (PSI). The 

Pilatus® detector is a hybrid-pixel photon-counting array detector with a silicon-based 

absorber layer [99,100]. It is primarily designed for X-ray scattering experiments using 

“hard X-ray” and exhibits an above 90 % quantum efficiency in the X-ray energy range 

of 5 to 10 keV (320 m silicon absorber layer). One detector module (94’965 pixel, 

called 100 K) consists of 8 x 2 read-out-chips (ROCs). On the ROC every single pixel is 

bump-boundet and operates as an individual counting entity (60 x 97 pixels per ROC). 

A charge-sensitive amplifier (CSA) amplifies each pulse generated by the incidence of 

one photon. The necessary amplification depends on the X-ray photon energy. The 

amplification gain and pulse shaping time are defined via a global bias voltage (Vrf) 

between - 0.6 V and - 0.03 V. A low amplification for high X-ray photon energies (low 

gain Vrf = - 0.3 V) result in a sharp analog pulse with a pulse duration time of about 

200 ns (for a 6.4 keV photon). High gain (Vrf = - 0.15 V) amplification results in an 

analog pulse of 600 ns duration time (for a 5 keV photon). Depending on the pulse 

duration, different rates of photons per second (ph/s) can be counted 

(low gain 8 ∙ 106 ph/s; high gain 0.9 ∙ 106 ph/s; values per pixel). After amplification and 

pulse shaping, a comparator (Comp) produces a digital signal if the amplified analog 

signal exceeds a given threshold. An external threshold voltage (Vcomp) determines this 

threshold and is set depending on the amplification gain and X-ray photon energy. The 

digital signal is registered in a 20 bit counter, which counts from 0 to 1’048’574 events 

during one acquisition period. Due to this approach, no dark current and no readout 

noise has to be considered. A higher amplification is used to measure photons of less 

than 4.5 keV energy (ultra-high gain Vrf = - 0.03 V). For this amplification, the Comp-

threshold cannot be set appropriately. As well, the pulse shaping time increases further, 

reducing the acceptable count rate per second.  



Page | 57  
 

Figure 3-8 a and b shows detector images measured for an empty beam position and 

a 2 m Si3N4-window, respectively. The images were measured for 1.869 keV photons 

and 30 min acquisition time. Several different detection errors were observed while 

detecting low-energy photons. These errors are discussed in detail below.  

 

 

Figure 3-8: Scattering patterns measured with ultra-high gain for 30 min acquisition 
time. All images are plotted in linear gray scale from 0 to 10 counts. a) Instrumental 
scattering measured at an empty beam position. Neglectable count rate. No detection 
errors are observed. b) X-ray fluorescence of 2 m Si3N4 exited with 1869 eV photons. 
The module outlined in green shows a different response compared to the other 
modules. c) Pure elastic scattering measured on 2 m Si3N4 at 1801 eV photons. d) 
Typical detector image measured at 2 m Si3N4 with 1869 eV photons. The image 
contains elastic scattering and X-ray fluorescence information (Si K, fluorescence). 
ROC’s showing a count-rate driven ROC-error are outlined in blue. 
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The count-rate driven ROC-error occurs if the entire detector registers at a count-

rate of 104 count/s at 2.4 keV and 103 count/s at 1.8 keV or higher. The count-rate 

driven ROC-error is an over-counting effect whereby all pixels on an entire ROC get 

one extra count, resulting in a rectangular-shaped image error (Figure 3-8 c, d, outlined 

in blue). The following explanation was discussed with the technical staff of the detector 

supplier Dectris. Potentially, if many CSA consumes a vast amount of power (high count 

rate at ultra-high amplification), electronic noise is induced in the circuit. If the noise 

level exceeds the potential of a single photon incidence event, feedback on ROC's 

CMOS-chip is created. This feedback would be counts on all counters on one ROC. 

Quantification of the count-rate driven ROC-error is given for scattering experiments 

on a 2 m Si3N4 window at two X-ray energies (Figure 3-9). In Figure 3-9a, the 

accumulated number of ROC-errors is shown found in 15 images measured at 1801 eV 

for 30 min acquisition time each. The Pilatus detector registered elastically scattered 

photons of 1801 eV energy. Figure 3-9b shows the accumulated number of ROC-errors 

of 75 images measured at 1869 eV for 30 min each. The Pilatus detector registered 

photons of two different energies. The minority were elastically scattered photons of 

1869 eV energy. The majority originated from X-ray fluorescence of 1740 eV energy 

(Si K, fluorescence). ROC's above-described errors were identified using an 

automated Matlab® script developed by Dr. Dragomir Tatchev and Eike Gericke.  

Furthermore, a sensitivity-inhomogeneity error was observed. The counting 

electronics for each pixel differ a bit. Therefore, the global external threshold voltage 

(Vcomp) is trimmed with a programmable 6 bit DAC in each pixel. The trim-bit values are 

determined between 8 keV and 16 keV at fixed photon energies available using 

laboratory X-ray sources. Trim-bit values for photon energies in between are 

interpolated. Dectris cannot provide the threshold trimming for X-ray photon energies 

 

Figure 3-9: Count rate driven ROC error maps of the used Pilatus 1M detector. 
a) Statistic of 15 images measuring elastically scattered X-ray of 1801 eV. 
Linear color plot from 0 to 3 errors, decimal values are meaningless. b) Statistic 
of 75 images measuring X-ray fluorescence of 1740 eV (excited with 1869 eV 
X-ray). Linear color plot from 0 to 6 errors. 
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lower than 4.5 keV. The sensitivity trim-values are extrapolated, leading to an 

inhomogeneous photon-sensitivity. A detector-flatfield for photon energies lower than 

the silicon K-edge energy is prepared to overcome this problem. The flatfield is a map 

of all detector pixels and contains a correction factor for each pixel. Its overall mean 

value is defined to 1. To generate a flatfield, it is necessary to measure detector images 

with homogeneous illumination.  A convenient approach to get such an image is to 

measure the X-ray fluorescence of a sample which provides a low elastic scattering 

cross-section in small-angle region. Here an amorphous Si3N4-window is used for this 

purpose. Detector images were measured at X-ray photon energies 34 eV higher and 

34 eV lower than the Si K-edge found at 1835 eV (for Si3N4). The detector images 

measured at 1869 eV contain X-ray fluorescence and X-ray scattering information. 

Images measured at 1801 eV contain only X-ray fluorescence and can be subtracted 

from the before mentioned. As a result, images are gained showing homogeneous X-ray 

fluorescence only.  

In practice, the silicon K- and K-fluorescence (1.735 keV and 1.833 keV) of a 2 m 

Si3N4-window (produced by Silcon®) excited by X-ray photons of 1869 eV energy was 

registered at 0.8 m distance between sample and detector, Figure 3-8a. The 

fluorescence image is subtracted by the elastic scattering measured at 1.801 eV 

(Figure 3-8b) and corrected for spherical distortion. For a sufficient statistic, the 2 m 

Si3N4-window was measured 75 times at 1869 eV and 15 times at 1801 eV, each 30 min, 

leading to a statistic of a few hundred fluorescence counts per pixel. All images were 

normalized for X-ray transmission, primary beam intensity, and acquisition time. 

Images measured at the same photon energy were averaged, neglecting those ROC 

showing the ROC count-rate error. In Figure 3-10a the difference map of images 

measured at 1869 eV and 1801 eV is shown. A detector mask as shown in Figure 3-10b 

is used. The origin of the mask is discussed in the next paragraph. To our best 

knowledge Figure 3-10a shows the pure fluorescence signal from Si3N4. The relative 

fluorescence quantum efficiency of K12 and K123 is 100 to 22. The detection efficiency 

for K12 and K123  differ. As a result, Figure 3-10a contains about 80 % K12- and 

20 % K123-fluorescence information. The from Figure 3-10b calculated flatfield and 

inverted flatfield are shown in Figure 3-10c, d.  

The explanation of the next error, the virtual-border-pixel error, requires a closer 

look at the pixel design. Pilatus modules are always assembled from 8 x 2 ROCs. 

Manufacturing gaps between the ROCs of a module exist. These gaps are used as a 

sensitive area by enlarging the adjected border pixels. A regular pixel is 172 x 172 m2 

in size. The pixels between two attached ROCs have 3/2 of the size of a regular pixel in 

the respective direction. The counts of two attached border pixels (172 x 258 m2 in 

size) of two different ROCs are statistically distributed to three newly defined virtual 

pixels of regular size.  At corners between four ROCs, the counts of four large pixels 

(258 x 258 m2 in size) are distributed to 9 virtual pixels. The distribution is performed 

on software level after the detector readout. This approach is working well for low-, 
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medium- and high-gain amplification. In the ultra-high gain amplification, the virtual 

border pixels overcount significantly. This phenomenon is further called the virtual-

border-pixel error. The intensity of this error depends on the module. The particular 

module always showing the most intense overcounting is outlined in green in 

Figure 3-8b. The overcounting effect can not be corrected and is significant for photon 

energies lower than 1.9 keV. The 3-pixel broad stripes of virtual border pixels were 

masked and not regarded in the flatfield correction (Figure 3-10b blue pixels). This 

overcounting effect was discussed with the technical staff of the detector supplier 

Dectris and can potentially be attributed to an oscillation of the amplifier on the pixel 

 

Figure 3-10: a) Pure X-ray fluorescence signal of 80 % Si K and 20 % Si K 
fluorescence. Linear color plot from 0 to 130 in arbitrary units. b) Mask used 
for the flatfield calibration. Green pixels are accepted, blue pixels not. c) 
Detector flatfield with linear color plot from 0 to 3. d) Inverted detector 
flatfield with linear color plot from 0 to 3. High numbers in the inverted 
flatfield indicates a high photon sensitivity. 

a     

c  d  
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level. The CSA is driven on a maximal possible gain. In the circuit diagram published 

by Broennimann et al. in Figure 1 [101], one can see the CSA to be configured with a 

1.7 fF capacity. The 1.7 fF capacitor is the surface of the regular 172 x 172 m2 pixel. 

In consequence, all border pixels are configured with a 2.6 fF and all corner pixels with 

a 3.8 fF capacity. An amplifier configured with a higher capacity drains more electrical 

power and eventually generates a feedback loop in the amplifier circuit at ultra-high 

gain. A feedback oscillation is then registered several times by the comparator.  
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4 Scientific part 

4.1 Quantification of density fluctuations in amorphous hydrogenated silicon 

 

 

Figure 4-1: The content of this chapter was published in Physical 
Review Letters (2020, volume 125, issue 18) in a paper titled 
“Quantification of Nanoscale Density Fluctuations in Hydrogenated 
Amorphous Silicon” and displayed on cover page [3].  

 

4.1.1 Introduction and objective 

Amorphous semiconductor materials such as hydrogenated amorphous silicon 

(a-Si:H) are an indispensable component in thin-film transistor (TFT) technology [102–

104] and as contact layer in photovoltaic applications (PV) [105,106]. Their structure is 

often described through a continuous random network (CRN). In a CRN, each network 

atom's coordination is equivalent to that of the corresponding crystalline lattice but 

without having any long-range order [2,6,8]. Such a structure is homogeneous on the 
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nanoscale by definition and is expected to show only angle-independent elastic 

scattering in small-angle scattering as it is described for pure liquids [1]. However, 

experimental evidence of small-angle contributions in neutron and X-ray scattering as 

well as electron diffraction (SANS, SAXS, ED, respectively) for a-Si:H indicates that the 

CRN is not valid for the nanostructure of a-Si:H [8]. During the last two decades, 

considerable efforts have been made to resolve and understand the morphology of a-

Si:H completely. This morphology is supposed to be related to the complex electronic, 

partially metastable properties of a-Si:H, such as the Staebler-Wronski effect 

(SWE) [21], or the glassy behavior of a-Si:H [2]. After over 50 years of intensive 

research on this topic we know today that the a-Si:H network is a complex mixture of 

amorphous and nano-sized crystalline-like domains in which nanovoids and vacancies 

of different sizes are embedded [8,14,15,17,18,107–110]. Until now, no experiments 

were conducted on a-Si:H materials to clearly resolve any feature smaller than 2 nm. 

Statements on smaller structures were only made based on theoretical work. In such a 

work, Treacy and Borisenko recently reinterpreted experimental diffraction data. They 

assumed a-Si:H consists of only two phases, namely a fully amorphous phase and 

topologically ordered domains [6,111]. Topologically ordered domains are referred to 

as nano-sized structures of Si atoms in the a-Si:H matrix that consists of six-membered 

rings of silicon only. A domain that provides such an environment must be at least 0.9 

nm in size, have a high degree of order, and is hydrogen depleted. Note that such a 

topological structure can by definition still be amorphous. 

The focus of this work is to lay the foundation for an improved understanding of the 

general a-Si:H nanostructure and its connection to the SWE. The proposed theoretical 

model of Treacy and Borisenko will be verified, both by a combination of SAXS and 

SANS experiments [14,19,112,113]. For this purpose, a series of a-Si:H samples was 

prepared by Dr. Jimmy Melskens with widely varying deposition conditions and 

distinctively different nanostructures. These samples represent an entire class of a-Si:H 

materials and is exceptionally well characterized by Fourier-transform infrared (FTIR), 

positron annihilation spectroscopy (PAS), and electron spin resonance (ESR) [13–

15,19,107]. SAXS and SANS were employed, which provide a contrast on the electron 

density distribution (proportional to mass density) as well as the isotope distribution 

(primarily hydrogen density fluctuations), respectively. Due to improved detector 

sensitivity and the high brightness of the synchrotron radiation source used here, we 

achieved a real space resolution limit of 0.8 nm. This limit improves the limit of 

previously reported data by a factor of three [8]. From the scattering data, a nanoscopic 

model of a-Si:H is developed (fully amorphous, no crystalline inclusions) that consists 

of at least three domains: (i) a disordered a-Si:H matrix; (ii) dense ordered domains 

(DOD) which are fully amorphous, hydrogen depleted, and show a higher mass density 

than the a-Si:H matrix; and (iii) nm-sized voids of which the inner surface is decorated 

with hydrogen. The lower spatial resolution limit of the experiment was equal to the 

size of a vacancy of eight missing Si atoms in the a-Si:H matrix. 
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4.1.2 Experimental 

Sample preparation. All a-Si:H samples were deposited on aluminum (Al) foil by 

radio-frequency plasma-enhanced chemical vapor deposition (rf-PECVD) from silane 

precursor gas by Dr. Jimmy Melskens. The a-Si:H nanostructure was altered by well-

known and established approaches that yield homogeneous materials over square 

centimeters of area. Firstly, films were deposited at a low deposition rate (LDR) using 

either undiluted (LDR – I) or hydrogen-diluted silane (LDR – II), which are both dense 

types of divacancy-dominated a-Si:H with a low defect density that can be used as an 

absorber layer in a-Si:H solar cells [114]. The SWE is less pronounced in LDR – II due 

to the hydrogen dilution [115,116]. Secondly, high deposition rate (HDR) films were 

fabricated by increasing the rf power compared to the LDR samples (HDR – I) and by a 

further increased rf power and a lowered substrate temperature (HDR – II). This yields 

types of a-Si:H rich in nanosized voids and with a high defect density. HDR type a-Si:H 

is typically not used as solar cell absorber layer [117], while porous types of a-Si:H can 

be used to passivate defects at the c-Si surface [118], in silicon heterojunction (SHJ) 

solar cells [105]. Finally, a-Si:H films were deposited at high pressure (8 mbar) and 

high hydrogen dilution (HHD), at either higher (HHD – I) or lower (HHD – II) substrate 

temperature.  HHD yields a type of a-Si:H that is dominated by multivacancies and has 

a high hydrogen concentration and defect density compared to the LDR samples. With 

HHD material, it is possible to fabricate a-Si:H solar cells with high open-circuit voltages 

of ~1 V. More details can be found in Table 4-1 and references [13–15].  

Table 4-1: Conditions of a-Si:H thin-film deposition onto aluminum foil 
from the precursor (prc.) gases SiH4 and H2. The parameters H2 to SiH4 gas 
mixture, temperature T, gas pressure p, radio-frequency power density rf-P, 
and deposition rate are listed. 

a-Si:H 

sample 

prc. gas T p rf-P 
Dep. 

Rate 

H2/SiH4 °C mbar mW/cm2 Å/s 

LDR - I 0/1 180 0.7 21.5 1.85 

LDR - II 10/1 180 2.0 21.5 1.04 

HDR - I 0/1 180 0.7 24.3 2.80 

HDR - II 0/1 160 1.0 69.4 7.17 

HHD - I 50/1 200 8.0 69.4 2.18 

HHD - II 50/1 150 8.0 69.4 1.83 

 

SAXS measurements. SAXS was measured at BESSY II at an X-ray energy of 

9658 ± 2 eV (scattering vector (q) range: 0.06 to 7.7 nm-1) [69–71] as described in 

chapter 3.1. The experimental data were corrected as described in chapter 3.2. To avoid 

significant X-ray attenuation by the Al foil, the a-Si:H film was separated from the Al 

substrate by etching with 10 % hydrochloric acid in water. The remaining a-Si:H flakes 

were collected, cleaned in deionized water, and dried. The flakes were placed between 
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two 3 m thin polypropylene foils (Ultralene) under air and sealed vacuum-tight. Two 

layers of polypropylene foil alone were prepared as a reference sample.  

SANS measurements. All SANS experiments were done at the instrument V4 at the 

neutron source BER-II [119] at HZB. Two different sets of instrumental settings were 

used to cover the sufficient q-range. For high q-values (0.6 nm-1 to 7 nm-1) a collimation 

length of 2 m and a sample-to-detector distance of 1 m were used with a neutron 

wavelength of 0.45 nm ± 10.5 % (FWHM). For low q-values (0.1 nm-1 to 0.9 nm-1) 

a collimation length of 8 m and a sample-to-detector distance of 6 m was set with a 

neutron wavelength of 0.6 nm ± 10.5 % (FWHM). A circular beam shaping aperture 

(cadmium) of 13 mm diameter was mounted directly in front of the sample. The 

scattered and transmitted neutrons were measured using a 2D detector of 112 3He filled 

Reuter-Stokes tubes. For transmission experiments, the primary and attenuated neutron 

beam intensity was measured directly on the 3He detector. The neutron attenuation by 

the a-Si:H and Al-foil samples was rather weak and within the statistical uncertainty. 

Therefore, the theoretical attenuation by the samples is calculated in Table 4-2. For 

calibration purposes, a water sample was measured. The neutron scattering images are 

normalized to the neutron flux on the sample. The scattering intensity is normalized to 

the sample thickness and multiplied by an absolute calibration factor evaluated from 

the scattering of the absolute calibration standard, water. The software package BER-

SANS was used for data reduction [120]. For SANS, the a-Si:H films were measured 

directly on the Al foil, since the attenuation of the neutron beam by the Al is negligible.  

Table 4-2: SANS samples; calculated neutron beam attenuation and transmission. 
Attenuation coefficients are tabulated in the literature [52]. Number of layers 
shortened to N.L., Transmission shortened to Transm. 

Sample 

N.L. Thickness Attenuation Transm. 

 Al a-Si:H Al a-Si:H  

 m m − −  

LDR-I 12 600 12 8.3 0.098 99.915 

LDR-II 12 600 12 8.3 0.098 99.915 

HDR-II 12 600 12 8.3 0.098 99.915 

Al-Foil 6 300 0 4.2 n.a. 99.958 

 

TEM measurements. Transmission electron microscopy (TEM) was conducted in a 

Zeiss LIBRA 200 FE microscope (Corelab Correlative Microscopy and Spectroscopy at 

HZB) by Dr. Markus Wollgarten. The microscope's energy filter was used to obtain zero-

loss filtered images and diffraction patterns. Data were either acquired in bright field 

illumination (BF-TEM) or hollow cone dark-field (HCDF-TEM) illumination 

mode [121]. For the latter, an electron beam was tilted to the optical axis by some 

degree. An aperture was placed behind the sample position to block all electrons but 

those along the optical axis. As a result, only electrons scattered by the right angle are 
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collected for imaging. The tilting angle was chosen to select electrons scattered in the 

angular range 𝑠 = 𝑑−1 = 2.5 nm−1 to 3.5 nm−1. In consequence, the image contrast is 

proportional to the electron scattering cross-section in the selected angular space 

representing here the Si-Si distance. In standard HCDF-TEM mode, the tilted electron 

beam is precessing azimuthally around the optical axis, averaging over all scattering 

directions. The electron beam direction can be fixed at a certain azimuthal what results 

in the fixed azimuthal HCDF-TEM (FHCDF-TEM) option. Hence, one particular 

scattering direction is selected. For TEM experiments, two different sheets of a-Si:H 

samples on Al foil from LDR-I and HDR-II a-Si:H were glued together with the a-Si:H 

sides facing each other. A thin cross-section was prepared from this double sample by 

mechanical grinding and polishing and Ar ion polishing down to a thickness of about 

20 nm. The double sample allowed us to switch between both a-Si:H materials keeping 

the same instrumental settings without breaking the vacuum.  

4.1.3 Experimental data and data treatment 

Experimental SAXS measured on a-Si:H flakes are shown in Figure 4-2a and b. 

Figure 4-2c shows experimental SAXS data measured on an HDR-II thin-film on Al foil. 

In Figure 4-2d experimental SANS curves measured on stacked a-Si:H thin-film samples 

on Al foil (12 stacks) are shown. All experimental SAXS and SANS data contain 

scattering contributions from surface scattering [7], wide-angle scattering, and angle-

independent scattering. General surface roughness is described by the Porod-law 

equation (4-1) and in chapter 2.5.2 [1]. The Porod law applies to rough surfaces with 

well-defined interfaces and can be described by a typical q-4 roll-off in scattering data, 

proportional to the specific surface area 𝑆 and Δ𝜂. For SAXS from a-Si:H flake samples 

the Porod law is not sufficient to describe the scattering behavior at low q-values. An 

additional microstructural contribution in SAXS data from flake samples is described by 

equation (4-2) (forward scattering 𝐼q→0, radius of gyration of the microstructure 𝑅μ, 

and dimensionality 𝐷) [54].  
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Figure 4-2: SAXS curves of a) LDR and HDR a-Si:H samples (dashed blue 
and solid green lines, respectively) and b) HHD a-Si:H samples (solid lines). 
c) SAXS data of HDR-II thin film on Al foil (black line), Al foil (blue line), 
and the difference of both (red line). The calculated surface and angular 
independent scattering are shown as dotted blue line and dashed purple line, 
respectively. d) SANS data of LDR-I, LDR-II, and HDR-II thin films on Al foil. 
Figure published by Gericke et al. [3]. 
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This function is a variation of Kummer’s hypergeometric function 1𝐹1 (4-2).  

d𝛴 d𝛺⁄ (𝑞) = (Δ𝜂)2 ⋅ 2𝜋 ⋅ 𝑆 ⋅ 𝑞−4 = 𝑐Porod ⋅ 𝑞
−4 (4-1)    

d𝛴

d𝛺
(𝑞, 𝑅μ, 𝐷) = 𝐼q→0 𝑒

𝑞2𝑅μ
2

𝐷  1𝐹1 [
3 − 𝐷

2
,
3

2
,
𝑞2𝑅μ

2

𝐷
] (4-2) 

 1𝐹1(𝑎, 𝑏, 𝑧) =∑
𝑎(n) 𝑧n

𝑏(n) n!

∞

n=0
  

𝑎(0) = 1  

𝑎(n) = 𝑎(𝑎 + 1)𝑎(𝑎 + 2)⋯𝑎(𝑎 + n − 1)  

d𝛴 d𝛺⁄ (𝑞) ≈ 𝑐WAXS ∙ 𝑞 (4-3) 

The wide-angle scattering visible for q > 6 nm-1 is described by equation (4-3) 
(experimental coefficient 𝑐𝑊𝐴𝑋𝑆) and originates from the broadened Si(111) reflex of 
the amorphous silicon network (compare to Figure 4-4). An angular-independent 
scattering contribution (𝑐0), depending on elastic and inelastic scattering processes, 
generally exists in all SAXS and SANS experiments. Surface scattering, wide-angle 
scattering, and angular-independent scattering are evaluated for all SAXS and SANS 
data shown in Figure 4-2 and are separated from the data. The parameters found for 
these equations are listed in Table 4-3 for SAXS and in Table 4-4 for SANS.  

 

Table 4-3: SAXS parameters for the separation of surface scattering for equations a(4-1) 
and b(4-2), and wide-angle scattering c(4-3) and angle-independent scattering (c0) 
contributions. 

Exp. 

cPorod
a 2 R

b Db 𝐼q→0
b cWAXS

c c0 

(
nm4

cm
) (nm)  (cm-1) (

nm

cm
) (cm-1) 

LDR – I 0.100 25 3 152 0.0039 0.0168 

LDR – II 0.133 25 3 138 0.0068 0.0130 

HDR – I 0.133 25 3 433 0.0161 0.1060 

HDR – II 0.026 25 3 125 0.0814 0.1837 

HHD – I 0.133 28 3 222 0.0026 0.0363 

HHD – II 0.110 25 3 114 0.0042 0.0363 

 

TEM is measured on a thin section of LDR-I and HDR-II a-Si:H combined in a single 

sample. Both a-Si:H materials were measured under similar instrumental settings for 

each applied TEM mode. The BF-TEM micrographs of LDR-I and HDR-II are shown in 

Figure 4-3a, b, respectively. In Figure 4-3a the LDR-I sample appears as a homogeneous 

grey area. The slight gradient in image brightness from the upper left to the lower right 



Page | 70 

 

corner is related to the sample thickness (minimum about 10 nm). In the bright area in 

the lower right corner no a-Si:H material is situated. In Figure 4-3b, the HDR-II sample 

appears as a grey area with a slight gradient in image brightness from the lower right 

to the upper left corner. The a-Si:H material appears to be grainy with dark spots of 

several nanometer size all over the sample. No evidence for any crystallinity is found. 

In HCDF-TEM and FHCDF-TEM modes, image brightness is proportional to the peak 

intensity of the first electron diffraction peak of a-Si:H between 1/d = 2.5 nm-1 and 

3.5 nm-1 (compare to Figure 4-4). The HCDF-TEM micrograph of LDR-I (Figure 4-3c) 

shows the same sample spot as in the BF-TEM image. The a-Si:H material appears to be 

homogeneous. In the HCDF-TEM micrograph of HDR-II (Figure 4-3d) the same spots 

are found as in BF-TEM. In HCDF-TEM the spots appear as bright bright fuzzy spots of 

about 10 nm size. Figure 4-3e and f show FHCDF-TEM images where the electron-

diffraction intensity is measured in a particular direction. The FHCDF-TEM image 

brightness depends only on ordered regions with lattices aligned perpendicular to the 

electron beam direction. Hence, only a small fraction of ordered spots is imaged. For 

LDR-I (Figure 4-3e), no signal exceeds the detector's statistical noise level. For HDR-II 

(Figure 4-3f), bright dots of 0.1 nm – 1 nm size can be found.  

 

Table 4-4: SANS parameters for the separation of 
surface scattering a(4-1), wide-angle scattering b(4-3), 
and angle-independent scattering (c0) contributions. 

Exp. 

cPorod
a cWAXS

b c0 

(
nm4

cm
) (

nm

cm
) (cm-1) 

LDR – I 0.055 0.0 0.17 

LDR – II 0.062 0.0 0.18 

HDR – II 0.056 0.0 0.18 

 

Electron diffraction (Figure 4-4a) is measured by SAED on LDR-I and HDR-II 

(Figure 4-4b and c, respectively). Laue-diffraction signals are found, originating from 

the supporting Al-foil and used for calibration purposes. The SAED micrographs were 

azimuthally averaged and plotted against 1 𝑑⁄ = 𝑞 2𝜋⁄ . The mass density is calculated 

from the first diffraction ring position (Si(111) plane) to 2.03 g/cm3 and 2.05 g/cm3 

for LDR-I and HDR-II, respectively (2.33  g/cm3 for crystalline Si). 
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Figure 4-3: TEM micrographs of LDR-I (a, c, e) and HDR-II (b, d, f), with 
BF-TEM (a, b), HCDF-TEM (c, d), and FHCDF-TEM (e, f). Figure published 
by Gericke et al. [3]. 
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4.1.4 Results and discussion 

SAXS results. Figure 4-5a shows SAXS and SANS data obtained on the LDR, HHD, 

and HDR a-Si:H sample series. The SAXS data are normalized and corrected for the 

contribution of surface roughness, angle-independent scattering, and the contribution 

of the broadened Si(111) reflection of the amorphous network for 𝑞 > 6 nm−1, as 

described in section 4.1.3. SAXS data were acquired up to a q-value of 7.7 nm-1. 

However, for 𝑞 > 6.6 nm−1 the data did not exceed the noise ratio. All SAXS results on 

the different samples are similar in shape, except for the HDR samples, which exhibit a 

distinct and intense scattering for high q-values. The LDR and HHD series show two 

broad shoulders at 2 – 3 nm-1 and about 0.2 – 0.4 nm-1. The shoulders indicate 

structures that are about one and several nanometers in size, respectively. 

Nanostructures producing a shoulder at 0.2 – 0.4 nm-1 were already discussed by 

Williamson et al. from SANS data [7]. In comparison, the HDR series yield an overall 

higher scattering intensity and exhibit the same broad shoulders as the LDR series. In 

addition, HDR samples show a distinct and intense scattering for high q-values with a 

pronounced peak at about 4 nm-1, which has not been reported before. The peak 

indicates a recurrent structure with a spacing of 𝑑 = 2𝜋 ∙ 𝑞−1 = 1.6 nm. The SANS data 

 

Figure 4-4: a) SAED of LDR-I (red line) and HDR-II (blue line) with Laue-diffraction from 
the Al foil. The curves were azimuthally averaged from diffraction images of both samples 
(b, c). The stars mark the position of Si reflexes. The plus sign marks the position of the 
Al reflex from the supporting Al foil. Figure published by Gericke et al. [3]. 
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shown in Figure 4-5a were evaluated in a similar fashion as SAXS. The shape of the 

SANS and SAXS curves of sample HDR-II differ significantly. The distinct peak at 4 nm-1 

is not visible in SANS in Figure 4-5a. In the data in Figure 4-5a, characteristic 

nanostructures in a-Si:H were resolved clearly. Their structures depend on the 

deposition conditions of the samples. The nanostructures are related to variations in the 

electron (SAXS) and isotope (SANS) density distribution in size ranges between 

0.8 nm and 20 nm.  

TEM results. The BF-TEM (contrast: electron density) and HCDF-TEM (contrast: local 

atomic structure) images show LDR-I to be quite homogeneous (Figure 4-3a, c, d), 

where HDR-II shows distinctive structures, depicted in HCDF-TEM images in 

Figure 4-5b and c. These images resolve a local electron diffraction cross-section 

contrast and the local ordering on a few nanometer length scale. In addition, FHCDF-

 

Figure 4-5: (a) Experimental SAXS and SANS of the indicated samples and fits 
according to equations (2-45) (aggregated DOD) and (2-49) (recurrent voids) in 
the chapter 2.5.1. The intensities have been shifted vertically by the indicated factors 
for better visibility. (b) HCDF-TEM and (c) fixed azimuthal HCDF-TEM of sample 
HDR II taken in the indicated area in (b). Figure published by Gericke et al. [3]. 
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TEM is measured in Figure 4-5c to discriminate the diffraction contributions for a 

certain lattice alignment. The FHCDF-TEM images clearly show domains of local 

ordering with sizes smaller than 1 nm. This finding is consistent with the assumptions 

on which SAXS and SANS modeling is based. Thus, we conclude that these nanoscopic 

structures are a general property, given the large volumes probed by small-angle 

scattering.  

Model design. To interpret the SAXS and SANS data of all samples, we consider four 

typical structural models which are (i) monodisperse spheres, (ii) polydisperse spheres, 

(iii) spheres forming aggregates, and (iv) spheres forming ordered superstructures. 

Simulated curves of these models are shown in Figure 4-6 [54,122]. Each of these model 

structures influences the scattering curves in a very distinct and distinguishable manner. 

Since no crystalline inclusions are observable in TEM (Figure 4-4), we assume that the 

Si films consist of two different amorphous phases with different atomic and electron 

densities leading to contrast in SAXS. Such a model was already proposed from 

experimental SANS and SAXS [7,20,123] and confirmed by theory [6,12] with domain 

sizes varying between 1 nm and 2 nm. Assuming such dense domains are monodisperse 

spheres of radius R embedded in an amorphous phase, they will produce a scattering 

 

Figure 4-6: Model structures and calculated scattering curves of monodisperse 
particles (a), polydisperse (20  %) particles (b), random aggregated particles (c), 
and particles clustered with a recurrent distance (d) embedded in an amorphous 
phase. The curve from (b) is replotted as dashed line in (c). For simplicity, a 
generalized axes qR is shown. Figure published by Gericke et al. [3]. 
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curve as displayed in Figure 4-6a with interference fringes well known for the Fourier 

transformation to reciprocal space. The scattering cross-section (d𝛴 d𝛺⁄ , details in 

chapter 2.1), is a measure of the specific scattering contrast and the scattering volume. 

The blue arrow in Figure 4-6a indicates the q-value which is associated with a sphere 

of diameter 2 ∙ 𝑅 through the expression 1 𝑞⁄ ≈ 𝑅. For spheres having a size distribution, 

the fringes are smoothed out but the general shape of the scattering curve remains, 

Figure 4-6a. The random agglomeration of spherical domains will generate an 

additional shoulder at lower q-values as indicated by the green arrow in Figure 4-6c, 

determining the average agglomerate radius 𝑅g
a (curve from Figure 4-6b is replotted as 

dashed line for clarity). If the polydisperse spheres cluster in groups of two or more 

spheres with a distance d, as indicated in Figure 4-6d, this superstructure will then 

dominate the complete scattering curve. The scattering intensity of the single spheres 

is reduced to the benefit of an arising peak at 𝑞 = 2𝜋/𝑑 (indicated by the red arrow), 

as discussed elsewhere [124]. The detailed procedure on the calculation of these model 

scattering curves can be found in the chapter 2.5.1 using literature values for 

parametrization [51,52,125]. The applied models are well established in the SAXS and 

SANS literature [1].  

Model proposal. Standard scattering theory as described above was used here to fit 

the experimental data displayed in Figure 4-5a. The TEM image in Figure 4-5c clearly 

indicates that a DOD with a typical diameter of 1 nm exists in the amorphous matrix, 

forming agglomerates of a few nanometer in size (Figure 4-5b). Furthermore, the 

existence of the structures identified in TEM is assumed: (i) fully amorphous silicon; 

(ii) DOD; (iii) aggregated DOD. However, to be able to describe the scattering curves 

of HDR samples fully, an additional domain is needed (iv), which forms a 

superstructure of a yet unidentified phase originating in the peak at 4 nm-1 in 

Figure 4-5a. For simplicity, a spherical and polydisperse character is assumed for all 

phases. Slight deviations from the spherical character only slightly alter the scattering 

curves and will not lead to noticeable changes outside the error margin of the scattering 

curves [1].  

Model-based discussion. Fits to the data using equations (2-45) and (2-49) with 

parameters listed in Table 4-5 and Table 4-6 are shown in Figure 4-5a (solid lines). The 

model of agglomerated DOD (2-45) reproduces the experimental SAXS curves for the 

LDR and HHD sample series very well. The model predicts DOD with a diameter of 

1.3 ± 0.2 nm (LDR) and 0.8 ± 0.1 nm (HHD) samples forming agglomerates with 

diameters 2 𝑅g
a ≈ 10 nm − 15 nm. The distinct peak at 𝑞 = 4 nm−1 in the HDR series 

can be reproduced with the model of ordered superstructures. As discussed above, this 

peak position indicates a recurrent distance of 𝑑 = 1.6 nm. The peak shape indicates a 

diameter of about 1.2 ± 0.3 nm of the underlying spherical phases. The size of the 

individual clusters of the superstructure cannot be determined from our scattering data. 

It is speculated here that the superstructure-forming phase is due to small voids of which 
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the inner surfaces are decorated by hydrogen. To prove this, we provide 

counterevidence and fit the SANS data of the HDR-II sample using the agglomerated 

DOD model alone. Since the scattering contrast in SAXS and SANS depends on 

fundamentally different physical properties, SANS will have a clearly smaller contrast 

concerning the voids relative to the DOD. However, SANS has a strong contrast for 

hydrogen and is hence very sensitive to distinguish a hydrogenated from a hydrogen-

depleted (DOD) silicon phase. Consequently, the contrast of DOD embedded in the 

amorphous phase for SAXS is Δ𝜂2 = 1.35 ∙ 1021cm−4 (electron density contrast) and for 

SANS (H-distribution contrast) is Δ𝜂2 = 0.069 ∙ 1021cm−4. The contrast of voids 

embedded in the amorphous phase for SAXS is Δ𝜂2 = 161 ∙ 1021cm−4 and for SANS is 

Δ𝜂2 = 1.67 ∙ 1021cm−4. This means, the DOD to void contrast is 1/120 in SAXS and 1/24 

in SANS. The calculation of the scattering contrast is discussed in detail in chapter 2.2. 

Using the contrast values listed in Table 2-1 and Table 2-2, the experimental curves 

were fitted. It was found that the recurrent superstructure visible in SAXS for sample 

HDR-II nearly vanishes in the SANS data. This is proof that the recurrent superstructure 

cannot be associated with DOD but instead with nanometer-sized voids in the 

amorphous matrix. H-depleted and H-filled voids will produce two orders of magnitude 

higher contrast in SAXS compared to SANS. The SANS curve of sample HDR-II was 

 

Figure 4-7: Number density of DOD, voids, and aggregates in the studied 
samples. The number density of Si atoms in crystalline silicon is 5 · 1022 cm-3. 
Figure published by Gericke et al. [3]. 
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fitted for DOD aggregates and voids as it was done for the SAXS curve. The instrumental 

smearing in SANS measurements was significantly larger compared to SAXS (in detail 

discussed in chapters 3.2 and 3.3.2). Hence, it was not possible to fit SANS data 

(Figure 4-5a blue stars) with exactly the same structural parameters as SAXS. In 

Figure 4-5a a modeled SANS curve (blue line) is shown which represents the 

contribution of DOD aggregates only. This model curve is good agreement with the 

experimental data between 0.2 nm-1 and 2 nm-1. The residual of the DOD aggregate 

model curve and the experimental SANS shows a component at 2 nm-1 – 6 nm-1 

(Figure 4-5a blue crosses below SANS data) which should be related to the smeared 

contribution of void scattering. The integral intensity of the residuum indication that 

the voids to be H-filled. Note that we were not able to reliably fit the experimental SANS 

data with such an H-filled void model due to large uncertainties in the local model 

parameters.  

Table 4-5: The scattering contribution of DOD, fitted using equations (2-42) to (2-45). 
Electron spin resonance (ESR) defect densities from Melskens et al. are shown to be 
compared to DOD number densities N found here [15]. Defect densities of isolated, clustered 
(two or more defects close distance), and the sum of both are shown. 

Samples N R Rg D ESR defect density in 1015 cm-3 

 1019 cm-3 nm nm  isolated clustered total 

LDR-I 0.7 ± 0.5 0.64 7.2 2.7 3.6 2.0 5.6 

LDR-II 1.0 ± 0.7 0.62 7.3 2.6 0.27 1.9 2.3 

HDR-I 27 ± 17 0.40 7.4 2.4 2.7 7.4 10.0 

HDR-II 180 ± 110 0.40 5.2 1.8 57 37 93 

HHD-I 3.4 ± 2.1 0.40 7.3 2.6 3.1 6.1 9.2 

HHD-II 25 ± 17 0.40 6.1 2.4 3.9 8.1 12.0 

 

Table 4-6: The scattering contribution of nanovoids, fitted using 
equations (2-42), (2-43) and (2-46) to (2-49). 

 Sphere – Voids Voigt Peak 

Samples 
N R fp Area Center  /  

1019 cm-3 nm   nm-1  

HDR-I 0.16 ± 0.02 0.7 0.52 0.025 4.3 0.35 / 0.36 

HDR-II 5.5 ± 0.4 0.6 0.44 0.181 4.0 0.17 / 0.19 

 

Since all SAXS and SANS experiments were measured with calibration of the absolute 

scattering cross-sections, we obtain quantitative information about the number density 

of the various phases identified in the a-Si:H samples, as shown in Figure 4-7. The 

number density of individual voids within the superstructure is between 

1018 and 1020 cm-3 and these voids are only found in HDR samples. The number density 

of the DOD strongly depends on the deposition conditions and range from 1019 cm-3 in 



Page | 78 

 

LDR to 1021 cm-3 in HDR samples. The DOD always form aggregates, which can be found 

in a number density proportional to the DOD, Figure 4-7. It can be concluded that LDR 

material always has a low concentration of DOD and no nanovoids, which indicates a 

homogeneous material. This finding correlates to FTIR spectroscopy observations, 

indicating LDR materials to be dominated by a strong 2000 cm-1 absorption mode of 

isolated Si-H species in the a-Si:H network [13,16]. In contrast, a high nanovoid density 

is always associated with a very high density of DOD and is found in HDR material. 

Again, the correlation with FTIR findings is impressive, which describes HDR material 

as porous and dominated by a strong 2100 cm-1 absorption mode of Si-H species on 

void surfaces [13,16]. If LDR materials contain voids, either the size of the voids was 

below the resolution limit, or their number density was too low to exceed the 

statistical noise.  

4.1.5 Conclusion 

The experimental findings lead to conclude that a-Si:H has a nanostructure as 

depicted in Figure 4-8 that consists of at least three clearly distinguishable phases. The 

specific nanostructure depends on the deposition conditions and is associated with the 

material properties. (i) Voids of 1.2 nm diameter clustered with a recurrent distance of 

1.6 nm are only found in porous a-Si:H deposited at a high deposition rate (red 

spheres). (ii) DOD are found in all samples considered in this study and have diameters 

of 0.8 nm ± 0.1 nm for HDR and HHD series and 1.3 nm ± 0.2 nm for LDR series (blue 

spheres). DOD always form aggregates of a few hundred to thousand DODs per 

aggregate and a diameter of 2 𝑅𝑔
𝑎 ≈ 10 nm − 15 nm. Both phases, voids and DODs are 

embedded in (iii) the a-Si:H matrix phase (gray haze). Note that the resolution of our 

experiment makes it possible to resolve voids of a size equivalent to 8 missing atoms in 

the Si network. We find that voids appear as single nanovoids in 50-60 % of the cases 

but frequently cluster in a di- or multi-void superlattice structure (Figure 4-8 red 

spheres, in the close up the Si atoms on the respective void surface are colored red) 

while the inner surfaces of the nanovoids are decorated with hydrogen. Atomic models 

were calculated by DFT and semiempirical methods [68]. It can be assumed that such 

superstructures form through the diffusion of nanovoids during growth and release the 

stress in the amorphous network.  

The density of nanovoids is correlated with the density of DOD. The correlation is not 

resolved for samples with low DOD number density such as the LDR, possibly due to 

signal-to-noise and q-range limitations. Interestingly, samples with a high DOD density 

were found to be rich in paramagnetic defects in previous work; see Table 4-5 [15]. 

Much more impressive is the fact that clustered voids are found with the same spacing 

of about 1.6 nm as clustered paramagnetic defects [19]. These clustered defects are 

generated during light-induced degradation and are part of the SWE [15]. It can be 

speculated that these defects are generated and stabilized in neighboring voids. Hence, 

we strongly suggest that the structural model presented here is directly linked to the 

light-induced formation of defects and this view on the nanostructure has to be 
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considered to describe the complex dynamics of the SWE. Unfortunately, with the 

resolution of our experiments, we are currently unable to resolve divacancies as 

reported by Smets et al. [111], which are suggested to be directly linked to the 

degradation of a-Si:H's electronic properties.  

In summary, we identify voids of about 1.2 nm in size, which appear to be clustered 

to multi-void superstructures with 1.6 nm recurrent distance. These voids are expected 

to play a crucial role in the SWE. In addition, our experimental findings successfully 

verify the theoretical predictions of a-Si:H being a two-phase material (one phase being 

 

Figure 4-8: Nanoscopic structure model of HDR a-Si:H according to the scattering and 
TEM data. DOD and voids are shown as blue and red spheres, respectively. The a-Si:H 
matrix is depicted as a haze of gray. Closeups show specific atomic models (Si atoms grey, 
H atoms white, Si atoms at the void surface in red). Atomic models were calculated by 
DFT and semiempirical methods [68]. Coordinates for the nanoscopic model are 
generated by a python script available under GNU GPL v3.0 license at:  
https://github.com/EikeGericke/3D-Model-of-amorphous-silicon. Figure published by 
Gericke et al. [3]. 

 

https://github.com/EikeGericke/3D-Model-of-amorphous-silicon
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hydrogen-depleted) [6] for a broad range of different a-Si:H sample morphologies and 

show that the material can clearly not be represented by a CRN. The here reported 

density fluctuations have recently been observed as the origin of dark leakage currents 

in SHJ solar cell devices [106] and show the importance of correlating nanostructure of 

porous a-Si:H with device performance [126]. Similar consequences are predicted for 

applications in waveguides  [127,128], programmable photonics [129,130], and silicon 

batteries [131].  
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4.2 Xe-specific X-ray scattering and spectroscopy during physisorption in 

mesopores 

 

 

Figure 4-9: Artistic illustration of the in situ X-ray experiments on Xe atoms 
adsorbing in a porous silicon membrane [4]. Image designed by Martin Künstig 
(https://illus.kunsting.com/) under scientific supervision by Dr. Armin Hoell and 
Eike Gericke for publication at the website of the Helmholtz-Zentrum Berlin.  

 

4.2.1 Introduction and objective 

The condensation of matter in mesoporous hosts is a process ubiquitous in 

technological processes like heterogenous catalysis [32,33,132,133] and the storage of 

chemical energy [9,38,134] or gases [37,135]. Hence, the confinement of matter in 

mesopores has attracted the scientific community's interest for decades. Materials 

confined in mesopores experience a massive change in their physicochemical properties 

(e.g., boiling point, crystal habit, diffusion, and dielectric constant). This effect is 

related to the extensive presence of interfaces compared to the bulk materials [9,10,22–

24]. The magnitude of these changes is directly correlated to the internal surfaces 

curvature and the surface-to-volume ratio in these systems. In consequence, the 

magnitude is inversely proportional to the pore radius [75,136,137]. The understanding 

of these phenomena affects a broad field of applications, ranging from condensed 

matter physics [9,138] to catalysis and separation science [132,139], and the 

characterization of mesoporous hosts using gas adsorption analysis [10,140]. This 

https://illus.kunsting.com/
https://www.helmholtz-berlin.de/pubbin/news_seite?nid=22740;sprache=en;seitenid=50730
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characterization method makes use of the pore-size-dependent variation of the gas-

liquid phase transition of confined fluids. Within the last years, significant progress has 

been made in understanding confined fluids during physisorption. Important 

contributions were provided by computational methods [29,136,141,142] and gas 

adsorption experiments [143–146]. However, these approaches were limited by the 

necessary assumptions of simple pore structures and macroscopic physicochemical 

parameters of the confined adsorbate or fluid [10].  

A drastic improvement came with the advent of in situ SAXS and SANS studies [25–

28]. In in situ measured SAXS and SANS, an adsorbing fluid alters the scattering 

patterns of a porous solid. When the adsorbed fluid matches the scattering length 

density (𝜂) of the solid phase, the scattering contribution of filled pores vanishes. This 

behavior is described as contrast matching (CM) and is used to analyze the void pore 

space. Despite the significant contributions of the CM methods to the investigation of 

complex nanoporous materials such as oxides [28,74,147,148], carbon [28,97,98,149], 

and hybrid materials [150], its application is limited by experimental constraints. Using 

SAXS, it is challenging to find an appropriate fluid with precisely the same electron 

density as the porous host material to fulfill the CM condition [27]. In SANS 

experiments, a proper fluid can be designed by deuteration. However, SANS 

experiments feature much lower spatial resolution and require longer exposure times 

compared to SAXS. Under CM conditions, the adsorbate phase is made “invisible” to 

photons and/or neutrons. The physisorption process is observed indirectly by the 

analysis of the remaining scattering. Thus, the observable scattering intensity decreases 

significantly for high filling grades and finally disappears. As a consequence, during the 

most significant steps of the physisorption process - the capillary condensation - is 

interpreted using data with a low signal-to-noise ratio [27].  

A method for the direct investigation of the adsorbate phase evolution and fluids in 

the pores is highly desirable. Such a method will provide information to improves the 

understanding of gas adsorption and condensation phenomena of fluids confined in 

meso- and micropores.  

In this chapter, the evolution of adsorbed Xenon on mesoporous silicon at its boiling 

point (T=165 K) is directly observed by in situ ASAXS and XANES spectroscopy 

measurements [4]. A similar approach was already utilized to investigate catalysts [35]. 

The experiments were conducted at the PTB’s four-crystal monochromator 

beamline [70] using the HZB ASAXS instrument [69], as described in chapter 3.1. The 

same combination of techniques was chosen to analyze platinum based electrocatalysts 

at the Pt L3 edge in situ [35]. Here, ASAXS was measured at five photon energies close 

to the Xe L3 X-ray absorption edge energy found at 4784 eV, to determine Xe's 

nanoscopic distribution in the pores. X-ray absorbance data were used to determine the 

amount of adsorbed Xe and the liquid Xe mass density in filled pores. XANES at the Xe 

L3 and L2 (5104 eV) X-ray absorption edges were used to analyze the type of interactions 

of the adsorbed Xe species with the solid surface. 
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4.2.2 Experimental details 

Sample preparation and microscopy. The sample was a monolithic porous silicon 

membrane prepared through vertical electrical etching of columnar holes into a c-Si 

wafer using a 2:3 mixture of hydrofluoric acid (48 % in water) and ethanol 

(99.9 %) [11]. The etching process was terminated by a variation of the etching 

potential causing the detachment of the porous membrane from the silicon bulk. The 

obtained silicon membrane had a thickness of 15.4 ± 1.6 m determined by the X-ray 

absorbance. The open columnar holes are oriented perpendicular to the membrane 

surface and extend through the entire membrane thickness. Scanning electron 

microscopy (SEM) images were measured using a Zeiss Merlin microscope (5.0 keV 

electron energy, 700 pA current), Figure 4-10a, b.   

 

Figure 4-10: SEM images of the porous Si membrane: a) side view with selected 
cylinder-like pores colored in green; b) top view along with the pore size 
distribution in the inset (determined by contrast mapping). Pictograms 
illustrating the perspective respective to the flat sample. c) Gas ad- and desorption 
isotherms measured for N2 at 77 K (hollow blue and red triangles, respectively) 
plotted against the relative pressure p/p0. Lines are connecting the data points. 
d) Pore size distribution calculated from the N2 adsorption isotherm by a NLDFT 
approach. The pore volume in cm3 per porous-sample mass in g is plotted 
differentially against the pore size in nm. Figure published by Gericke et al. [4]. 
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An N2 ad- and desorption isotherm was measured for the mesoporous silicon 

membrane using a Quantachrome AS1 instrument. The sample (4.7 mg) was treated at 

T = 120 °C for 10 h in vacuum to remove physisorbed species. Measurements were 

carried out at the boiling temperature of nitrogen (T = 77 K) (Figure 4-10c, blue and 

red triangles for ad- and desorption, respectively). Figure 4-10c shows the adsorption 

and the desorption (line connected blue and red hollow triangles, respectively). The 

data agree with the expectations from the literature for mesoporous silicon [133]. 

Between the relative pressure p/p0 of 0.0 to 0.6 (p being the actual pressure, p0 being 

the standard evaporation pressure) an offset in the amount of adsorbed N2 is observed 

between ad- and desorption. This offset is caused by the fact that only a small amount 

of porous sample was measured compared to the measuring cell volume and N2 was 

also adsorbed on the cell walls. The amount of adsorbed N2 continuously increases with 

between p/p0 of 0.00 to 0.75. At p/p0 of 0.75 to 0.90 the capillary condensation sets in 

as indicated by a sharp increase in the curve, Figure 4-10c. During N2 desorption 

(Figure 4-10c) liquid N2 evaporates with a hysteresis compared to adsorption at p/p0 of 

0.75 to 0.7. The data were analyzed using the non-local density functional theory 

(NLDFT) approach on the isotherm's adsorption branch, assuming cylindrical-shaped 

pores. The material possesses a cumulative surface area per sample mass of 130 m2/g 

and a cumulative pore volume per sample mass of 0.30 cm3/g, according to the NLDFT 

method. The pore size was determined to be 8.8 nm ± 5.5 nm with a logarithmic normal 

distribution as shown in Figure 4-10d (red line).  

In situ physisorption setup. A custom-made vacuum sample environment for 

combined gas adsorption and X-ray experiments was used for the in situ experiments 

(Figure 4-11a). This environment was built by Dr. Dirk Wallacher and implemented in 

the four-crystal monochromator (FCM) beamline of the Physikalisch Technische 

Bundesanstalt (PTB) at the Helmholtz-Zentrum Berlin für Materialien und Energie 

(HZB) by Klaus Effland [70]. The setup was combined with the HZB ASAXS 

instrument [69]. The scattering signal was detected with a specialized in vacuum 

2D Pilatus 1M detector of the PTB as described in chapter 3.1 [71]. The primary beam 

intensity was monitored by an 8 m thin photodiode operated in transmission. 

Downstream of the sample position, the transmitted beam intensity was measured with 

a PIN diode inside the beamstop in front of the scattering detector. The in situ sample 

environment's central part was a vacuum-tight (indium sealed) cell made from 

aluminum, Figure 4-11b, c, d. The porous Si membrane of 15.4 m thickness was placed 

in the cell (Figure 4-11b, red arrow), which was equipped with polyimide windows 

allowing X-ray experiments at different ad- or desorption states in transmission 

(Figure 4-11b, c, d). The windows were prepared by gluing polyimide foils on a 

rectangular Si frame of 10 x 10 mm2, having a 3 x 3 mm2 hole. The photograph in 

Figure 4-11c shows the Si frame with its initial ultra-thin Si3N4 window. This Si3N4 

window was removed in exchange for polyimide as Si3N4 becomes brittle at low 

temperatures. The adsorption cell was mounted on the cold finger (Figure 4-11d) of a 

pulse tube cryo-cooler and connected to the gas dosing system via a short capillary. A 
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volumetric gas dosing system (Figure 4-11a) was applied to provide or remove 

quantitative amounts of Xe gas to or from the vacuum-tight cell.  

 

Figure 4-11: a) Schematic representation of the experimental setup with the X-ray 
instrumentation (monochromatic X-ray beam and collimation, vacuum sample chamber, 
and ASAXS detector chamber), the volumetric gas dosing system, and the physisorption 
sample environment inside the vacuum sample chamber. The X-ray beam is sketched in 
yellow. The main sample environment consists of an adsorption cell containing the porous 
Si membrane sample closed by gas tight polyimide X-ray windows against the chamber 
vacuum. A reference sample holder with X-ray reference samples is mounted on top of the 
adsorption cell. A motorized vertical translation working from below the sample chamber 
was used to move between the sample and references during the experiment. b) and c) 
Open gas adsorption cell with sample (red arrow) and gas inlet (red circle). c) Closing 
part of the gas adsorption cell, with indium seal and a Si frame with a 3 x 3 mm2 X-ray 
window. d) Adsorption cell with sample mounted on the copper cold finger connected to 
a pulse-tube cryo-cooler. e) Vacuum sample chamber (i) with pulse-tube cryo-cooler (ii) 
Xe dosing valve (iii) and pressure gauge (iv) at the beamline. The X-ray goes from left to 
right through the sample chamber. Figure published by Gericke et al. [4] 
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Experimental sequence of the X-ray experiments. A volumetric Xe gas adsorption 

and desorption experiment on the porous Si sample was carried out at the setup 

described above and shown in Figure 4-11. SAXS, ASAXS, and XANES experiments were 

performed at each adsorption and desorption step at specific relative pressures p/p0 

(internal pressure p and liquid Xe’s equilibrium vapor pressure p0.) at the Xe boiling 

point (T = 165 K). During the experiment, the Xe amount and pressure in the cell were 

controlled by the gas flow system (Figure 4-11a). The porous sample inside the vacuum-

tight cell was initially placed under vacuum (10-2 Pa) for 2 h at room temperature to 

eliminate adsorbed species and subsequently cooled down to 165 K. After each ad- and 

desorption step, the Xe gas pressure was equilibrated for 30 min to reach 

thermodynamic equilibrium. All reference samples were measured during this time 

(Table 4-7, experiments 1 to 15). Next, scattering experiments at five photon energies 

(Table 4-7, experiments 16 to 20) and XANES spectroscopy were measured. The 

polyimide windows were measured in ASAXS and XANES to subtract their contribution 

in data treatment processes.  

Table 4-7: Sequence of experiments (Exp.) used to measure 
ASAXS at five energies at the glassy carbon, the empty 
beam position, polyimide (PI) windows, and porous 
sample indicated by numbers. 

Photon 

energy  
Glassy 

carbon 

standard 

Empty 

beam 

PI 

windows 

Porous 

sample 
eV 

4780 Exp.1 Exp.6 Exp.11 Exp.16 

4774 Exp.2 Exp.7 Exp.12 Exp.17 

4753 Exp.3 Exp.8 Exp.13 Exp.18 

4680 Exp.4 Exp.9 Exp.14 Exp.19 

4436 Exp.5 Exp.10 Exp.15 Exp.20 
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ASAXS was measured and evaluated as described in chapters 3.1, 3.2, and 2.4 using 

five experimental photon energies as indicated in Table 4-8. The real 𝑓′ and imaginary 

𝑓′′ dispersion terms are listed in Table 4-8 as well. The terms are determined with 

respect to the Xe L3 edge position (4784 eV) found in XANES experiments.  

Table 4-8: Real 𝑓′ and imaginary 𝑓′′ dispersion terms in electron equivalent units (e.u.) 
of Xe at five photon energies used in the experiments and differences to the Xe L3-edge 
position (E). All values were taken from Cromer and Libermann [151]. 

Energy  
E to Xe L3 

edge 
𝑓′ 𝑓′′ 

eV eV e.u. e.u. 

4436 -348 -9.293 3.796 

4680 -104 -12.24 3.486 

4753 -31 -15.11 3.401 

4774 -10 -17.76 3.377 

4780 -4 -19.86 3.370 

 

XANES spectra were measured by measuring the photo-current of two Si diodes, the 

monitor and the transmission diode. The monitor diode was an 8 m thin diode 

mounted upstream the sample position and the transmission diode was a 10 x 10 mm2 

PIN diode mounted downstream the sample position. It should be noted that the 

transmission diode can be moved out of the beam path to enable the scattering 

measurements. The photo-currents were measured using two Keysight pico-ammeters. 

The ratio of the measured photo-currents of the transmission divided by the monitor 

diode is proportional to the X-ray transmission of the respective sample. This ratio was 

normalized to the photodiode sensitivities to obtain X-ray transmission data. XANES 

data measured for the porous sample with and without adsorbed Xe were divided by 

the XANES data measured on the polyimide windows (PI windows). The XANES data 

shown in this chapter represent the XANES spectra of the absorbed Xe phase only. To 

obtain these spectra, all measured XANES data were divided by the XANES data 

measured on the empty porous sample at p/p0 = 0.0. 

4.2.3 Results and discussion 

SAXS and ASAXS results. In Figure 4-12a, the SAXS curves for selected relative 

pressures (p/p0) are displayed, where reference pressure p0 is the equilibrium vapor 

pressure of bulk Xe at 165 K. A monotonic decrease in the scattering intensity is 

observed during pore filling. Exclusively when p/p0 = 0.97, the SAXS curves shape 

changes at low q-values, likely associated with filling the large pore openings 

(Figure 4-12a). Total recovery of the initial scattering intensity was observed during 

desorption (Figure 4-12b), indicating the physisorption process's full reversibility. Three 
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components (Si, Xe, and voids) are present during filling and emptying the pores, 

contributing to the resulting scattering pattern. ASAXS was applied at the Xe L3 edge 

for each physisorption step to extract Xe's scattering contribution only, as described in 

 

Figure 4-12: SAXS curves measured during adsorption (a) and desorption (b) at 
selected p/p0 values (arrows indicate the filling and emptying sequence). (c) 
Exemplary ASAXS scattering data. Scattering is measured at three X-ray energies 
as given in the plot. The inset shows a close-up of the area marked by a gray 
rectangle. The difference between the three curves is caused by the anomalous effect. 
(d) Xe resonant scattering curves for Xe adsorption (solid line) and desorption 
(dashed line) at selected p/p0 values. Figure published by Gericke et al. [4] 
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chapter 2.4. The resonant scattering contribution contains information on the spatial 

arrangement of Xe only [55]. Figure 4-12c shows three SAXS curves measured at 

4753 eV, 4774 eV, and 4780 eV at p/p0 = 0.91. The differences between the scattering 

intensities (inset of Figure 4-12c) originate from the anomalous effect [37,55,151,152]. 

The resonant curves 𝐼R(𝑞) represent a two-phase system, made of Xe and its 

surroundings (pore space and Si matrix) which can be treated as if it was vacuum, see 

chapter 2.4. The resonant curves show also a change in shape at high pressures, 

corroborating the findings of SAXS.  

ASAXS discussion. The q-4 decay of the resonant curves 𝐼R(𝑞) at high q-values 

(q > 1 nm-1) indicates the Xe- and Si-matrix interfaces to be well-defined and fulfill the 

Porod law equation (4-4) as discussed in chapter 2.5.2: 

 lim
𝑞→∞

𝐼R(𝑞) =  
𝑃

𝑞4
=
2𝜋(∆𝜂)2

𝑞4
𝑆V (4-4) 

Here, (Δ𝜂)2 is the scattering contrast between Xe and the “surroundings”, equation 

(2-28). 𝑃 is the Porod constant, which is proportional to the volume-specific surface 

area 𝑆V of the two-phase system Xe-surroundings. The variation of P during Xe 

adsorption and desorption is displayed in Figure 4-13a. P consists of two parts: the total 

interface between Xe and the Si matrix, i.e. the outer pore surface (𝑃Xe−Si), and the 

inner interface between Xe and the pore space, i.e. the inner pore surface (𝑃Xe−void): 

 𝑃 = 𝑃Xe−Si + 𝑃Xe−void (4-5) 

𝑃Xe−Si remains constant during the entire physisorption process. Thus, the changes 

observed in Figure 4-13a are ascribed to the variation 𝑃Xe−void only. Consequently, the 

initial value of P at p/p0 = 0.2 and at filled state (p/p0 = 1) can be interpreted as they 

correspond to the total inner surface of the pores.  

For weak interacting adsorbates (as Xe is one) it can be assumed that at p/p0 = 0.2 a 

Xe monolayer has formed [133]. The initial increase in 𝑃 (and the related 𝑆V) during 

adsorption between p/p0 of 0.2 and 0.5 is related to the formation of Xe multilayers, 

Figure 4-13a (blue line). 𝑃Xe−Si can be assumed as constant. In consequence, the further 

increase in 𝑃 indicates an increase in 𝑃Xe−void and so in the inner void surface 𝑆V. For 

relative pressures higher than p/p0 = 0.5 the Xe volume increases further (multilayer 

regime) and finally liquid Xe condensates at about p/p0 = 0.90 [133]. 𝑃 and with it 𝑆V 

decreases for p/p0 > 0.5 indicating that the inner surface (Xe to void) is reduced, 

Figure 4-13a (blue line). This is reasonable when more than half of the initial void space 

is filled with Xe. A different trend is observed during desorption, Figure 4-13a (red line). 

The value of P does not change significantly in the first desorption step, indicating the 

pores to be still filled with Xe. A sudden increase of 𝑃 (and the related 𝑆𝑉) indicates the 

Xe desorption process to begin. At p/p0 = 0.6, P stabilizes with values close to those 

observed in adsorption. Such behavior can be associated with the formation of a 

concave meniscus at the gas-liquid interface. Once the liquid phase is evaporated, 

further desorption from the multilayers occurs, as expected from the theoretical 
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predictions [153]. The difference in the variation of  P between p/p0 values of 0.7 and 

0.9 for adsorption and desorption provides direct experimental insights into the 

different mechanisms of capillary condensation and pore emptying [10]. The sudden 

increase of P during desorption is likely affected by the spontaneous formation of gas-

liquid interfaces. The analysis of the resonant scattering curves 𝐼R(𝑞) also enables to 

retrieve the Xe-specific correlation length 𝑙c, well known from literature [1]: 

 𝑙c = 𝜋
∫ 𝑞 𝐼R(𝑞) 𝑑𝑞
∞

0

𝑄
     (4-6) 

with 𝑄 = ∫ 𝑞2 𝐼R(𝑞) 𝑑𝑞
∞

0

= 2𝜋2(∆𝜌)2𝜙Xe(1 − 𝜙Xe) (4-7) 

 

Figure 4-13: a) Porod constant plot showing the variation of the interface area of 
the inner pore surface during Xe physisorption; b) Invariant plot indicating the 
change of the pore volume ratio filled with Xe during physisorption; c) Correlation 
length plot displaying the variation of the Xe film thickness and d) Xe physisorption 
isotherm from the X-ray absorbance. Figure published by Gericke et al. [4] 
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where 𝑄 is the invariant of the resonant scattering curves and depends on the Xe volume 

fraction 𝜙Xe,see chapter 2.5.3 and Figure 4-13b.  

 The correlation length (Figure 4-13c) represents the weighted average length of the 

system and can be described as:  

 𝑙c = 𝑙cXe−Si + 𝑙cXe−void (4-8) 

Where 𝑙cXe−Si represents the distance connecting two pore walls and 𝑙cXe−void the 

distance within the pore space. Similar to the case of 𝑃, 𝑙cXe−Si remains constant. 

Changes observed in Figure 4-13c are ascribed to the variation of 𝑙cXe−void only. Thus 

Figure 4-13c provides details on the evolution of 𝑙cXe−void (the average length) of the 

Xe adsorbate phase during the entire physisorption process and particularly at high 

filling rates.  The starting values of 𝑙c at approximately 13 nm account for only the 

contribution of 𝑙cXe−Si and is in good agreement with the pore size calculation of the Si 

membrane, Figure 4-10. Observing 𝑙c to increase only slightly in multilayer regime (p/p0 

of 0.2 to 0.8) confirms the general assumption of continuously growing multilayers. For 

p/p0 values of > 0.8, 𝑙𝑐 is observed to exponentially increase which can be well 

explained by the filling of pores during capillary condensation. The highest value 

reached at p/p0 = 0.97 corresponds to the filling of large pore structures, which can be 

ascribed to the pore openings (Figure 4-10b) as previously mentioned. This 

interpretation is sustained by the shape change of the Xe resonant curve at low 

scattering vectors (Figure 4-12d). At the filled state (p/p0 = 1), one would expect that 

𝑙c reaches the value of 𝑙cXe−Si , as the available inner pore space is depleted. The slightly 

higher value found assigns to the contribution of large pore openings (Figure 4-10b). 

The 𝑙c value does not change for the first point of desorption at p/p0 = 0.93, indicating 

that the pore space is still filled, as found for 𝑃 (Figure 4-13a). The 𝑙𝑐 values at lower 

p/p0 follow the adsorption values, indicating the thickness decrease of the Xe film.  

X-ray absorbance results. From X-ray absorbance, the sample thickness and porosity, 

the amount of adsorbed Xe (Figure 4-13d), and the Xe fluid density for filled pores are 

determined. X-ray absorbance was measured after each sorption step. The Lambert-

Beer law (4-9) was used to calculate the porous Si membrane sample thickness to 

𝑑 = 15.4 ± 1.6 m and its porosity to 𝑥Si = 50 ± 5 %, Table 4-9. In Figure 4-13d the 

amount of adsorbed Xe is shown. The hysteresis loop is visible between p/p0 of 0.8 to 

0.94 indicating the gas-liquid phase transition inside the pores. This result agrees with 

the lc analysis (Figure 4-13c) and shows that the resonant curves deliver reliable 

information on the direct adsorbate evolution, especially at high filling grades.  

X-ray absorbance discussion. The absorbance of the pure Si sample (𝐴𝑏𝑠Si
0.0 at 

𝑝 𝑝0⁄ = 0.0) and the absorbance of the pure liquid Xe phase in the pores (𝐴𝑏𝑠lq−Xe) were 

used to calculate 𝑑, 𝑥Si, and the density of fluid Xe confined in mesopores. Interestingly, 

a density loss is found for fluid Xe in nanoconfinement. The absorbance of all Xe in the 

sample cell 𝐴𝑏𝑠Xe
1.0 is the difference of the absorbance of the fully filled and empty porous 
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sample at p/p0 = 1.0 (𝐴𝑏𝑠Xe
1.0 = 𝐴𝑏𝑠filled

1.0 − 𝐴𝑏𝑠Si
0.0). The porous Si sample was placed in 

a pressure cell having a free X-ray beam path 𝑑cell of about 0.08 cm, which was 

inevitably filled by gaseous Xe with a density of 𝜌gas−Xe = 0.0099 g/cm3 at 

p/p0 = 1.0 [125,154]. The absorbance of gaseous Xe is estimated to 𝐴𝑏𝑠gas−Xe
1.0 = 𝜇Xe ∙

𝜌gas−Xe ∙ 𝑑cell. The absorbance of pure liquid Xe in the porous sample is than 𝐴𝑏𝑠lq−Xe
1.0 =

𝐴𝑏𝑠Xe
1.0 − 𝐴𝑏𝑠gas−Xe

1.0 . All absorbance data were calculated from simultaneous 

measurements of the unattenuated and attenuated X-ray beam by PIN diodes and 

normalization to the diode responses. 

 𝐴𝑏𝑠𝑗 = −𝑙𝑛(𝐼 𝐼0⁄ )𝑗 = 𝜇𝑗  (𝑁A 𝑀𝑗⁄ ) 𝜌𝑗  𝑥𝑗  𝑑 (4-9) 

In the Lambert-Beer law (4-9) 𝐼0 and 𝐼 are the incoming and transmitted beam intensity, 

𝑁A is the Avogadro number, 𝜇𝑗 is the X-ray attenuation coefficient, 𝑀𝑗 is the atomic 

mass, 𝜌𝑗 is the bulk density at 165 K, and 𝑥𝑗 is the fraction of Si or Xe in the sample 

(𝑥Si + 𝑥Xe = 1), where j is either crystalline Si or liquid Xe. Absorbance and attenuation 

values for all experimental photon energies are listed in Table 4-9. Mass density and 

molar mass values are listed in Table 4-10.  

Table 4-9: Measured X-ray absorbance data and Si's and Xe's attenuation coefficient from 
NIST X-ray database for the experimental photon energies [51] and calculated values for 
Si volume fraction 𝑥𝑆𝑖 (porosity) and sample thickness d. 

Photon 

energy 

in eV 

𝐴𝑏𝑠Si
0.0 

𝜇Si in 

cm2/g 
𝐴𝑏𝑠Xe

1.0 
𝜇Xe in 

cm2/g 
𝑥Si d in m 

4436 0.619 ± 0.027 341.7 0.599 ± 0.060 291.3 0.53 ± 0.05 15.5 ± 1.4 

4680 0.520 ± 0.030 294.6 0.553 ± 0.059 254.6 0.51 ± 0.05 15.1 ± 1.6 

4753 0.506 ± 0.026 282.2 0.534 ± 0.052 244.9 0.51 ± 0.05 15.3 ± 1.5 

4774 0.519 ± 0.030 278.8 0.521 ± 0.061 242.1 0.52 ± 0.06 15.9 ± 1.8 

4780 0.509 ± 0.032 277.8 0.677 ± 0.063 241.4 0.45 ± 0.04 15.6 ± 1.5 

 

Table 4-10: Mass density and molar mass 
of crystalline Si and liquid Xe [125,154]. 

Sample 

phase 

Mass 

density  

in g/cm3 

Molar mass 

M in g/mol 

silicon 2.33 28.09 

liquid 

xenon 
2.94 131.3 
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Equation (4-9) must result for 𝐴𝑏𝑠Si
0.0 (4-10) and 𝐴𝑏𝑠Xe

1.0 (4-11) in the same values of Si 

volume faction 𝑥Si (porosity) and sample thickness 𝑑, what makes it possible to 

determine both, see equations (4-12) and (4-13). Both parameters can be determined 

for all experimental photon energies (Table 4-9) averaged to 𝑑 = 15.4 ± 1.6 m and 

𝑥Si = 0.50 ± 0.05. 

 𝐴𝑏𝑠Si
0.0 = 𝜇Si (𝑁A 𝑀Si⁄ ) 𝜌Si 𝑥Si 𝑑 (4-10) 

 𝐴𝑏𝑠Xe
1.0 = 𝜇Xe (𝑁A 𝑀Xe⁄ ) 𝜌Xe (1 − 𝑥Si) 𝑑 (4-11) 

 
𝑥Si = 1 (

𝐴𝑏𝑠Xe
1.0

𝐴𝑏𝑠Si
0.0 ∙

𝜇Si ∙ 𝜌Si
𝜇Xe ∙ 𝜌Xe

+ 1)⁄  (4-12) 

 𝑑 = 𝐴𝑏𝑠Si
0.0 (𝜇Si ∙ 𝜌Si ∙ 𝑁𝐴 𝑀Xe⁄ )⁄  (4-13) 

The Xe loading in the porous Si membrane is calculated from the X-ray absorbance data 

after each physisorption step 𝐴𝑏𝑠sample
p

 subtracting 𝐴𝑏𝑠Si
0.0 and 𝐴𝑏𝑠gas−Xe

p
 (calculated for 

each static pressure) using 𝑑 and 𝑥Si as calculated above, Figure 4-13d. The results are 

averaged for absorbance data measured at photon energies of 4436 eV, 4680 eV, 

4753 eV, 4774 eV, and 4780 eV. As the sample porosity 𝑥Si is known, the Xe mass per 

open volume can be calculated, assuming all pores to be accessible. Since the open 

volume is fully filled with liquid Xe at p/p0 = 1.0 and in the first desorption step at 

p/p0 = 0.93, the respective liquid Xe density can be calculated to 2.8 ± 0.2 g/cm3 and 

2.2 ± 0.2 g/cm3, respectively.  

The density 𝜌 = 2.8 ± 0.2 g/cm3 at p/p0 = 1 agrees with the nominal density of liquid 

Xe (𝜌 = 2.94 g/cm3)  [125,154]. Interestingly, the value of the first desorption point 

shows a lower density of 2.2 ± 0.2 g/cm3. From the ASAXS analysis, the pores are found 

to be completely filled by liquid Xe at both points, which means the X-ray absorbance 

results strongly indicate a decrease in the liquid Xe’s density before prior to emptying. 

So far, only computational studies could predict such density loss [29,155]. In 

mesoporous silicon, this effect was explained with an expansion of the liquid 

throughout the pore structure [155]. The experimental determination of the adsorbate 

density opens interesting perspectives in particular to investigate the desorption 

mechanism of ink-bottle pore geometries [156–159]. 

XANES results. XANES spectra were recorded at the L3 and L2 absorption edges of Xe 

shown for p/p0 values of 0.31, 0.67, and 0.93 (Figure 4-14a). The edge position is 

defined by the turning point of the absorbance increase in XANES curves (compare to 

chapter 2.6) and is found at 4783.8 ± 0.5 eV for the Xe L3 edge in all experiments. The 

first absorption maximum after the edge position (white-line) is situated at an energy 

1.4 eV higher compared to the edge. White-line broadening at the L3 edge increases 

with rising p/p0 from 5.6 eV to 5.7 and 6.7 eV, respectively. Such broadening can be 

associated with the increased collision rate in the adsorbate, providing an additional 
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way to follow the Xe condensation. At the L2 edge (5103.3 ± 0.5 eV) the white-line is 

situated 3.3 eV higher compared to the edge. A distinct signal 4.6 eV below the L2 edge 

is found. The L2 edge jump and white-line intensity increase with an increase in p/p0, 

while the pre-edge signal remains constant. This effect is indicative of the formation of 

two distinct species of Xe in the pores.  

XANES phenomenological discussion. Two distinguishable Xe species can be 

proposed in the sample from the L2 pre-edge signal's differing behavior compared to all 

other L3 and L2 edge features. One species most certainly is the Xe in the Xe multilayers 

or in liquid Xe, ergo in a pure Xe environment. The second species can be Xe in the first 

 

Figure 4-14: a) XANES spectra measured at p/p0 of 0.31 (black line), 0.67 (green line) 
during adsorption, and 0.93 (blue line) during desorption for the Xe L3 and L2 edges, 
signal streaks and glitches were removed. The white-line positions are marked by two 
arrows on the blue curve. The pre-edge signal of the L2 edge is marked by an arrow on 
the black curve. b) The energy level scheme representing electronic states in the Xe atom 
(left) and Si atom (right) is shown. States are represented by black horizontal bars at 
the level of their respective stabilization energy compared to the Fermi energy (EF) and 
labeled by their term symbol (1s1/2, 2s1/2, …). Electrons occupying the states are shown 
as blue half arrows for spin up and down orientation. A basic atomistic model is given at 
the lower center, showing one Xe atom (blue sphere) situated on an oxidized silicon 
surface (oxygen red and Si grey spheres, respectively). Hybrid states of the Xe 5p3/2 and 
Si 3p3/2 states are predicted for this atomistic model on the basis of DFT calculations 
(shown as electron density plots for distinct spin orientations, red and blue) [68]. The 
predicted lowest unoccupied molecular orbital (LUMO) has a 2P3/2 term symbol allowing 
transitions from the Xe 2p3/2. Parts of the figure published by Gericke et al. [4] 
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monolayer, directly contacting the Si solid surface. Xe in contact with Si should have a 

different electronic structure than the Xe in Xe environment and can be accountable for 

the pre-edge signal. This pre-edge signal is likely related to a transition from the Xe 

2p1/2 core state to a state related to an interaction between Xe 5p and Si 3p states. The 

Xe-Si interaction can be interpreted as an atomic polarization effect [30,31] and 

describes the monolayer adsorption. The multilayer Xe is then associated with the edge 

jump of continually increasing intensity.  

XANES transition discussion. To understand the observed L3 and L2 XANES 

transitions, an energy level scheme including Xe and Si is of help, Figure 4-14b. At the 

L3 edge, electrons are excited from the 2p3/2 ground state (4783.8 eV below EF) to an 

unoccupied state energetically close to the EF, obeying the selection rule J = ±1 (J is 

the total j of the respective electronic state). In consequence, excited states with a J = 

1/2 or 5/2 are probed. In Xe L3 XANES spectra, the white-line is found at 1.4 eV higher 

energy compared to EF. This signal is related to the transition from the occupied Xe 

2p1/2 core state to the unoccupied Xe 6s1/2 state having a 2S1/2 symmetry term, 

Figure 4-14b. At the L2 edge, electrons are excited from 2p1/2 ground state (5103.3 eV 

below EF) to states with J = 3/2 close to EF. The Xe L2 edge spectra show two suitable 

distinct features for such transition, a pre-edge absorbance signal at an energy 4.7 eV 

lower than EF and the white-line 3.3 eV higher than EF.  

XANES model-based discussion. A small atomic model was built to shed light on the 

Xe-atom’s interaction with the Si surface, shown in Figure 4-14b (lower center). This 

model leads to an interpretation of the pre-edge feature. The model represents one 

Xe-atom (blue sphere) in 3.9 Å distance from the Si lattice surface (connected grey 

spheres), which is decorated with oxygen atoms (red spheres). This model is based on 

the fact that the porous Si membrane is produced from c-Si by etching in HF solution. 

The surface is initially a pure Si surface and is oxidized by air contact at room 

temperature. The atomic structure of this model is optimized using the program 

package ORCA 4.1.1 on DFT level [68]. Predew-Bruke-Ernzof (PBE) hybrid functionals 

are used on a polarized triple zeta basis set (def2-TZVP) [160] with an approximation 

for the Coulomb integrals (SARC/J) [161]. Relativistic effects on the Xe atom are 

regarded using the zeroth-order regular approximation (ZORA). Similar computational 

procedures were used to describe Sin-Xe and SinO-Xe clusters before [30,31]. After the 

geometrical optimization procedure, the Xe atom takes up a central position above a 

six-membered Si ring. Xe atoms interact preferably with Si atoms, which has already 

been reported in the literature [31].  

Figure 4-12b shows the electronic energy level scheme of the Xe (left) and Si atom 

(right). Blue half arrows represent electrons in two different spin states (up or down). 

According to the DFT model, the Xe 5p states (fully occupied by electrons) form hybrid 

states with the Si 3p orbitals (half occupied). The iso-potential surfaces of the two 

hybrid states' (electron density distribution function) are shown in Figure 4-14b (center 

above the atom model, red and blue represent different spin states). The lower iso-
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potential surface represents a stabilized hybrid state. This state is energetically 

stabilized compared to the Xe 5p and Si 3p states and is fully occupied by electrons. 

The upper iso-potential surface is the lowest unoccupied molecular orbital (LUMO) (in 

the applied DFT procedure, the Sin-Xe cluster is treated as a molecule). It represents a 

hybrid state of the Xe 5p and Si 3p states and is energetically closer to EF. This LUMO 

state has a 2P3/2 symmetry term symbol. The excitation from the Xe 2p1/2 core state to 

the 2P3/2 LUMO state is allowed.  

Consequently, the pre-edge signal at the Xe L2-edge can be attributed to the Xe 2p1/2 

core state to 2P3/2 LUMO state transition. This hybrid state must not be seen as chemical 

binding between Xe and the Si surface. The hybrid state will merely cause a polarizing 

effect between the Xe atom and the Si surface what is well known as physisorption.  

4.2.4 Conclusion 

A novel approach to follow the Xe physisorption process at 165 K in a mesoporous 

silicon membrane using simultaneously in situ ASAXS and XANES is presented in this 

chapter [4]. For the first time, the Xe adsorbate phase's evolution in confinement is 

observed directly and unambiguous.  From ASAXS, the variation of the Xe interface area 

and the size evolution of the Xe domains are determined even at high filling grades. 

These analyses proved the existence of different filling and emptying mechanisms of Xe 

in the pores. X-ray absorbance confirms the Xe mass density to decrease prior to pore 

emptying, confirming computational studies’ predictions. Using XANES, the Xe-atoms' 

interaction to the Si surface is identified and separated from the multilayer contribution. 

This promising methodological approach facilitates the investigation of confinement 

effects in adsorbates and fluids. The unique combination of the complementary 

techniques ASAXS and XANES during in situ physisorption experiments opens to a 

hitherto unexplored scientific field. Thus, a comprehensive understanding of both 

structure and morphology of confined matter for different applications such as 

adsorption-induced deformation [162], confined catalysis [32], and ionic 

electrosorption and energy storage [36] will be possible. 
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4.3 Natural aging of AlMgSi alloy  

4.3.1 Introduction and objective 

AlMgSi alloys are the state-of-the-art materials for the construction of automobiles, 

off-shore facilities, and aircrafts [163–166]. Even if these alloys exhibit excellent 

properties as construction material, they experience aging effects even at room 

temperature, which need to be considered in their application [164]. Precipitation 

strengthening of Al alloys is an important technological process for applying alloys as 

lightweight construction materials. The process depends strongly on the thermal history 

of the Al alloy and is distinguishable in natural age (NA) hardening (occurring at 

temperatures significantly lower than 70 °C) and artificial age (AA) hardening (occurring 

at temperatures significantly higher than 70 °C) [5]. The AlMgSi alloy 6XXX series is one 

of the most applied Al alloy types. Its hardening usually begins with solution heat 

treatment at 540 °C. Subsequently, the alloy is quenched to room temperature resulting 

in a supersaturated solid solution (ssss). After quenching, the AlMgSi alloy exhibits a 

weak hardness (about 35 HV, Vickers hardness) and is easy to machine mechanically. 

For an Al-0.6Mg-0.8Si (weight (wt) %) alloy, NA hardening at 20 °C results in a 

measurable increase of the hardness to 60 HV about 1 h after quenching. This alloy is 

similar to the industrially applied alloy Al-6082. The NA hardening (20 °C) proceeds 

days after quenching with about 80 HV final hardness [40]. The AA hardening at 180 °C 

for 3 hours results in a maximal hardness of 110 HV. This particular alloy examined by 

Banhart et al. was investigated within this work as well [40]. As the NA process begins 

directly after quenching, it takes place and alters the AlMgSi alloy at any time, thus also 

during transporting, storing, and machining. Consequently, an understanding of the NA 

process is relevant for both standard AlMgSi alloy hardening procedures, the NA 

hardening (tempering T4) and AA hardening (tempering T6) [164].  

The nanostructure of ssss AlMgSi alloy shortly after quenching is assumed to consist 

of one Al phase with randomly distributed Mg and Si atoms and small atomic 

vacancies [5,40,167]. The vacancy fraction 𝑥v is significantly higher than expected in 

thermodynamic equilibrium. Hence, the ssss state is not stable and the initial NA 

hardening is a non-equilibrium process [5]. Vacancies, Mg, and Si atoms can diffuse at 

room temperature, affecting the formation of Mg and Si clusters  [41,42,168,169]. The 

annihilation of excess vacancies occurs within the first hour after quenching, 

investigated by dilatometry [170]. Using high-resolution TEM (HR-TEM) [5] and atom 

probe tomography (APT), it was shown that small clusters of nanometer diameter form 

after prolonged NA hardening [5,167,171]. Comparable structures were found after AA 

hardening [172–174]. Positron annihilation lifetime spectroscopy (PALS) indicated the 

ssss AlMgSi alloy to be dominated by vacancies [5,175]. Using PALS, different phases 

and voids can be identified by their specific positron lifetime τ (vacancies: τv ∼ 250 ps; 

MgSi-clusters: τc ∼ 210 ps; Al-matrix: τAl ∼ 160 ps). After 1 h of NA; PALS indicates a 

significant loss in the vacancies fraction (observed τ = 222 ps). Heating the quenched 

AlMgSi alloy to 180 °C for 30 s results in a significant reduction of the PALS lifetime as 
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well (τ ∼ 170 ps to 200 ps), indicating the excess vacancies to be annihilated [5]. To 

sum up, NA hardening is dominated by vacancy diffusion-affected clustering and differs 

from AA hardening [176–179] where excess vacancies are annihilated within seconds. 

It is an open question if during NA vacancies can form larger voids and if clusters formed 

in early NA stages can be detected directly. It is known that NA hardening gives 

maximum hardness after prolonged aging. Even so, it is not yet clarified what kind of 

structural changes occur after prolonged NA over months.  

In this chapter, structural changes due to natural aging phenomena in AlMgSi alloy 

within the first 1000 min NA time are investigated using SAXS as already published 

together with Banhart et al. [5]. To gain insights into long-term NA processes, the same 

AlMgSi alloy is investigated in detail after 18 months NA. The scattering experiments 

using SAXS, SANS, and Si-ASAXS clearly indicate the presence of nanostructural 

segregation zones and strongly support the interpretation of these zones as MgxSiy 

phases in Al-matrix [41,42]. 

4.3.2 Experimental 

Sample preparation. All samples are of composition Al-0.6Mg-0.8Si and were 

prepared by Hydro Aluminum (Bonn) from pure elements [5,40]. This composition is 

comparable to commercial alloys such as 6111 or 6082. The samples were initially 

solution heat-treated at 540 °C and quenched to room temperature in water. Three 

samples were prepared with different NA time and sample thicknesses, Table 4-11. 

Sample AlMgSi-60 was a thin-section of 60 m thickness and characterized for a short-

term NA experiment using SAXS. The thin-section was solution heat-treated, quenched 

between two protective titanium plates, and transferred within 90 s to a liquid nitrogen-

filled transport box. The other samples (extended NA time) were solution heat-treated 

and quenched as bars of 10 x 10 mm2 size and 1 mm thickness. The bars were stored 

for 18 months at 18 °C. For SANS experiments, two of these bars were stacked to obtain 

a sample of 2 mm thickness (AlMgSi-2000). For Si-ASAXS and SAXS (at 3.5 keV), 

a 1 mm thick bar was polished to a thickness of 6 m (AlMgSi-6).  

Table 4-11: AlMgSi samples for SAXS, SANS, and Si-ASAXS experiments. 
The natural aging (NA) times before the scattering experiments are listed.  

Sample NA time 
Thickness Experiment 

m  

AlMgSi-60 90 s 60 X-ray (8 keV) 

AlMgSi-6 18 months 6 X-ray (1.8 -3.5 keV) 

AlMgSi-2000 18 months 2000 Neutrons 

 

After quenching the sample AlMgSi-60 was stored under liquid nitrogen at -169 °C to 

prevent further aging. Even at this time, the AlMgSi-60 sample had a thermal history 

(NA time) of about 90 s at room temperature after quenching. The sample was mounted 
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under liquid nitrogen onto the SAXS sample holder and transferred to the vacuum 

sample chamber of the SAXS instrument within seconds, which was subsequently 

closed. During this procedure, the sample heated up to a temperature of -5 °C. The 

experimental starting time was defined to the moment the sample chamber was closed 

to 90 s NA time. The sample chamber was immediately evacuated and the sufficient 

operation pressure (4·10-4 mbar) was reached 186 s after the experimental start, at 

276 s NA time. The first SAXS data were measured with 30 s acquisition time in a period 

between 276 s and 306 s NA time. Accordingly, the NA time of the first SAXS curve 

measured was defined to the center of the acquisition period to 291 s (4.9 min). The 

NA time of all following SAXS curves was defined in the same manner. After a NA time 

of 10 min and 30 min, the acquisition time was extended to 120 s and 300 s, 

respectively. Previous investigations indicated structural changes to slow down with 

progressing NA time [5,40]. Longer acquisition times were chosen to enhance the 

scattering data's statistical quality. SAXS was measured over a total NA time of 

1000 min. Data were acquired and processed as described in chapter 3.1 and 3.2 using 

a 2D pixel detector (Pilatus 1M), measured at 5 different spots on the AlMgSi-60 

sample. Streaks in the 2D SAXS images indicate grain boundaries evolving in the 

AlMgSi-60 sample during the observation time. The evolution of grains of below 1 mm 

size was expected [175]. A streak is measured if the X-ray beam hits a boundary between 

two or more grains. Since the X-ray beam spot diameter was 520 m, individual streaks 

became visible (grains smaller than 1 mm are expected) [175]. For the data evaluation, 

data from one beam spot was used where no streaks occurred. This indicates that all 

SAXS curves discussed here belong to one grain of the AlMgSi alloy. 

SAXS and ASAXS measurements. SAXS was measured at BESSY II [69,180,181] as 

described in chapter 3.1. SAXS was measured for sample AlMgSi-60 at a photon energy 

of 8000 ± 2 eV (q-range: 0.25 to 7.2 nm-1). The sample was stored and mounted on the 

sample holder for SAXS experiments under liquid nitrogen at -169 °C. The AlMgSi-60 

sample was clamped between two molybdenum (Mo) plates with a 5 mm diameter hole 

as X-ray aperture. The sample between the Mo plates was mounted onto the steel 

sample holder. The sample holder was equipped with a DS18B20 temperature sensor 

(accuracy ± 0.5 °C, range: -55 to 125 °C, Maxim Integrated, USA) controlled by an 

Arduino UNO (SMD edition, Adruino s.l.r, Italy) to monitor the sample holder 

temperature in a distance of 20 mm from the sample position. Sample AlMgSi-6 was 

measured in SAXS (3500 keV, q-range: 0.09 to 2.7 nm-1) and ASAXS experiments at the 

Si K-edge. The AlMgSi-6 was mounted as described above between Mo platelets on a 

steel frame. The ASAXS experiment at the Si K-edge was measured at 3 photon energies: 

1.830 keV, 1.835 keV, and 1.838 keV. 

SANS measurements. All SANS experiments were measured at the instrument V4 at 

the neutron source BER-II [182] at HZB. Two different sets of instrumental settings were 

used to cover the required q-range. For high q-values (0.6 nm-1 to 7 nm-1), a collimation 

length of 2 m and a sample-to-detector distance of 1 m were used with a neutron 
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wavelength of 0.45 nm ± 10.5 % (FWHM). For low q-values (0.1 nm-1 to 0.9 nm-1), 

a collimation length of 8 m and a sample-to-detector distance of 6 m were set with a 

neutron wavelength of 0.6 nm ± 10.5 % (FWHM). A circular beam shaping aperture 

(cadmium) of 7.5 mm diameter was mounted directly in front of the AlMgSi-2000 

sample. The scattered and transmitted neutrons were measured using a 2D detector of 

112 3He filled Reuter-Stokes tubes [119]. For transmission experiments, the primary 

and the by the sample attenuated neutron beam intensity were measured directly on 

the 3He detector. For calibration purposes, a water sample was measured [120]. The 

neutron scattering images were normalized to the neutron flux on the sample. The 

scattering intensity was normalized to the sample thickness and multiplied by an 

absolute calibration factor evaluated from the scattering of the absolute calibration 

standard, water. The software package BER-SANS was used for data reduction [120].  

4.3.3 Results and discussion of short-term natural aging of AlMgSi 

Results. The AlMgSi-60 alloy sample was investigated by SAXS concerning its short-

term natural aging behavior. A detailed experimental description can be found above. 

In Figure 4-15a, azimuthally integrated SAXS curves from certain NA times are shown 

in a double logarithmic plot of the scattering intensity 𝐼(𝑞) normalized to absolute 

scattering cross-section (cm2/cm3 = cm-1) against the q-value. The scattering cross-

section (d𝛴 d𝛺⁄ ) is denoted here as scattering intensity as this phrasing was used for 

publication [5]. All SAXS curves show an exponentially decaying scattering intensity of 

the power-law 𝐼(𝑞) ∝ 𝑞−3.6 between q-values of 0.2 nm-1 and 1 nm-1 and a 

q-independent scattering intensity of about 0.01 cm-1 visible at q-values larger than 

4 nm-1. Neither the SAXS curve shape nor the scattering intensity changes significantly 

with NA time. The so-called Kratky plot [1] of this particular data (Figure 4-15b) is the 

scattering intensity weighted by the squared of the q-value (𝐼 ⋅ 𝑞2). The 𝑞2 weighting 

enhances scattering information measured at high q-values corresponding to small 

structures. The integral of 𝐼 ⋅ 𝑞2 over the entire q-values space is the scattering invariant 

(in cm-1/cm-3), see chapter 2.5.3. This value is proportional to the volume fraction of 

scattering structures in a sample. The integral of the q-value intervals 0.24 nm-1 to 

1.00 nm-1 and 3 nm-1 to 7 nm-1 are depicted in Figure 4-15b by a grey and red area, 

respectively.  These two integral values correspond to the scattering ability of 

nanostructures of different sizes. The 0.24 nm-1 to 1.00 nm-1 interval represents 

structures larger than 6 nm (𝑄6 ). The 3 nm-1 to 7 nm-1 interval instead represents 

structures of 0.9 nm to 2 nm size (𝑄0.9
2 ). The NA time dependence of both integral values 

is shown in Figure 4-15c (black squares and red circles) along with the temperature of 

the sample frame (blue line). The integral value 𝑄6  (black squares) varies at 

(0.290 ± 0.005) cm-1/cm-3 during the observed NA time. The value 𝑄0.9
2  (red circles) 

varies at about (0.245 ± 0.003) cm-1/cm-3 between 4.9 min to 100 min NA time and 

increases with the power-law 𝐼 ⋅ 𝑞2 ∝ 𝑞0.02  to about 0.255 cm-1/cm-3 between 100 min 

and 1000 min NA time (indicated by a red line). The sample frame temperature (blue 

line) shows two distinct features at about 3 min and 4.5 min. Both features are related 
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to the opening of two large valves connecting the initially separated sample chamber to 

the rest of the beamline. Opening the valves influenced the radiative heat exchange rate 

between the sample frame and the surrounding construction walls.  

 

Figure 4-15: a) SAXS curves of sample AlMgSi-60 for NA times of 4.9 to 967 min. 
b) Kratky plot of the same SAXS data. Two integration intervals are marked as 
grey and red areas (integrals are indicative of different sized structures). c) 
Integral values as mentioned before plotted against the NA time. Black squares 
are associated to the grey area, red dots to the red area. Similar figure published 
by Banhart and Gericke et al. [5] 
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Discussion. To investigate the short-term natural aging processes in AlMgSi-60 the 

first SAXS curve was measured 4.9 min and the last 967 min after quenching from 

solution treatment temperature (540 °C). The initial NA hardening process of AlMgSi 

at 20 °C proceeds within 1 h and is followed by a second hardening process proceeding 

for days. Accordingly, this experiment covers the initial process entirely as well as the 

transition to the second hardening process. In all SAXS curves at q-values of 0.2 nm-1 to 

1 nm-1, a continuous power law decay of 𝑞−3.6 is observed. This decay is most probably 

affected by the surface roughness of the AlMgSi-60 sample, Figure 4-15a. Although the 

sample was polished, the solution-treatment process between titanium plates likely 

affected the specimen surface. The q-value independent scattering of 0.01 cm-1 visible 

for q-values larger than 4 nm-1 can be related to different X-ray perturbation effects. 

This is most likely in the amorphous ssss AlMgSi alloy, fluctuation scattering as 

discussed for liquid water in chapter 3.3.1. X-ray fluorescence and Raman scattering 

should be of minor significance as the experimental photon energy of 8.0 keV is far from 

any X-ray absorption edge of the involved elements. The Kratky plot (𝐼 ⋅ 𝑞2 against 𝑞) 

gives an enhanced weighting for high q-values. Consequently, the smaller a scattering 

structure is, the more their scattering features are enhanced, Figure 4-15b. The integral 

∫ 𝐼 ⋅ 𝑞2
∞

0
d𝑞 gives the scattering invariant 𝑄 (as described in chapter 2.5.3) which is 

related to the volume fraction of the scattering structures 𝜙S and the matrix 𝜙M by 𝑄 =

∫ 𝐼 ⋅ 𝑞2
∞

0
d𝑞 = 2𝜋2 𝜙S𝜙M (𝜂S − 𝜂M)

2. With the scattering length densities 𝜂S and 𝜂M, 

respectively. When the volume fraction of the scattering structure is small (𝜙𝑆 ≪ 𝜙𝑀) 

the partial integration ∫ 𝐼 ⋅ 𝑞2
q−max

q−min
d𝑞 = 𝑄2𝜋 q−max⁄

2𝜋 q−min⁄
 results in a value proportional to the 

volume fraction of the scattering structure 𝜙S. Thereby, the respective structure must 

give rise to scattering in the respective q-range (q-min and q-max in nm-1). The value 

𝑄
2𝜋 1 nm−1⁄
2𝜋 0.24 nm−1⁄

  (Figure 4-15b grey area) is then proportional to the 𝜙S of structures larger 

than 6 nm (2𝜋 𝑞⁄ = 2𝜋 0.24 ∙ 𝑛𝑚−1⁄ = 6 nm).  The value 𝑄
2𝜋 7 nm−1⁄
2𝜋 3 nm−1⁄

 (Figure 4-15b red 

area) is consequently proportional to structures of 0.9 nm to 2 nm size. Figure 4-15c 

shows the NA time dependent evolution of 𝑄6  and 𝑄0.9
2  as black squares and red dots, 

respectively. It shows that 𝑄0.9
2  does not change between 4.9 min and 70 min and begins 

to increase proportional to 𝑞0.02 from 100 min on. The following structures are assumed 

to be present in AlMgSi alloy: (i) the Al-bulk, (ii) small MgSi-clusters forming during 

NA, and (iii) vacancies initial present after quenching [5]. PALS measurements clearly 

identified a significant reduction in vacancies' number density during the first 60 min 

of NA [5,40,175]. Observing the SAXS parameter 𝑄0.9
2  to not change within the first 

60 min indicate the vacancies to not give rise to SAXS signals. Nanovoids would be 

visible in SAXS, so the vacancies stay smaller than 0.9 nm during their annihilation. For 

NA of 100 min to 1000 min the PALS live time is known to increase due to the formation 

of Mg-containing precipitates in the Al-matrix [175]. In the same NA time period 𝑄0.9
2  

increases, indicating changes in the nanostructure. The formation of MgxSiy clusters 

would lead to such an increase in 𝑄0.9
2 . Even if MgxSiy phases are nearly isoelectronic to 

the Al-matrix phase, differences in the phases mass density (Mg2Si: 1.94 g/cm3, 
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Al: 2.70 g/cm3) should result in a sufficient scattering contrast for X-ray and neutron 

scattering [125]. A comparable problem was solved for density fluctuations in 

amorphous silicon for domains of below 1 nm size  [3]. Hence, both the PALS results 

and the SAXS results indicate the formation of Mg-rich clusters of a few nanometer size 

in the Al-matrix between an NA time of 100 min to 1000 min. 

4.3.4 Results and discussion of extended natural aging of AlMgSi 

Results. AlMgSi after extended natural aging time was investigated by measuring 

SAXS, ASAXS, and SANS experiments on the samples AlMgSi-6 and AlMgSi-2000. The 

AlMgSi samples were prepared as described above (bars of 1 mm thickness, stored for 

about 18 months at 18 °C). The 2 mm thick sample AlMgSi-2000 was measured by 

SANS, whereas the 6 m thin-section sample AlMgSi-6 was measured by SAXS at a 

photon energy of 3.5 keV. Furthermore, AlMgSi-6 was investigated by ASAXS at the Si 

K-edge, Figure 4-16a. Grains can be expected to be already formed in aged AlMgSi-6 

and AlMgSi-2000 [175]. Reflections on grain boundaries result in streaks on the 2D 

scattering images as described above. In X-ray experiments, the investigated sample 

volume was small (0.52 x 0.52 x 0.0060 mm3 = 0.0016 mm3) and the beamspot was 

chosen to give no streaks. In neutron experiments, the investigated sample volume was 

large (7.5 x 7.5 x 2 mm3 = 112 mm3). Thus, multiple grains and grain boundaries were 

 

Figure 4-16: a) SAXS (black triangles) and Si resonant curve (red circles) measured 
on samples AlMgSi-6 and SANS (blue squares) measured on sample AlMgSi-2000 all 
after 18 months NA. b) Si K-edge ASAXS experiment. The measured curves are 
indicated as solid lines, the from them derived Si resonant curve is indicated by red 
circles. The inset shows the area marked in gray. c) SAXS and SANS curves subtracted 
by their respective surface scattering contribution (black and blue scatters) and Si 
resonant curve (red circles). Solid lines of the respective color are linear combinations 
of spherical form factors and Voigt functions to clarify the course of the data points.  
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probed. Scattering on grain boundaries results in scattering curves with a power-law 

decay in the small-angle region due to their micrometer size.  

 The SAXS curve in Figure 4-16a (black triangles) shows an exponential decaying 

scattering intensity with the power-law 𝐼(𝑞) ∝ 𝑞−3 between q-values of 0.08 nm-1 and 

0.5 nm-1. A q-value independent scattering intensity of 0.011 cm-1 is found. A scattering 

shoulder is faintly visible between 0.15 nm-1 and 0.25 nm-1. Scattering peaks arise 

between 1.0 nm-1 and 2.5 nm-1. The SANS curve in Figure 4-16a (blue circles) was 

merged from measurements at two sample-to-detector-distances and shows an 

exponential decaying scattering intensity of the power-law 𝐼(𝑞) ∝ 𝑞−3.2 between 

q-values of 0.1 nm-1 and 0.6 nm-1. A q-value independent scattering intensity of about 

0.0014 cm-1 for q-values larger than 3 nm-1 is found. A scattering shoulder is visible 

between 0.15 nm-1 and 0.25 nm-1. An additional scattering feature at 4.4 nm-1 is barely 

visible.  

For Si-ASAXS, three scattering curves were measured at photon energies of 1830 eV, 

1835 eV, and 1838 eV close to the Si K-edge found at 1840 eV (Figure 4-16b solid lines). 

The differences between the curves are related to the anomalous effect, as discussed in 

chapter 2.4. The photon energies and the corresponding real and imaginary attenuation 

coefficients (f’ and f’’, respectively) are listed in Table 4-12. The Si resonant scattering 

curve (Figure 4-16b red circles) was calculated from the three measured curves using 

the Stuhrmann approach, chapter 2.4. The Si resonant curve is shown in Figure 4-16a, 

b, and c (red circles) and is always labeled as ‘Si res.’. In contrast to SAXS and SANS, 

no pronounced power-law decay is observed in the Si resonant, but a distinct shoulder 

between 0.2 nm-1 and 0.5 nm-1 is found. In addition, scattering peaks arise between 

0.6 nm-1 and 1.0 nm-1. According to the theory discussed by Stuhrmann (chapter 2.4) 

all features of the Si resonant curve are related to the Si nanostructure only [55]. The 

scattering cross-section of the Si resonant principally can be interpreted quantitatively. 

In this work, due to the accumulation of uncertainties of the three measured scattering 

curves and the f’ and f’’ values, the Si resonant cannot be interpreted quantitatively.  

Table 4-12: Experimental X-ray energies from the ASAXS 
experiment at sample AlMgSi-6 with measured transmission 
values and real (f ’) and imaginary (f ’’) attenuation coefficients. 

Photon 

energy 

Transmission f ’ f ’’ 

10-2 e.u. e.u. 

1830 eV 2.36 ± 0.01 -5.887 0.368 

1835 eV 2.48 ± 0.01 -6.862 0.394 

1838 eV 2.53 ± 0.01 -8.580 0.630 
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Discussion. For extended natural aging of AlMgSi, a power-law decay for low 

q-values and a q-value independent scattering contribution are observed in SAXS and 

SANS. As discussed before, both can be assumed to be not directly related to the 

nanostructure of AlMgSi in question here. The power-law decay can be described with 

surface scattering according to the Porod law 𝐼P(𝑞) = 𝑃 ∙ 𝑞
−a with 𝑎 ranging between 

2 and 4, depending on the surface geometry and roughness [1]. For sample AlMgSi-6, 

the sample thickness is below the grain size. Accordingly, the surface scattering must 

be dominated by scattering from the outer two-dimensional sample surface. For this 

surface geometry, the parameter 𝑎 is equal 3 [1] and P is found to be 0.0232 cm-1 here. 

SANS is measured on a sample volume of 112 mm3 of sample AlMgSi-2000, a volume 

which contains several AlMgSi-grains. In consequence, the Porod type scattering must 

be dominated by scattering on grain boundaries (inner surfaces). The grain boundary 

surfaces can be interpreted as an intermediate between a two-dimensional (a = 3) and 

three-dimensional (a = 4) surface. In the experimental data, an 𝑎 of 3.44 and a P of 

0.00178 cm-1 are found what confirms the last assumption. The q-value independent 

scattering is approximated to a cross-section of 0.0115 cm-1 for SAXS and to 

0.00146 cm-1 for SANS, both measured on the high q-value part of the respective 

scattering curve. The q-value independent contributions can be subtracted from the 

scattering curves (Figure 4-16a) leading to curves representing the AlMgSi alloy 

nanostructure, Figure 4-16c. In the Si resonant scattering curve (Figure 4-16a, b, c red 

circles) no power-law decay is observed, in contrast to SAXS and SANS. The absence of 

a power-law scattering indicates the Si resonant curve to represent no contributions of 

the sample surface. The Si resonant curve merely represents the scattering contribution 

of nanoscopic precipitates, assumingly MgxSiy precipitates. Such MgxSiy precipitates are 

known to form during NA [40]. In particular, by APT it was shown that Mg/Si-clusters 

of below 14 atoms size form between 100 and 1000 min NA time [167]. These clusters' 

composition is reported to be Mg1Si1.3-1.6 what would give rise to Si resonant scattering. 

It is reasonable to interpret the nanostructure affecting the Si resonant curve to be 

MgxSiy clusters or domains in the Al-matrix phase.  

Scattering curves in Figure 4-16c represent the AlMgSi nanostructure only. SAXS 

(black triangles) depicts the scattering depending on the electron density differences. 

As MgxSiy and Al phases are isoelectronic, the SAXS scattering contrast depends directly 

on mass density fluctuations in AlMgSi. The SANS (blue squares) scattering contrast 

depends on the scattering cross-section of the atomic cores and the density. MgxSiy 

phases with a reasonable mass density ( = 1.9 to 2.7 g/cm3) always give a sufficient 

neutron scattering contrast in crystalline Al ( = 2.7 g/cm3). The Si resonant (red 

circles) depicts the scattering of Si phases as if they were surrounded by a vacuum. In 

SAXS, a shoulder is visible at about 0.1 nm-1 which corresponds to a radius of gyration 

of Rg = 10 nm ± 2 nm (uncertainty being the size distribution of Rg). Additional Voigt-

peak shaped scattering features appear at 0.9 nm-1, 1.3 nm-1, and 1.8 nm-1. The SAXS 

curve shape indicates an additional scattering shoulder hidden in the q-range of the 

Voigt-shaped scattering features. The SANS curve indicates a shoulder equal to the 
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shoulder observed in SAXS (Rg = 10 nm ± 1 nm). A second shoulder at about 1.1 nm-1 

with Rg = 0.9 nm ± 0.2 nm (size distribution) is visible in SANS, appropriate to the 

hidden shoulder in SAXS. One Voigt-peak shaped scattering feature appears at 4.4 nm-1. 

The Si resonant curve indicates a shoulder at about 0.16 nm-1 corresponding to an 

Rg = 6 nm ± 1 nm. As the Si resonant curves higher q-range limited is 1 nm-1, no 

statement can be made about the shoulder visible in SANS. Additional Voigt-peak 

shaped scattering features appear at 0.75 nm-1 and 0.9 nm-1. All Voigt-peak shaped 

features are dominated by the gamma parameter (chapter 2.5.1) and are listed in 

Table 4-13. The Voigt-peak shaped scattering features usually originate from recurrent 

structures. The periodic distance 𝑑 between those recurrent structures can be estimated 

from the Voigt peak position 𝑞C by  𝑑 = 2𝜋 𝑞C⁄ . 

Table 4-13: Voigt-shaped scattering features in the SAXS, SANS, and Si 
resonant curves (Si-ASAXS). The center, as well as the area of the respective 
Voigt function, are listed. A zero indicates that no respective feature was 
observed. If the q-range was limited or the data quality was insufficient 
(SANS between 0.55 and 0.95 nm-1), values were not acquired (n.a.).   

Voigt 

center 
d=2/qC 

SAXS Voigt 

area 

SANS Voigt 

area 

Si-ASAXS 

Voigt area 

nm-1 nm 104 cm-1 nm-1 104 cm-1 nm-1 a.u. 

0.75 8.4 0 n.a. 5.5 

0.9 7.0 2.3 n.a. 2.5 

1.3 4.8 4.0 0 n.a. 

1.8 3.5 12 0 n.a. 

4.4 1.4 n.a. 0.68 n.a. 

 

Taking into account findings in SAXS, SANS, and Si-ASAXS the following 

nanostructures can be identified in the Al-matrix of the AlMgSi alloy: (i) Small domains 

of an Rg of 1 nm or less and (ii) large structures of an Rg of 10 nm both having scattering 

contrast for X-ray and neutrons. (iii) Si-containing domains or subdomains of an Rg of 

6 nm (from Si resonant) and (iv) recurrent structures with a periodic distance 𝑑 of 

1.4 nm to 8.4 nm (Table 4-13). Figure 4-16c the trend of the scattering curves is shown 

(solid lines) using model fits prepared by interpreting features (i), (ii), and (iii) with 

spherical form factors and features (iv) with Voigt functions. Small domains are known 

to evolve in AlMgSi alloy during NA hardening [5,167,171]. Large rod-shaped domains 

of about 10 nm length were found in AlMgSi alloy after pre-aging at 80 °C for 10 and 

30 min and subsequent NA for 1 weak [167]. If similar rod-shaped domains were 

present in the here examined AlMgSi alloy, the small (Rg of 1 nm) and large (Rg of 

10 nm) domain sizes could be interpreted as corresponding to the average diameter and 

length of those rods. Concerning the Voigt-shaped scattering features, the precipitates 

in AlMgSi alloy are known to form aligned to the crystalline Al-matrix's lattice [167,183–

185]. It is reasonable to assume the observed Voigt shaped features to originate from 
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periodic structures of precipitates in the Al-matrix. A periodic distance matching 

4.4 nm-1 (1.4 nm) was observed in  ’’ phases in AA hardened AlMgSi alloy [185]. 

Periodic distances of 3.5 nm to 8.4 nm observed in SAXS and the Si resonant curve could 

correspond to spacings between precipitate domains, which can be clarified by further 

HR-TEM and APT experiments.  

4.3.5 Conclusion 

The NA of AlMgSi alloy (Al-0.6Mg-0.8Si, wight %) directly after quenching from 

solution treatment temperature at 540 °C and after extended aging time (18 months) 

was investigated using SAXS, SANS, and Si-ASAXS. The examined alloy is similar to the 

commercial alloys Al-6111 or Al-6082 with T4 hardening (equal to NA 

hardening) [164]. The present work shows that the small-angle scattering pattern of 

AlMgSi alloy after quenching is initially dominated by surface scattering and fluctuation 

scattering as expected for an alloy in ssss state. After 1 h of NA the scattering pattern 

starts to change, indicating nanoscopic segregation processes to begin. For AlMgSi alloy 

after 18 months of NA, distinct scattering patterns are found in SAXS, SANS, and 

Si-ASAXS, clearly indicating the presence of nanostructural segregation zones.   

From PALS investigations, vacancies are known to exist in AlMgSi alloy initially and 

annihilate within 1 h NA time [5]. This annihilation process does not cause the 

formation of any voids in the material, proven by the fact that SAXS results are not 

affected by the named processes within the first hour. Albeit, SAXS results indicate the 

formation of small domains (below 2 nm size) between 100 min and 1000 min NA time. 

These findings confirm the PALS results that indicate the formation of Mg-rich domains 

in the same time period [5]. After prolonged aging at 18 °C for months, nanostructural 

transformations occur indicated by distinct scattering patterns in SAXS, SANS, and 

Si-ASAXS experiments. In SAXS as well as SANS, domain sizes of about 1 nm and 10 nm 

radius of gyration were found. These respective domains are visible in both X-ray and 

neutron scattering, supporting the assumption that they are Si and Mg-rich domains in 

Al-matrix. The shape of these domains cannot be determined from the present results. 

Comparing the results to findings on pre-aged AlMgSi alloy implies that both sizes could 

be linked to the diameter and length of rod-shaped domains [167]. From Si-ASAXS it 

was possible to derive a Si-resonant curve. The Si-resonant curve differs from the SAXS 

and SANS results as the resonant curves only depict the Si-atom distribution. These 

simplified curves indicate Si-domains of about 6 nm radius of gyration besides or within 

the structure discussed for SAXS and SANS results. In addition, Voigt-shaped scattering 

features were observed in all scattering curves after prolonged aging. These Voigt-

shaped features in small-angle scattering usually correspond to recurrent 

nanostructures. MgxSiy-segregation domains in AlMgSi alloy are known to form 

alignment to the Al-matrix lattice, resulting in a recurrent structure with specific 

distances [167,183–185]. Further experiments combining element-specific scattering 

(ASAXS and anomalous diffraction) and imaging techniques are necessary to clarify the 

Voigt-shaped features' origin. 
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After all, SAXS results confirm structural proposes based on PALS investigations. The 

natural aging in AlMgSi alloy does not terminate after hours but continues over months. 

This means that Al-6XXX alloys treated by T4 hardening procedure age while already 

integrated into devices and machines. Structural changes taking place during this aging 

affect the mechanical and electrical properties of AlMgSi alloys.  
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5 Summary and Perspective 

Finally, a summary of the most important aspects concluding the three scientific 

questions addressed in this work is given. The featuring experimental method selected 

was contrast varied small-angle scattering. Besides the apparent approach to combine 

SAXS and SANS, also ASAXS was utilized. The entire experimental ASAXS procedure 

had to be optimized to enable ASAXS experiments at the Xe L3 and Si K-edge, essential 

for the performed investigations. Therefore, new reference standard samples were 

calibrated in cooperation with the PTB using established methods. A variety of suitable 

X-ray window materials was trialed, and the X-ray beam monitoring strategy was 

adjusted. The photon energy-dependent response of the primary 2D scattering detector 

was considered in detail, and the detector was calibrated to measure Si K-edge ASAXS.  

The three scientific topics are each of high interest in their respective communities. 

All scientific content discussed in chapter 4.1 was published in Physical Review Letters 

(year 2020, volume 125, issue 18, cover page) in a paper titled “Quantification of 

Nanoscale Density Fluctuations in Hydrogenated Amorphous Silicon” [3]. The majority 

of topics discussed in chapter 4.2 were published under the title “Direct Observation of 

the Xenon Physisorption Process in Mesopores by Combining In Situ Anomalous Small-

Angle X‑ray Scattering and X‑ray Absorption Spectroscopy” in the Journal of Physical 

Chemistry Letters (year 2021, volume 12) [4]. The in situ aging experiment on AgMgSi 

alloy from chapter 4.3 was part of a conference proceeding published together with 

Prof. Dr. John Banhart and colleagues titled “Exploring the hidden world of solute 

atoms, clusters and vacancies in aluminium alloys” [5].  

5.1 Summary of Quantification of Nanoscale Density Fluctuations in a-Si:H 

Amorphous hydrogenated silicon (a-Si:H) is an amorphous semiconductor with 

abundant applications in photo voltaic and thin-film transistor (TFT) technologies. In 

a-Si:H, three distinct phases, including two different amorphous phases were identified: 

(i) Voids of about 1.2 nm in size were found, which appear to be clustered to multi-

void superstructures with 1.6 nm recurrent distance. These voids are expected to play 

a crucial role in the Staebler-Wronsky effect (SWE) [15,21]. (ii) Hydrogen depleted 

dense ordered domains (DOD) were identified, which were theoretically predicted 

before [6,12]. (iii) An amorphous hydrogenated matrix phase is observed, well 

described by the continuous random network (CRN) approach known from the 

literature [2]. These findings give new insights into the nanostructure of a-Si:H, which 

is a topic closed without final results 20 years ago. The DOD number density is found 

to be correlated to the number density of electronic defects in the a-Si:H materials. This 

finding implies the DOD-to-matrix inhomogeneities to be directly related to electronic 

transport mechanisms in a-Si:H. A relation between these inhomogeneities and the dark 

leakage current of silicon heterojunction (SJH) solar cells was recently reported [106], 

and similar hydrogenated and H-depleted domains were found in nanocrystalline 

hydrogenated silicon (nc-Si:H) [186].  
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Based on the precise parameters characterizing the three domains reported here, it 

will be possible to derive a model describing a-Si:H on the nanoscale with atomic, even 

electronic resolution. Advanced DFT algorithms can simulate a-Si:H clusters containing 

thousands of atoms [187–189]. The presented experimental findings will make it 

possible to restrain DFT simulation parameters and verify the simulations. From verified 

DFT simulations, it will be possible to derive insights on a-Si:H on the quantum 

level [190], having consequences for applications in photovoltaics, wave 

guides  [127,128], programmable photonics [129,130], and silicon batteries [131]. 

5.2 Summary of Xe specific X-ray scattering and spectroscopy  

The Xe adsorbate phase's evolution in confinement was observed directly using 

simultaneously in situ ASAXS and XANES spectroscopy. From ASAXS experiments at 

the Xe L3 edge, it was possible to extract Xe-specific scattering information at any state 

of the physisorption process. This approach leads to structural information of the 

evolving Xe phase only. The scattering contribution of the porous Si host was excluded 

by this procedure. These analyses clearly identify two different mechanisms during Xe 

adsorption and condensation compared to evaporation and desorption. Prior to Xe 

evaporation, the mass density of the Xe was found to decrease. Although this effect was 

theoretically predicted before, it was not yet experimentally proven [29]. Comparing 

XANES spectroscopy on the L3 and L2 edges at different adsorption steps, two distinct 

Xe species were identified. The dominant phase was Xe in a liquid state showing white-

line features at both edges. The second Xe phase was identified by a pre-edge feature 

at the L2 edge and attributed to Xe directly contacting the Si surface. 

The combination of ASAXS and XANES during in situ physisorption experiments 

makes it possible to determine fundamental thermodynamic parameters of adsorbing 

gas atoms and liquids in a nano-confined environment. For example, confinement-

related changes in the density and structure in liquid and solid phases can be precisely 

tracked. Basically, ASAXS and XANES can help to refine the understanding of 

physisorption kinetics. Such experiments are not restrained to inert gases like Xe. 

Chemical reactive components containing halogen (Cl, Br, I) or chalcogen (S, Se, Te) 

atoms can be probed using a similar experimental procedure. As well, a variety of 

porous host materials can be probed, for instance transition metal oxides. This approach 

leads to various applications in catalysis [32–34], gas storage [37], and energy 

storage [36,97,134].  

5.3 Summary of Natural aging of AlMgSi alloy 

The investigated AlMgSi alloy corresponds to the state-of-the-art materials Al-6082 

used to construct automobiles, off-shore facilities, and aircrafts. The natural aging (NA) 

phenomena in the AlMgSi model alloy were investigated using SAXS, SANS, and ASAXS 

at the Si K-edge. The natural aging process identical to the industrial T4 hardening 

procedure [164]. The initial aging in AlMgSi was examined using in situ SAXS – 4 min 

to 1000 min after quenching from solution heat treatment. Investigation after 
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prolonged aging for 18 months clearly shows structural changes in the mass density 

distribution (SAXS), Mg-atom distribution (SANS), and Si-atom distribution 

(Si-ASAXS) to occur. These results help to understand how structural changes during 

natural aging (T4) are related to changes after artificial aging (T6), more desired in 

industrial applications because of its higher hardness [167,183–185].  

Indeed, natural aging occurs always before artificial aging is induced by heating the 

material to about 180 °C. Understanding the natural aging kinetics is the key to optimize 

the AlMgSi alloy manufacturing to avoid undesired effects on the artificial aging 

procedure [184].  
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