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Abstract

This thesis marks the culmination of research activities on pore-confined and nano-
structured matter that lasted over a decade. It starts with a comprehensive overview
of studied porous materials as well as nanostructured surfaces. Nanoscale wetting
is the first scientific core topic of the thesis. It elaborates on how X-ray scattering
techniques in combination with nanosculptured substrates are utilized to validate
the Augemented Young-Laplace equation on sub-10 nanometer length scales. The
crystal structure of nanoconfined solids is at the forefront of the second core topic.
As a highlight, elastic neutron scattering studies evidence quasi-single crystalline
growth of deuterium nanocrystals in porous silicon. Studies on the dynamics in
nanostructured matter are the third pillar this thesis rests on. Diverse topics are
covered such as molecular diffusion in pore-confined liquids and phonon propagation
in mesoporous silicon. Studies on the thermal transport in spark plasma sintered
porous silicon culminate in a novel model for the thermal conductivity of structured,
porous systems. The thesis closes with a list of the key publications that emerged
from these fascinating studies.





Zusammenfassung

Diese Dissertation markiert den Höhepunkt zehnjähriger Forschungstätigkeit auf
dem Gebiet porenbegrenzter und nanostrukturierter Materie. Sie beginnt mit einem
umfassenden Überblick über untersuchte poröse Materialien sowie nanostrukturierte
Oberflächen. Nanoskalige Benetzung ist das erste wissenschaftliche Kernthema der
Dissertation. Röntgenstreutechniken in Kombination mit nanostrukturierten Sub-
straten werden verwendet, um die erweiterte Young-Laplace-Gleichung auf Längen-
skalen von unter 10 Nanometern zu validieren. Die Kristallstruktur von nanoskaligen
Festkörpern steht im Vordergrund des zweiten Kernthemas. Als Highlight bele-
gen Studien mittels elastischer Neutronenstreuung das quasi-einkristalline Wachs-
tum von Deuterium-Nanokristallen in porösem Silizium. Studien zur Dynamik in
nanostrukturierter Materie sind die dritte Säule, auf der diese Arbeit ruht. Es wer-
den verschiedenste Themen behandelt, wie molekulare Diffusion in porenbegrenzten
Flüssigkeiten und Phononenausbreitung in mesoporösem Silizium. Untersuchungen
zum Wärmetransport in gesintertem porösem Silizium führen zu einem neuartigen
Modell für die Wärmeleitfähigkeit von strukturierten, porösen Systemen. Die Ar-
beit schließt mit einer Auflistung der wichtigsten Veröffentlichungen, die aus diesen
faszinierenden Studien hervorgegangen sind.
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Chapter 1

Introduction

Condensed matter behaves on nanometer-sized length scales fundamentally different
than as macroscopic bulk system. As the system size is reduced, structure and dy-
namics are altered by geometric confinement, the increasing importance of surface
and interface energies and finally by quantum effects.
It is natural that this modified behavior of soft and hard matter motivated nu-
merous studies in the field of fundamental and applied science. At the forefront of
these studies stands the common primary objective to understand and predict novel
effects unknown in bulk matter and to transfer the gained insights into emerging,
superior technologies.
Theoretical and experimental studies cover diverse research fields. To name only
a few, there are studies on nanoelasticity [1–4], electronic and thermal transport
on the nanoscale [5–8], structural phase behavior [9–11] and nanofluidics [12, 13].
Similar diverse are the studied systems. Nanowires, nanodots are just as interesting
as pore-confined matter, nanostructured surfaces or nanocrystals [14–20].
Envisioned technological applications for nanostructured materials are obviously nu-
merous. The design of energy materials that benefit from nanostructuring should
be named here as particular active research field. Recent years saw the advent of
novel emergent technologies for a green and sustainable energy infrastructure, which
heavily rely on structuring on various length scales [21].
Nanoporous electrodes are considered for novel battery concepts [22]. Structuring
organic photovoltaics on the nanometer scale is one prerequisite for efficient charge
carrier harvesting [23, 24]. Contemporary catalysis and complementary fuel-cell
technologies depend on nanostructured materials with huge surface-to-volume ratios
and seek to overcome the dependence on expensive platinum [17, 25]. Ionic-liquid
based supercapacitors need conductive nanoporous electrodes [26, 27]. Last but not
least, thermoelectrics research considers nanostructuring as promising strategy for
engineering electronic and thermal transport behavior [28–31].
This cumulative thesis focuses on fundamental questions concerning the behavior of
matter on the nanoscale. After the introduction, four main chapters are at the core
of this dissertation before a summary and outlook precede the bibliography and list
of key publications [32–45].
Chapter 2 is titled Nanostructured Materials. It reviews the synthesis of mesoporous
silicon, anodic aluminum oxide, SBA-15, carbide derived carbons, nanosculptured
Si surfaces and spark plasma sintered silicon. It emphasizes the importance of these
materials for the studies on nanostructured matter that are presented in the chap-
ters that follow.
Nanoscale Wetting is the name of chapter 3. It discusses in detail theoretical models
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to describe wetting on nanostructured substrates. X-ray scattering experiments put
the validity of these models to the test. Further, the formation of nanobubbles in
confined liquids is reported as peculiar wetting scenario in SBA-15.
Structure of Nanoconfined Matter is the topic of chapter 4. It focuses on the in-
fluence of nanoconfinement on crystal structure or liquid-solid and solid-solid phase
transitions. The texture of nanoconfined, cryogenic solids is revealed by neutron
diffraction. X-ray diffraction elucidates the morphology of nanoimprinted polymer
films.
Dynamics in Nanoconfined Matter becomes forefront in the fifth and final chapter.
The self-diffusion of organic liquids upon nanoconfinement is probed with quasi-
elastic neutron spectroscopy. Similarly, inelastic neutron scattering experiments
reveal the phonon dispersion in single-crystalline, mesoporous silicon. The chapter
closes with a detailed study on heat transport (phonon transport) in sintered silicon.
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Chapter 2

Nanostructured Materials

2.1 Porous Materials

I present in my thesis studies that utilize porous materials to probe the structure and
dynamics of nanoscale matter. Although in part commercially available, all porous
materials were synthesized within our project groups to guarantee full control over
sample properties.
“Porous materials” stands hereinafter as generic term for microporous and meso-
porous materials. Labeling materials with pore diameters < 2 nm as “microporous”
and with pore diameters in the range from 2 nm - 50 nm as “mesoporous”, follows
the somehow counter-intuitive IUPAC classification [46].
Mesoporous silicon (pSi) is used in the thesis to study the crystallographic structure
of nanoconfined deuterium and nitrogen, to elucidate stochastic motions in molecu-
lar liquids and to identify the influence of nanostructuring on lattice dynamics [34,
35, 38, 39]. The dynamics in ionic liquids upon confinement in porous carbide de-
rived carbons (CDCs) is investigated by neutron scattering techniques [45].
Anodic aluminum oxide (AAO) is the host for nanoconfined oxygen in elastic neu-
tron scattering experiments [36], whereas the formation of nanobubbles is observed
in fluorinated pentane confined in mesoporous silica (SBA-15) [37]. Spark plasma
sintered Si (SPS-(p)Si) is utilized to probe the effect of porosity and hierarchical
structuring on thermal conductivity [41].

2.1.1 Porous Silicon

Crystalline silicon with nanometer-sized pores in the range from 1 nm - 50 nm is
commonly referred to as micro- and mesoporous silicon [47]. Its first synthesis by
means of electrochemical etching dates back to 1956 [48]. Twenty to thirty years
later, its high internal surface was found to be useful for spectroscopic studies and
for the synthesis of thick oxide layers on silicon or dielectric layers [49–52]. But it
was in the nineties, that the interest in pSi, to use Sailor’s words [53], exploded with
the discovery of its photoluminescence properties [54, 55]. Since then, pSi found
widespread applications in fundamental as well as applied science [13, 53, 56, 57].
Among its appealing properties are biocompatibility, tunable surface chemistry, huge
pore-surface to pore-volume ratios, and controllable morphology. Further, its syn-
thesis relies on an earth abundant, non-toxic and cheap source material [58, 59]. Be-
cause of this diversity, scientists and engineers propose pSi on a technological level
for micro- and nanofluidic applications [60], novel electrodes for ion batteries [61,
62], solar cell technology [63, 64], on-chip heat management, thermoelectric elements

3



2.1. POROUS MATERIALS

[30, 65], photonic and sensor applications [66–68] and to consider photoluminescence-
based cancer markers [69, 70].
On a more fundamental level, pSi emerged in recent decades as versatile host mate-
rial to study the effect of nanoconfinement on the structural and dynamic properties
of condensed matter [13, 71–73]. For a detailed and comprehensive review of pSi and
its role in fundamental and applied science, I refer the interested reader to references
from Huber [13] and Sailor [53].
E-beam lithography [74, 75] (→ Sec. 2.2.2), polymer-template processing in combi-
nation with reactive ion etching [76, 77] (→ Sec. 2.2.1), metal assisted etching [78–
80] and dry etching [81–83] are sophisticated, modern approaches to nanostructure
silicon with exceptionally high control of pore and pitch sizes as well as pore arrange-
ment. However, these methods are often limited to the synthesis of thin films, are
time consuming, expensive and do not allow for scalable synthesis of macroscopic
amounts of micro- and mesoporous silicon. Consequently, today electrochemical
wet-etching of silicon in hydrofluoric acid [47, 53] appears still as an effective and
competitive method.
A novel etching cell for small-scale pSi anodization is described in key publication
[40]. It utilizes a vertical setup in which the silicon wafer, supported by an alu-
minum plate, serves as anode (→ Fig. 2.1) and an electrolyte resistant platinum
wire as counter electrode. Both electrodes are immersed in the electrolyte and a
double-walled containment for the electrolyte complies with highest safety stan-
dards. Except for a venting outlet, the etching cell is designed as closed system that
prevents selective evaporation of the aqueous electrolytes and guarantees long-term
stability of the etching conditions.
Lehmann and Gösele were the first to propose a three-step model for the electrochem-
ical half-reactions at the anode upon etching [54] of p-doped silicon in hydrofluoric
acid-based electrolytes. According to their model, holes (h+) support in a first, elec-
trochemical step the replacement of the hydrogen passivation at a [100] crystalline
Si surface by a fluorine passivation (→ R 1). In the second, purely chemical step,
silicon tetrafluoride is dissolved from the Si crystal and the dangling bonds in the
crystal are again hydrogen terminated (→ R 2) before in the final step, the stable
complex H2SiF6 forms in the electrolyte (→ R 3). The cathodic half-reaction is
trivial and accounts only for the electrochemical proton oxidation.
Another crucial aspect in Lehmann and Gösele’s description of pSi etching is the
charge carrier (h+) depletion in the walls between neighboring pores due to quantum
size effects. It ultimately leads to the suppression of reaction path R 1 at the pore
walls and therefore the lateral pore growth as etching at the pore bottom continues.
The formation of “tubular” nanochannels along the [100] direction is in this sense a
self-regulating process.
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CHAPTER 2. NANOSTRUCTURED MATERIALS
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Zhang provides in his review [84] also a comprehensive account of the reaction
pathways during etching that cause the formation of pSi. Furthermore, he details
how the pore morphology is tuned by adjusting etching parameters like electrolyte
concentration, anodization current and doping of the Si source material.

Figure 2.1: Anodization cell: (1) inner container, (2) outer container, (3) stirring
bar, (4) Pt-tube, (5) Pt-cathode, (6) magnetic coupling, (7) venting, (8) high-current
adapter, (9) Al-anode, (10) motor, and (11) Si wafer. Reprinted from Ref. [40], with
the permission of AIP Publishing.

Figure 2.2 shows a scanning electron microscopy (SEM) image of a typical pSi
sample, which is used for the studies of this thesis. The top view of the micrograph
shows polygonal pores roughly 10 nm across. The side view exhibits the dendrite-
like pore channels along a [100] direction of the single crystalline Si wafers, which
were used as source material. The anodization of the respective sample utilizes
an hydrofluoric acid (48 wt%) : ethanol (99 wt%) electrolyte in the volume ratio
4 : 6, a constant current density of j = 13 mA cm−2 and a p-doped single crystalline
[100] Si-wafer with a resistivity of ρ = 0.01 Ω cm - 0.02 Ω cm. An increased current
density of j = 215 mA cm−2 causes after a 4 h anodization a roughly 160 µm thick
self-supporting pSi membrane to detach from the wafer after 40 s.
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2.1. POROUS MATERIALS

[001]

30 nm

30 nm

(a)

(b)

Figure 2.2: SEM micrograph of pSi recorded with a SEM LEO GEMENI microscope
employing electron energies of 15 keV: (a) Top view of the pores in etched silicon. The
inset illustrates the pore size distribution as inferred from a contrast analysis of the
SEM image. (b) Side view of the pores. Reprinted with permission from Ref. [38].
Copyright 2017 Elsevier.

2.1.2 Anodic Aluminum Oxide

The next mesoporous material with a fairly long history to be introduced is anodic
aluminum oxide. Whereas industrial anodization of metals dates back one century
into the 1920’s, the first detailed studies on AAO itself emerged in the 1950’s [85].
Diggle, Downie, and Goulding [86] published 1969 a first comprehensive account
reviewing its formation process. The next notable milestones are the 1981 work by
Thompson and Wood [87], which broadened the understanding of AAO formation
during anodization and the seminal work by Masuda and Fukuda [88] on self-ordered
AAO structures in 1995.
AAO resembles in its pore morphology pSi. It as well covers a similar field of applica-
tions. Sensing applications benefit from the high tunability of optical properties [89,
90] and huge surface-to-volume ratios motivate drug delivery studies [91]. It finds
widespread application as template to grow nanostructures such as nanowires [92].
Similar to pSi, it is a suited host material to investigate the properties of nanocon-
fined matter. I refer to the review article from Ruiz-Clavijo, Caballero-Calero, and
Mart́ın-González [90] for a detailed account on the fabrication and application of
AAO.
Kojda et al. tailor in [36] an electrochemical anodization procedure [93, 94] to syn-
thesize mesoporous AAO membranes with tubular pores in the 10 nm range. Poly-
crystalline aluminum foils (purity > 99 %) are anodized in sulfuric acid (c = 10 wt%)
at constant voltage U = 7 V and constant electrolyte temperature T = −2 °C for
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CHAPTER 2. NANOSTRUCTURED MATERIALS

48 h. Hereby, the electrochemical reaction converts bulk aluminum in mesoporous
anodic aluminum oxide [94, 95].
The specific anodization parameters cause the growth of a 15 µm - 20 µm thick amor-
phous AAO layer with 10 nm - 12 nm wide tubular nanochannels on top of residual
aluminum as evidenced by sorption isotherms (→ Sec. 2.3.1 & [36]) and SEM mi-
croscopy (→ Fig. 2.3).
The SEM images in Fig. 2.3 show a representative membrane. The top view exhibits
directly the pore openings with diameters in the stated range from 10 nm - 12 nm.
Their lateral arrangement at the surface of the membrane appears mostly arbi-
trary. But occasionally six neighbors surround a pore in the center. This particular
arrangement is a precursor of long-range hexagonal 2d-lattices, which evolve in a
self-ordering process when larger pores are synthesized [88, 95]. The side-view ex-
hibits segments of spatially separated, a few micrometers long tubular nanochannels
parallel to the surface normal of a synthesized AAO layer.

Figure 2.3: SEM images of AAO: Top-view of the pore openings, a rectangle marks
a hexagonal arrangement of neighboring pores (top), side-view on tubular nanochan-
nels in a cracked alumina membrane (bottom). Reprinted from Ref. [36], with the
permission of AIP Publishing.

2.1.3 SBA-15

Porous silicates form an entire material class. Zeolites and Vycor® are well known
examples [96–99]. The mesoporous silica SBA-15 is a more recent development. It
was first synthesized in the 1990’s at the Santa Barbara University of California,
giving it its exotic, but not particularly inventive name “Santa Barbara Amorphous
15” [100].
SBA-15 is a template-grown, powdery silica matrix with tubular pores that are
arranged by design on a hexagonal 2D lattice [100]. Its synthesis commonly encom-
passes three subprocesses: the polymer templating process, the sol-gel process and
calcination. A multitude of different synthesis routes [100–102] allows tailoring pore
diameters, pore-pore distances [100] or surface functionality [102] in powdery and
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2.1. POROUS MATERIALS

monolithic substrates [103].
In the sequence of subprocesses, the morphology of the initially formed polymer
micelles molds the morphology of the final SBA-15 silica sample. As the shape of
these micelles is not only determined by the attempt to screen hydrophobic poly-
mer blocks in an aqueous solution, which results in regular spherical and cylindrical
geometries, but rather is subject to thermally driven, hydrodynamic instabilities
like the Rayleigh-Plateau instability, it can be expected that the final silica product
reflects morphological artifacts of these instabilities (→ Fig. 3.5) [104–106].
The synthesis of our sample follows a standard recipe of Zhao et al. [100] to ob-
tain a fine grained powder (1 µm) with tubular mesopores roughly 7 nm across and
11 nm apart. The templating process consists of dissolving 4 g of the micelles form-
ing triblockcopolymer EO20PO70EO20 at T = 35 °C in 30 g water and 80 g of 2M
hydrochloric acid. Subsequently, a sol-gel process is triggered by adding 8.8 g of
tetra-ethyl-ortho-silicate as silica source to the solution and stirring for 20 h at con-
stant temperature T . The solid deposit is recovered and dried after additional aging
at 80 °C for 12 h. Calcination of the template polymers under oxygen atmosphere
at 500 °C for 6 h leaves only the stable silica skeleton and concludes the SBA-15
synthesis.
Fig. 2.4 exhibits an SEM micrograph for a typical SBA-15 sample. The 2D hexag-
onal lattice of cylindrical pores is shown.

Figure 2.4: SEM micrograph of SBA 15: hexagonal arrangement of the pores (left),
tubular pore channels (right). Reprinted from Ref. [107] under CC-BY-NC-ND.

2.1.4 Sintered Porous Silicon

Spark plasma sinterering (SPS) is an advanced and modern technology to synthe-
size macroscopic samples with an intrinsic micro- or nanostructure starting from
powdery source materials. A first patent (Bloxam GB 9020) documents the origins
of the technique already in 1906. But it was only at the end of the century that
SPS apparatuses were produced on an industrial scale for wide spread applications
in industry and science.
At the core of the SPS process is the welding of micrometer or nanometer sized
grains at their interfaces in an highly compacted powder. For this purpose, at low
voltages, a sufficiently high, pulsed DC current is applied to the specimen at elevated
temperatures. The interested reader can consult the articles by Guillon et al. [108]
and Nisar et al. [109] for excellent and more comprehensive reviews of the method
including its historic background and its manifold applications.
The key publication [41] investigates the nanostructure, porosity and thermal con-
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CHAPTER 2. NANOSTRUCTURED MATERIALS

ductivity of SPS-pSi made from crushed pSi and SPS-Si made from commercially
available silicon nanopowders both in combination with small amounts of nanostruc-
tured aluminum. The initial porosity of the used pSi samples is a defining parameter
for the properties of the final SPS-pSi specimen. It can be controlled by the an-
odization parameters discussed in Sec. 2.1.1. The aluminum additive serves the sole
purpose to reduce the melting point of the binary Si-Al eutectic [110].
All powders are compacted in a FCT HP D10-GB system (FCT Systeme GmbH).
This closed system combines a SPS furnace with a glovebox. All powder prepara-
tion is performed in the absence of air or moisture in order to reduce surface oxides.
Whereas the Si nanopowders for SPS-Si itself are bought oxygen free and only han-
dled in the glove box, substantial efforts are required during the SPS-pSi synthesis
to avoid oxide contamination of the source material.
Anodized pSi naturally oxidizes. The pSi specimens are therefore flushed with wa-
ter, rinsed for 2 min in hydrofluoric acid to remove surface oxides and finally rinsed
for 6 min in “dry” octane. The last octane bath containing the specimen is trans-
ferred into the glovebox of the SPS furnace to dry the pSi membrane in an inert N2

atmosphere. Still in the glovebox, the membranes are powdered in an agate mortar
and filled into graphite dies for sintering.
The samples are densified in vacuum at an uniaxial pressure of 34 MPa at 1273 K
and 1473 K and with holding times of 5 min and 10 min. More details on the experi-
mental conditions are summarized in Table S1 of the supplementary information to
Ref [41] available online.
The SEM micrographs in Fig. 2.5 exhibit the microstructure of various SPS-pSi
samples. The figure indicates also the finite porosities of the final specimens Φ that
justify retroactively the characterization of SPS-pSi as porous material. A residual
porosity in SPS samples is generally expected after the powder densification but is
certainly enhanced when a highly porous source material (pSi) is used.

Figure 2.5: SEM micrographs of pSi based samples processed at 1473K. The mi-
crostructure is mainly determined by the initial porosity that is 70%, 53%, 84% and
79% for pSi(I) to pSi(IV). Φ denotes the porosity of the final specimen, cAl the alu-
minum content during synthesis. Reprinted from Ref. [41] under CC-BY.

2.1.5 Carbide Derived Carbons

Carbide derived carbons (CDCs) are the last class of porous materials that I in-
troduce in this section. The synthesis idea in a nutshell is to remove in metallic
precursors, that are the carbides, the metal atoms via etching or hydrothermal cor-
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2.1. POROUS MATERIALS

rosion to retain a porous carbon skeleton. Already in 1918, Hutchins patented the
chlorine etching of silicon carbide to produce SiCl4. However, porous carbon as a
by-product was treated as useless waste material, until in the mid of the century
an interest in its properties emerged [111]. It followed for several decades research
activities that focused mainly on developing different synthesis routes for CDCs
[112–115].
The contemporary interest in CDCs finds its explanation in their potential as ad-
vanced functional nanomaterials [26, 116–120]. CDCs excel in tunability of pore
size, shape, and surface chemistry. They possess a high electrical conductivity, good
(electro)chemical stability, and a large specific surface area, making them interesting
candidates for nanostructured electrodes [121].
Silicon carbide (SiC), molybdenum carbide (Mo2C), and boron carbide (B4C) mi-
croparticles (1 µm - 5 µm wide) are the precursors for the CDCs used in study [45].
They are etched with Cl2 gas at elevated temperatures T to remove the metal atoms
and subsequently annealed in H2 gas at 600 °C. Additional oxidation and annealing
steps help defining the pore size distribution (PSD) and surface functionality.
SiC precursors are etched at T = 1000 °C. After the H2 annealing, they are oxidized
in air at 425 °C. A last annealing in high vacuum (10−6 Torr) at 1400 °C produces
the final specimen subsequently referred to as ‘SiC-2’. Mo2C precursors are etched
at slightly lower temperature T = 900 °C. Otherwise the ‘MoC-15’ samples are syn-
thesized under identical conditions than ‘SiC-2’. ‘BC-6’ are B4C based CDCs, which
are synthesized like ‘MoC-15’. In contrast, ‘BC-6-no’ samples are not oxidized. As
the final annealing step removes surface functional groups, the surfaces of all syn-
thesized CDCs are chemically identical [118, 122] independent of the used precursor.

Figure 2.6: Pore size distributions of CDCs. Reprinted from Ref. [45] under CCA
4.0 International.

Fig. 2.6 shows the PSDs for the various CDCs as derived from volumetric N2 sorption
isotherms (→ Sec. 2.3.1). These isotherms measure the uptake of liquid nitrogen in
the pore space at T = 77 K as the pressure of the coexisting gas phase is changed.
The pressure dependent uptake of liquid in combination with a geometric model for
the pores allows inferring pore sizes, porosity and specific surfaces of the specimen.
The presented analysis of the PSDs relies on a density functional approach [123]
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CHAPTER 2. NANOSTRUCTURED MATERIALS

(→ Sec. 2.3.1). It evidences that all samples are polydisperse. The CDCs contain
micropores as well as mesopores.

2.2 Nanosculptured Si Surfaces

Some experiments on nanoscale matter necessitate better defined substrates as gen-
erally provided by anodization or sintering techniques. Nanowetting experiments in
particular demand often nanostructures with highly regular morphologies and well
characterized, quasi-monodisperse features that facilitate a comparison with theory.
The studies [33] and [42] utilize nanosculptured Si substrates for probing concepts
of nanowetting. The term “nanosculptured Si” refers to a flat silicon substrate
with nanometer-sized structural features in a shallow surface layer. Members of the
project team synthesize these substrates by a combination of polymer templating
and reactive ion etching.

2.2.1 Self-Assembled Polymers & Reactive Ion Etching

Block copolymer self-assembly-based fabrication approaches [124] facilitate the syn-
thesis of nanostructured surfaces with properties suitable for studying nanobubble
formation at a liquid/solid interface (→ [42]). Block copolymer thin films form au-
tonomously well-defined, periodic patterns of nanometer-scale features. Nanometer-
sized domains (< 20 nm) with high density (≈ 1011 cm−2) develop in a microphase
separation process that is driven by free energy minimization [124]. The last state-
ment is equivalent to saying that the blocks in the copolymer phase separate because
they are not inter-mixable.
Intrinsic polymer properties such as the molecular weight (Mw) and the relative
volume fractions (f) of the polymer blocks in the copolymer determine the equilib-
rium pattern dimensions. Thin films of an asymmetric poly(styrene)-b-poly(methyl
methacrylate) (PS-b-PMMA) diblock copolymer (Mw = 67 kg/mol; f(PS) = 0.7)
phase separate into hexagonally arranged PMMA domains with ≈ 20 nm diameter
and ≈ 40 nm nearest-neighbor separation and an embedding PS matrix upon an-
nealing at 180 °C for 2 h. Exposure to ultraviolet light degrades the PMMA block
and facilitates its removal in acetic acid to obtain a porous PS template.
Nanostructured surfaces are prepared from such porous self-assembled templates
on Si substrates using either SF6-based or a HBr-based plasma etching, followed
by an O2 plasma etch to remove any residual polymer from the Si surface. The
anisotropic plasma etching preferentially removes silicon from the pore bottoms.
The resulting structured silicon surfaces contain hexagonally packed nanocavities
as deep as 165 nm (→ Fig. 2.7) with average diameters only slightly wider than
the initial polymer template w = 28(2) nm. The nanocavity cross sections are ap-
proximately parabolic, independent of their depth. A significant advantage of this
fabrication technique is that the nanocavity depth can be controlled by the etching
time.

2.2.2 E-beam Lithography & Reactive Ion Etching

The aforementioned templating by means of self-assembled block copolymers in-
trigues by its simplicity. But it relies on several constraints. One must find the “cor-
rect” copolymer with the adequate intrinsic properties, a polymer that microphase
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Figure 2.7: Scanning electron microscopy pictures of silicon surfaces patterned with
a hexagonal array of nanocavities with an average diameter w = 28(2) nm and various
depths: (a) top-view and (b) side-view image of 34 nm deep cavities. (c) Side view of
140 nm deep cavities (the lateral scale is the same for all pictures). Reprinted with
permission from Ref. [42]. Copyright 2010 American Chemical Society.

separates and whose blocks react selectively on UV exposure. In this sense, tem-
plating via e-beam lithography might be considered as being more flexible although
also technologically more demanding and more expensive. Subsequent paragraphs
outline the synthesis of nanosculptured Si surfaces by means of combined e-beam
lithography and reactive ion etching (→ [32]). Synthesized samples are used for
wetting studies in key publication [33].
In the first step, Si wafers (0.5 mm thick) are spin coated with 60 nm of ZEPA re-
sist from Zeon Chemical. E-beam lithography utilizing a Vistec VB6 instrument at
100 kV is used to write arrays of lines (pitch 45 nm) and arrays of dots (pitch 40 nm)
covering an area as large as 1 mm−2.
After writing the pattern, the polymer resist is developed at 3 °C under ultrasonic
agitation for 30 s, rinsed in isopropanol, and dried with nitrogen. The second step
leaves the silicon covered with an initial polymer template.
The samples are now coated with 10 nm of chromium and the polymer patterns are
lifted off using a solvent along with ultrasonic agitation. It leaves a Cr template on
the Si substrate, which is the negative image of the initial polymer template.
The samples undergo subsequently inductively coupled plasma-reactive ion etching
(ICP-RIE) with CF4 at a 4 mTorr pressure and a 175 V platen bias. Etching occurs
preferentially at unprotected Si-surfaces. Finally, the Cr template is removed with
a commercial Cr etch (Cr-9S) and rinsed well with deionized water. The cleaning
of the samples with a high density O2 plasma concludes the synthesis.
The SEM micrograph in Fig. 2.8 exhibits the array of truncated Si cones on a Si
substrate. It shows exemplarily the strength of e-beam lithography to synthesize Si
nanostructures with an high degree of geometric regularity.
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Figure 2.8: 40 nm period array of truncated Si cones: The {10} and {11} planes are
shown. Reprinted with permission from Ref. [32]. Copyright 2009 American Vacuum
Society.

2.3 Characterization of Morphology

I want to conclude this chapter with a brief overview of characterization techniques
for nanostructured materials. In the preceding sections mostly SEM micrographs
were shown to appealingly visualize the various materials. Here is however not the
place to give an introduction into scanning electron microscopy as a widely known
technique.
Rather, it appears as more important to discuss sorption isotherms and grazing
incidence X-ray diffraction as characterization tools because both provide invaluable
information about the porous and nanosculptured samples that are in the focus of
my main studies.

2.3.1 Sorption Isotherms

Sorption isotherms are an important tool to measure the PSD, porosity and specific
surface of micro- and mesoporous materials [123]. They determine at T = 77 K
volumetrically the uptake f = N/N0 of liquid nitrogen in the porous host as the
pressure Pred = P/P0 of the coexisting gas phase is varied. Here, N and N0 refer to
the number of molecules physisorbed and required to fill the pore space completely.
P0 is the saturation pressure of liquid N2 at 77 K, P is the vapor pressure of the
condensed phase.
Fig. 2.9 shows an adsorption-desorption isotherm measured on pSi. At low pressures
(Pred ≲ 0.65) a liquid film forms on the pore walls, the pore center remains empty.
At higher pressures (Pred ≳ 0.65) a capillary condensate forms in the pore center.
This regime is characterized by a pronounced adsorption-desorption hysteresis [125–
127].
Various analytical tools are available to analyze the isotherms. The BET-method
named after Brunauer, Emmett, and Teller [128] interprets the initial part of the
isotherm (0.1 ≲ Pred ≲ 0.35 in Fig. 2.9) as the multilayer growth of a liquid film
on a flat substrate. This approach allows inferring a specific surface for the porous
materials. In highly porous materials, values as large as ≈ 1000 m2 g−1 are observed.
The specific surface of the shown pSi is with ≈ 160 m2 g−1 smaller.
Barrett, Joyner, and Halenda [129] developed an algorithm to extract the PSD from
the isotherms’ desorption branch at higher pressures in the capillary condensation
regime (Pred ≳ 0.65 in Fig. 2.9). It relies on the Kelvin Eq. (2.1) (→ Sec. 3.1) that
relates the relative vapor pressure Pred to the mean curvature κ of a liquid-vapor
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Figure 2.9: (a) N2 sorption isotherm measured at T = 77K in pSi. (b) PSD in pSi
estimated from the desorption branch of the N2 isotherm applying a BJH-analysis.
Reprinted with permission from Ref. [38]. Copyright 2017 Elsevier.

interface depending on the interfacial energy γlv and the liquid volume per molecule
v.

kBT ln(Pred) = 2γlvvκ (2.1)

The BJH-algorithm applied to tubular pores assumes in the capillary condensation
regime of the isotherm f(Pred) the existence of a hemispherical meniscus in the pore
center. Its radius is identified with the pore radius R itself corrected by the thick-
ness t of a coexisting liquid film on the pore wall. Hence, Eq. (2.1) combined with
a model for t(Pred) [123, 130–132] allows a reparametrization of the isotherm f(R)
using κ = −(R− t)−1, and a PSD is inferred as the R-derivative of the accumulated
pore volume that is dV/dR ∝ df(R)/dR.† Fig. 2.9 shows next to the isotherm the
specific (mass-normalized) PSD for a pSi sample. It is obviously mono-modal and
more “well-behaved” around its mean value of R = 4 nm than the ones encountered
for CDCs in Fig. 2.6.
The BJH analysis implies an ensemble of independent pores, hemispherical menisci
and ignores mostly the long-range liquid-substrate interactions. For the character-
ization of mesoporous materials, it seems to be generally agreed to accept these
assumptions, an issue, which I shall comment on at the end of Sec. 3.1. For micro-
porous materials, the liquid-substrate interactions definitely necessitate a different
approach.
The BJH-algorithm is in some sense a macroscopic approach that is contrasted by
microscopic treatments that account in detail for liquid-liquid and liquid-substrate
interactions. A prominent example is the density functional approach [123]. It
determines the equilibrium density profile of the condensed phase in the pores by

†The expression “pore volume distribution” would be more appropriate as we infer from the
BJH-algorithm how the total volume distributes over differently sized pores and not the number
density of pores with a particular radius.
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minimizing the grand potential of the substrate in equilibrium with the liquid (→
Sec. 3.1). Such calculation can provide PSD’s if the interaction parameters are
known, a particular pore geometry and pore ensemble are assumed (typically inde-
pendent, cylindrical or slit pores). The appearance of micropores in CDCs justifies
retrospectively the analysis of the PSD’s in the framework of the density functional
theory (→ Sec. 2.1.5).
Finally, I want to emphasize that isotherms can be measured utilizing different cryo-
genic liquids. N2 isotherms are often used to characterize porous materials because
of obvious practical reasons. But circumstances can arise that lead to a different
choice of adsorbate. Microporous samples might for instance require to use liquids
with smaller molecule size to guarantee pore access.

2.3.2 Grazing Incidence X-ray Scattering

Grazing incidence small and wide angle X-ray scattering (GISAXS/GIWAXS) are
powerful tools to characterize nanostructured surfaces and interfaces [133, 134].
Fig. 2.10 illustrates the GISAXS/GIWAXS scattering geometry utilizing a poly-
mer line grating as thesis relevant example. The strength of the technique arises
from the small incidence angle α of the X-rays, which is usually close to the critical
angle of the substrate material (αcrit = 0.224° for silicon at 8 keV X-rays), and the
possibility to probe the scattering signal in a plane perpendicular to the substrate
surface.

Figure 2.10: Geometry of GISAXS/GIWAXS measurements. The GISAXS detector
shows the scattering signal from a line grating imprinted into a polymer film. The
GIWAXS detector exhibits the crystallinity of a nanoimprinted polymer film. A ref-
erence system is shown for wavevector transfers perpendicular to the film surface (qz)
and in-plane (qx, qy). The polar angle Φ measures the sample rotation around its nor-
mal. Reprinted with permission from Ref. [44]. Copyright 2010 American Chemical
Society.

The scattering signal, recorded ideally with a position sensitive 2D detector, con-
tains information about the in- and out-of-plane structure of the probed specimen.
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The small incidence angle renders GISAXS/GIWAXS into a highly surface sensitive
technique suited for nanostructure characterization because it controls the X-ray
penetration depth and constrains the X-ray wave propagation to a shallow surface
region. This constraint is less a consequence of X-ray absorption (in particular at
higher X-ray energies) but rather of waveguiding and refraction effects that dom-
inate close to the critical angle and increase the effective scattering volume close
to the surface [134]. A large surface illumination (beam projection) upon grazing
incidence increases the surface sensitivity further.
The extraction of structural information from the scattering signal poses a formidable
task. Grazing incidence diffraction can generally not be treated within the Born ap-
proximation typically used for diffraction data analysis [135]. Dynamical scattering
theory in form of the Distorted Wave Born approximation (DWBA) must be em-
ployed [133] to properly account for X-ray reflection at interfaces and refraction
effects.

Figure 2.11: Scattering from a nanoisland on a substrate in the DWBA. From left
to right: Born scattering, reflection prior to scattering, reflection post scattering,
reflection prior to and post scattering.

Fig. 2.11 gives a flavor of the DWBA’s complexity. It shows the different scattering
events possible for a single nanoisland on a substrate. The first event presents the
usual Born approximation. The three additional ones are corrections within the
DWBA that account for reflections on the substrate prior to and post scattering. It
becomes evident that the effective form factor of the island does not depend only
on the wavevector transfer q⃗ that is the difference between incident and scattered
wavevector (k⃗i, k⃗f ) rather it depends on both individually [136]. Only for incidence
and scattering angles α and 2Θ significantly larger than the substrate’s critical an-
gle, the corrections are ignored and the well-known form factor as Fourier transform
of the island’s electron density distribution is recovered.
Further complications arise for an ensemble of densely packed islands because re-
fraction effects for X-rays cannot be ignored in such a case. The DWBA effective
form factor for one island writes then in its full glory as

F (q⃗∥, kiz, kfz) =

∫
dr⃗∥ exp(iq⃗∥r⃗∥)

∫
dzS(r⃗∥, z) (2.2)

×{A−[kiz(z)]A−[−kfz(z)] exp(i[+kfz(z) − kiz(z)])

+A+[kiz(z)]A−[−kfz(z)] exp(i[+kfz(z) + kiz(z)])

+A−[kiz(z)]A+[−kfz(z)] exp(i[−kfz(z) − kiz(z)])

+A+[kiz(z)]A+[−kfz(z)] exp(i[−kfz(z) + kiz(z)])}.

As solutions to the Helmholtz propagation equation [137], A+ and A− are the z-
dependent electric field amplitudes of upwards and downwards propagating waves
in a graded interface [138], which derives from laterally averaging the refraction in-
dex n(z) in the layer of islands. The wavevector transfer (q⃗∥, qz ) and the wavevectors

(k⃗i(f)∥, ki(f)z) of incident (i) and scattered (f) X-rays refer to in- and out-of-plane
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coordinates (r⃗∥, z) with respect to the substrate [133]. The z−dependence of the
wavevectors reflects the z−variation of the refraction index. S(r⃗∥, z) is the geometric
shape function that takes the value one inside the island and zero outside.
Publication [32] is part of the efforts to establish the challenging DWBA analy-
sis for the characterization of nanostructured surfaces and interfaces. Fig. 2.12
shows the GISAXS scattering signal from the truncated cones that were presented
in Fig. 2.8. An analysis using Eq. (2.2) in the framework of the DWBA allows infer-
ring for instance the inclination of the truncated cones. The quantitative GISAXS
characterization of an e-beam written line grating (→ Fig. 3.2) is essential for the
wetting studies in 3.1 and publication [33]. Sec. 4.3 and Ref. [44] present a thorough
GISAXS/GIWAXS study on the morphology of a nanoimprinted polymer thin film.

D

(a)

(b)

H

g

Figure 2.12: Truncated cones: The symbols show the scattering intensity along the
(10) and (11) Bragg rods. The data have been fitted (black lines) in the framework of
the DWBA using a truncated cone (inset). The dashed lines show a simultaneous fit
of the (10) and (11) Bragg rods assuming γ = 90°. Reprinted with permission from
Ref. [32]. Copyright 2009 American Vacuum Society.

As final remark, GISAXS and GIWAXS are by no means trivial scattering tech-
niques. The quantitative data analysis is fairly imposing. It is remarkable, un-
fortunate but also understandable how many studies employ the technique on a
merely qualitative level. Grazing incidence experiments demand further brilliant
X-ray sources and a high degree of instrumental precision. Even in the age of next
generation lab sources (liquid metal sources), synchrotron-based instruments are the
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norm. The reader might want to study the article from Renaud, Lazzari, and Leroy
[134] for an overly comprehensive review on grazing incidence scattering techniques,
applications and analysis.

18



Chapter 3

Nanoscale Wetting

3.1 Young-Laplace Equation on the Nanoscale

3.1.1 Macroscopic Wetting: Basics

Two equations describe how a macroscopic amount of liquid Vl wets an ideal solid
surface that is rigid, smooth and chemically homogeneous (→ Fig. 3.1). These are
the Young-Laplace Eq. (3.1) and the Young Eq. (3.2).

∆p = 2γlvκ (3.1)

γsv = γsl + γlv cos Θ (3.2)

The Young-Laplace equation is a nonlinear partial differential equation for the liquid
vapor interface l(x, y) that describes the pressure difference across the interface
depending on its mean curvature κ. For a flat substrate, the parametrized interface
l(x, y) refers to the height of the liquid above the substrate surface at the two
dimensional coordinate (x, y) (→ Fig. 3.1)
Young’s equation states that the contact angle Θ of a liquid on an ideal substrate
depends solely on the interfacial energies γsl, γlv, and γsv of the boundaries between
solid (s), liquid (l) and vapor (v) phase. Depending on the contact angle, one
distinguishes three wetting situations. That are complete, partial, and non-wetting
(Θ = 0°, 0° < Θ < 180°, Θ ≥ 180°).
Eqs. (3.1) and (3.2) derive most eloquently from minimizing a free energy functional
H[{l(x, y)}] for l(x, y) under the constraint of constant liquid volume

∫
dxdyl(x, y) =

Vl. In the absence of gravity, it is for a flat substrate

H[{l(x, y)}] =

∫
dxdy

(
γlv

√
1 + ∇l2 + (γsl − γsv)

)
(3.3)

with the operator ∇ = (∂x, ∂y). The first term in the integrand gives the energy of
the curved liquid-vapor interface. The energies of the planar solid-vapor and solid-
liquid interfaces compete in the second term.
One finds more details about the variational treatment of Eq. (3.3) in Refs. [139, 140].
In particular, Collins and Cooke [139] show that ∆p takes the role of a Lagrange
multiplier and that Eq. (3.2) does neither demand a globally flat substrate nor the
absence of gravity, which were both assumed for the sake of simplicity.
First modifications of Eq. (3.2) arise for rough or heterogeneous surfaces [141]. The
Wenzel model [142, 143] distinguishes between apparent and real contact areas of
liquid and substrate on a rough surface. The Cassie-Baxter model [144, 145] accounts
for fractional contact areas between liquid and chemically different surface regions.
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Figure 3.1: Partial wetting of a liquid (blue) on an ideal substrate (gray). θ is
the contact angle of the liquid on the solid. l(x, y) is the liquid height above the
substrate. The liquid drop has a rotational symmetry around the surface normal on
a homogeneous substrate.

3.1.2 Nanoscale Wetting: Theory

A more rigorous approach to describe wetting is required when the system size is
reduced to nanometer sized length scales and only tens of nanometer thick liquid
films on structured substrates are the object of interest. It becomes important to
carefully consider the surface morphology, long-range liquid-solid and liquid-liquid
interactions [146] that affect l(x, y).
Long-range molecular interactions are the induction force, the orientation force and
the dispersion force [146]. They are collectively known as van der Waals forces and
all the interaction energies share the famous 1/r6 dependence. The dispersion force
is nothing else than the infamous fluctuation induced dipole interaction. It usually
dominates over other van der Waals forces except in highly polar systems like water.
It is a proposition to replace Eq. (3.3) on the nanoscale with the grand canonical
density functional for a non-uniform classical fluid [147, 148]

Ω[{l(x, y)}] =

∫
dxdy

(
γlv

√
1 + ∇l2 + ∆µ∆ρl + W (x, y, l)

)
. (3.4)

∆µ is the difference in chemical potential between bulk liquid-vapor coexistence
µ0(T ) and physisorbed liquid on the solid substrate. ∆ρ = ρl − ρv is the particle
density difference between liquid and gas phase. The effective interface potential
W (x, y, l) ([W ] = J m−2) accounts for liquid-liquid and liquid-substrate interactions
[33, 148, 149].
The liquid-vapor interface l(x, y) is determined from the variational condition

δΩ[{l(x, y)}]/δl(x, y) = 0 (3.5)

for an extremal functional in thermal equilibrium. It is δ/δl the variational derivative
and one obtains by means of the Euler-Lagrange equation [139, 150] the Augmented
Young-Laplace equation (AYE)

2γlvκ(x, y) + ∆µ∆ρ +
dW (x, y, l)

dl
= 0 (3.6)

as equivalent to Eq. (3.5). κ(x, y) represents again the mean curvature of the liquid-
vapor interface l(x, y). dW (x, y)/dl is known as disjoining pressure [141].
Eq. (3.6) takes an interesting form if one considers physisorption of liquid films
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(Θ = 0°) in cylindrical cavities with radius R. With the pressure of the coexisting
vapor-phase P and the bulk saturation vapor pressure P0 it is

∆µ = −kBT ln(P/P0) > 0 (3.7)

and one writes in appropriate coordinates

∆ρkBT ln(P/P0) = − γlv
(R− l)

+
dW (l)

dl
(3.8)

with l being the liquid film thickness on the pore wall.
This is a modification of the macroscopic Kelvin equation for the saturation va-
por pressure over a curved liquid-vapor interface [151]. Saam and Cole [127] use
Eq. (3.8) to explain hysteretic adsorption and desorption in cylindrical pores be-
cause it accounts properly for a potential energy U(l) = dW/dl∆ρ−1 between liquid
and substrate.
The Kelvin Eq. (2.1) that was introduced in Sec. 2.3.1 for the BJH-analysis looks
slightly different than Eq. (3.8). The reason is that it ignores the disjoining pressure
and refers to a hemispherical liquid-vapor interface contrary to the here assumed
cylindrical liquid film on the pore walls.
There is another limit of Eq. (3.6) that should be mentioned: the case of a flat
substrate (κ → 0). It is elementary that for dispersion forces the effective potential
W of a flat film on a flat substrate scales with l−2 [141, 146]. It is therefore

∆µ =
A

6π∆ρl3
(3.9)

a prediction for the growth of flat liquid films. It is easily verified by experiments
and allows extracting interaction parameters relevant for the description of wetting
in more complex morphologies (→ [33]). Eq. (3.9) introduces the effective Hamaker
constant A [146].
I want to finish this section with a discussion of a simplified but appealing approach
to the AYE. A geometric treatment of the AYE, which ignores long-range interaction
can be easily devised for not overly complex substrate geometries like trapezoidal
groves. Following Rascón and Parry [152], the shape of the liquid-vapor interface
for wetted groves can be constructed in a two step process. Initially, the grooves are
covered with a liquid film of thickness t ∝ ∆T−1/3 ∝ ∆µ−1/3 as one would expect
for a flat substrate (→ Eq. (3.9)). Then, a cylinder with radius R given by the
conventional Kelvin equation R = γlv/(∆ρ∆µ) is fitted (if possible) to the coated
surface. Coated surface plus meniscus (if any) define hereafter the liquid vapor in-
terface. The tangential points are taken as the edges of the meniscus, whose shape
is the lower part of the cylinder.
The geometric approach to wetting appeals through its simplicity. It allows intrigu-
ingly visualizing different wetting regimes (→ Fig. 3.3). The grooves are coated with
a thin liquid film in the prefilling regime before filling occurs via capillary conden-
sation, that is the formation of a convex meniscus in the groove center. Postfilling
is observed after the meniscus reaches the surface of the sculptured substrate upon
subsequent filling. One should however state that such an appealing visualization
of wetting cannot be transferred easily to more complex geometries.
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3.1.3 Nanoscale Wetting: Experiment

The approach to nanoscale wetting that was just put forward requires of course
stringent experimental verification. Ref. [33] details scattering experiments that
validate Eqs. (3.4), (3.5), and (3.6) on the 10 nm scale. The conceptual idea relies
on analyzing the X-ray scattering intensity from an e-beam written Si surface with a
periodic array (spacing a = 45 nm) of nanometer sized groves (depth H = 39.4 nm,
width D(H/2) = 16 nm, inclination α = 80(2)°, → Fig. 3.2) upon gradually filling
with liquid perfluoromethylcyclohexane (PFMC).
The thermodynamic control of the wetting process is fairly simple. The nanosculp-
tured Si substrate and a bulk liquid reservoir of PFMC are hermetically sealed in
a sample cell with X-ray transparent windows to perform the scattering experi-
ments. Substrate and liquid are spatially separated and only “connected” via the
shared vapor phase. The liquid is kept at constant temperature T0 and the variable
temperature T0 + ∆T of the substrate allows controlling the chemical potential

∆µ =
L

T0

∆T (3.10)

of the physisorbed liquid with respect to the bulk phase and as ∆µ approaches zero
in the experiment more and more liquid condenses on the nanostructured substrate.
Eq. (3.10) with the latent heat per molecule L is easily derived from Eq. (3.7) in
conjunction with the Clausius-Clapeyron equation [151].
The gradual wetting is observed in-situ by X-ray diffraction. The periodic arrange-
ment of trapezoidal grooves causes in a transmission X-ray scattering experiment
(incident X-rays ∥ substrate normal) well-defined Bragg reflections at wavevector
transfers qx = n2π/a with n = 1, 2, 3, . . . (→ Fig. 3.2). The intensity I(qx,∆T )
of a Bragg reflection depends on the grooves’ coverage l(x) with PFMC. More pre-
cisely it scales with the square of the form factor of the electron density distribution
(ρeSi(z), ρel (z)) of one individual, wetted groove

I(qx,∆T ) ∝ |
∫ a/2

−a/2

dxeiqxx
(∫ l(x)

0

dz[ρeSi(z) + ρel (z)]
)
|2. (3.11)

Eq. (3.11) provides in combination with the liquid-vapor interface l(x) obtained from
a numerical treatment of Eq. (3.5) a direct mean to compare experimental and the-
oretically expected scattering intensities and an indirect way to check the validity
of the AYE.
Fig. 3.3, extracted from [33], manifests the validity of the AYE down to 10 nm length
scales. The experimental and theoretical scattering intensities I(∆µ ∝ ∆T ) show
excellent agreement. This agreement emphasizes in particular the importance of
long-range dispersion interactions between structured substrate and liquid film.
Predictions for the X-ray scattering intensities based on Rascón’s geometric ap-
proach that ignores long-range dispersion forces agree less favorably with the exper-
imental results than the full numerical treatment of the AYE (→ Fig. 3.3). Ignoring
the long-range interaction by using the conventional (macroscopic) Kelvin equation
appears as oversimplification on the 10 nm scale.
As a final remark to the geometric approach, I want to point towards consequences
of its obvious relation with the BJH analysis for the characterization of mesoporous
materials (→ Sec. 2.3.1). From Fig. 3.3, one concludes that the geometric model
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Figure 3.2: (left) SEM image (top view) of the grating. (inset) Trapezoidal cross-
sectional shape. (right) X-ray scattering profile along qx for the pattern shown on the
left. Reprinted with permission from Ref. [33]. Copyright 2010 American Physical
Society. https://doi.org/10.1103/PhysRevLett.104.106102

and the BJH approach for mesopores underestimate the width of the capillary con-
densation regime upon filling and therefore implies a narrowed PSD.

Figure 3.3: Black symbols: X-ray scattering intensity of the first-order Bragg
peak as function of ∆T upon heating. Red line (solid): DFT calculation.
Red line (dashed): DFT calculation including a 10% wide distribution of D.
∆T ∗ = T0γlv/(LρlD/2) is an estimate for the inflection point of the red
curve (→ original article). Blue line: geometric construction. Reprinted
with permission from Ref. [33]. Copyright 2010 American Physical Society.
https://doi.org/10.1103/PhysRevLett.104.106102

I refer to publication [33] for more details on the experimental and theoretical parts
of the combined X-ray scattering-wetting study. Key publications [42] and [43] pro-
vide further insights into nanoscale wetting by means of scattering experiments and
microscopic measurements.
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3.2 Rayleigh-Plateau Instability & Nanobubbles

Sec. 3.1 clearly shows the potential of X-ray scattering studies on model substrates
with well-defined nanostructures for testing fundamental concepts of nanoscale wet-
ting. But it is also possible to look at it from a slightly different perspective. The
wetting behavior of liquids on substrates encodes morphological features of the sub-
strate. Probing the wetting behavior of structured materials has therefore the in-
herent potential to be a powerful method in material science.
Sorption isotherms are in this sense already an indispensable tool to characterize
mesoporous materials (→ Sec. 2.3.1). Although running the risk of redundancy let
us remember, an isotherm measures the wetting (volumetric uptake) of a volatile
liquid in a porous host at constant temperature as the chemical potential of the
coexisting gas phase is controlled externally. Subsequently, the BJH-analysis [129]
provides one mean to extract a PSD by applying the conventional (macroscopic)
Kelvin Eq. (2.1), which ignores long-range solid-liquid interactions.
Another, related analytical technique to characterize porous materials is porosime-
try. It measures the forced intrusion of a non-wetting liquid like mercury in the
porous network upon applying pressure [123]. A comparison of the pressure nec-
essary for intrusion with the expected capillary pressure of a cylindrical pore Pc =
2γlv cos(Θ)/R allows inferring a pore radius R. The capillary pressure appears also
as the first term in the AYE (→ Eq. (3.6)).
Publication [37] emphasizes the merit of wetting studies as methodology in material
science. I report in the article on synchrotron-based small-angle X-ray scattering ex-
periments on a template-grown, powdery porous silica matrix SBA-15 (→ Sec. 2.1.3)
upon in-situ sorption of fluorinated pentane C5F12 along with volumetric gas sorp-
tion isotherm measurements (→ Sec. 2.3.1).
In my article [37], I go twofold beyond the conventional BJH-analysis to characterize
the PSD, or more generally the pore morphology of SBA-15. I apply a microscopic
sorption model (→ Eq. (3.8)) to analyze isotherms. Additionally, I interpret X-ray
scattering signals, which become apparent only in a partially filled host, as a conse-
quence of periodic morphological features in SBA-15 on the 10 nm length scale.
Within the mean-field model of Saam and Cole [127] based on Eq. (3.8) for vapor
condensation in a cylindrical pore, a N2 and C5F12 sorption isotherm is well de-
scribed by a bimodal pore radius distribution dominated by meso- and micropores
with 3.4 nm and 1.6 nm mean radius. One assigns these two distinct mean pore sizes
as usual to the radii of the tubular nanochannels (mesopores) and the size of side
branches (micropores) that form during the polymer calcination and emanate from
the main channels [153].
In small-angle X-ray scattering experiments on the powdery SBA-15, two different
periodicities become evident (→ Fig. 3.4). One of them (d1 = 11.5 nm) reflects the
next nearest neighbor distance in a 2D-hexagonal lattice of tubular mesopores [18]
(→ Fig. 2.4). It is expected by design as a consequence of the described templating
approach that includes the self-assembling of cylindrical micelles on the 2D-lattice
to screen hydrophobic polymer blocks most efficiently from the aqueous solution
prior to the sol-gel process (→ Sec. 2.1.3).
A second, slightly smaller periodicity (d2 = 11.4 nm) found during in-situ sorption
and freezing experiments is traced back to a superstructure along the cylindrical
mesopores. It is compatible with periodic pore corrugations found in electron to-
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Figure 3.4: The additional periodic signal (APS) in the liquid state at a temperature
of 240K and a filling fraction f = 0.90 (a, c) and the solid state at a temperature
of 82K obtained by cooling a completely filled SBA-15 sample (b, c). The inset
illustrates a quasi-Bragg reflection caused by a periodic chain of spheres with finite
size in a powder average. Reprinted with permission from Ref. [37]. Copyright 2016
American Chemical Society.

mograms of empty SBA-15 by Gommes et al. [154]. The origin of these periodic
corrugations is quite fascinating. It is a thermally driven, hydrodynamic instabil-
ity named after the British mathematician Lord Rayleigh and the Belgian physicist
Joseph Plateau [141].†

As any soft matter structure the cylindrical micelles in the SBA-15 templating pro-
cess are susceptible to thermally driven fluctuations in particular to radial capillary
undulations. These undulations can cause a Rayleigh-Plateau shape transition [141]
from a single cylindrical micelle to a file of spherical micelles and it is a remark-
able observation that the characteristic pore corrugation length as inferred from the
scattering experiments agrees well with theoretical predictions [155, 156] for the pe-
riodicity of such a file of touching spheres (→ [37]). It is d2 = ΛRP = 3.89RBCP ,
where RBCP = 2.93 nm the radius of the cylindrical micelle is lightly smaller than
the pore radius of the silica mesopores R = 3.4 nm.
Consequences of the peculiar morphological feature on the spatial arrangement of
C5F12, in particular the formation of periodically arranged nanobubbles (or voids)
upon adsorption, desorption and freezing of liquids can be discussed in terms of cap-
illary bridge formation and cavitation in tubular but periodically corrugated pores

†As an entertaining side note, the Rayleigh-Plateau instability is better known as the shape
transformation that causes a falling liquid jet to break into spherical droplets upon conservation
of total volume but reduction of external surface. An annoying, daily life consequence of the effect
is a dripping faucet.
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Figure 3.5: Proposed templating process of SBA-15 and envisioned wetting sequence
in periodically corrugated nanochannels: 1. Rayleigh-Plateau instabilities in micelles
during the templating process cause periodically corrugated mesopores upon calcina-
tion. 2. Upon liquid condensation and liquid evaporation nanobubbles form along
the tubular pores through liquid bridging and cavitation. Reprinted with permission
from Ref. [37]. Copyright 2016 American Chemical Society.

(→ [37]).
Fig. 3.5 illustrates how capillary bridges form in all of these instances to create peri-
odic files of nanobubbles along the channels. It are indeed these chains of nanobub-
bles that are probed in the scattering experiments. They inherit their periodicity
from the characteristic corrugation length and only after their formation at high de-
gree of pore filling the second periodicity becomes unambiguously evident although
indications are present also prior to filling (→ [37]).
Publication [37] provides more comprehensive information on the wetting in corru-
gated pores. Here, only an abridged summary of some main aspects is given in the
spirit of a cumulative thesis. I also take the liberty to refer to the excellent article
by Gommes [157].
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Chapter 4

Structure of Nanoconfined Matter

Structural phase transitions in soft and hard matter upon nanoscale confinement
are a fascinating topic to study. It is easy to imagine that a liquid fills a mesoporous
host with a more or less complex morphology, like water that penetrates a macro-
scopic sponge. But with regard to solid phases of matter, a multitude of questions
arises. Do liquids solidify in crystalline or amorphous form? Are the same crystalline
structures observed as in bulk systems? How are transition temperatures altered?
And how do the answers to these questions depend on morphological features like
nanostructure sizes, pore geometry and the kind of pore network?
It would be hasty to think that confinement, guest-host interaction and the ratio of
volume to interface in the solid phase would not affect the structure of matter. For
instance, elementary thermodynamics already predicts that confinement on a length
scale R introduces a shift in the liquid-solid phase transition of ∆T ∝ 1/R due to
competing surface and volume energies, which scale with R2 and R3 in “model”
liquids.
Key publications [35], [36] and [44] study the structure of matter upon nanoconfine-
ment to address some of the questions listed above. The articles [35] and [36] com-
pare comprehensively the crystallization of molecular liquids in porous hosts with
bulk crystallization. Confined solids are prepared for these studies by first utilizing
sorption isotherms (→ Sec. 2.3.1) to fill the porous hosts with liquid and secondly
cooling the, then confined, liquid until it solidifies. The nanoimprint-induced molec-
ular orientation in spin-cast semiconducting polymer films is a topic discussed in
Ref. [44].
Based on the named publications, I identify and discuss in Sec. 4.1 and 4.2 two guid-
ing mechanisms for the crystallization in pore-confined matter. A nanoscale version
of Bridgman growth is often induced in tubular channels by geometric restrictions.
Epitaxial overgrowth of nanocrystals is a more exotic crystallization process so far
only observed in crystalline pSi. Finally, I provide in Sec. 4.2 an account on the
differences between the microscopic structure of a thin polymer film on a flat Si
substrate and a nanostructured film, and elaborate on their possible origin in re-
duced side-wall interfacial energies upon printing.

4.1 Epitaxial Overgrowth in pSi

4.1.1 Deuterium

The crystal structure of confined deuterium cD2 is studied by means of elastic neu-
tron scattering techniques along the vapor-solid coexistence line. Experiments use
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D2 with a bona fide ortho-para spin isomer composition of 2 : 1 at room tempera-
ture. Changes in this normal composition in favor of the ortho isomer upon cooling
are negligible on the time scale (days) of the experiments [158].†

Key publication [35] reports that deuterium with an equilibrium ortho-para compo-
sition (cpara < 33 % for T < 300 K) forms a cubic closed-packed (fcc) structure in
9 nm wide pSi nanochannels (→ Sec. 2.1.1) in contrast to the expected hexagonal
closed-packed (hcp) bulk structure. Further a preferred alignment of D2 nanocrys-
tals with respect to the surrounding crystalline silicon matrix is discussed in terms
of heteroepitaxial growth of solid cD2 on crystalline pore walls.
The liquid cD2 freezes in pSi at T = 14 K into the cubic phase. This is roughly 5 K
below the bulk triple point T 3

bulk = 18.73 K. The appearance of the cubic phase for
D2 with cpara < 33 % surprises, because a bulk system with the same spin isomer
composition solidifies exclusively in a hcp structure upon cooling [158].
Depending on the isomer composition, a transition from hcp to Pa3 - a fcc lattice
combined with rotational order of the D2 molecules along < 111 > directions -
becomes possible in bulk crystals below T = 3.8 K. It however necessitates the pres-
ence of anisotropic, quadrupole-quadrupole interactions that are only strong enough
in para-enriched (!) D2 (cpara > 56 %) because only the para isomer with odd rota-
tional quantum number J = 1 allows for these interactions [158].
In the wake of the studies in publication [35], no rotational order is found in the
probed temperature range 1.7 K < T < 14 K for the cubic cD2. This agrees with
the expectations because the experiments utilize D2 with fairly low para content
cpara < 33 %. One should however remark, that even in macroscopic bulk samples
it is more than challenging to prove unambiguously molecular rotational order by
means of neutron scattering techniques [159]. Pa3 superstructure reflections in D2

are notoriously weak.
The interaction of cD2 with the crystalline pSi substrates alters the free energy land-
scape, obviously favoring the fcc over the hcp phase. This becomes possible because
the free energy difference between fcc and hcp structures is marginal to begin with.
After all ABC and AB stacking sequences differ locally only in the third coordina-
tion shell. In this context, it was for instance a long standing debate why rare gases
with the exception of helium form fcc lattices upon freezing rather than hcp ones
although two-body interactions slightly prefer the latter [160].
It is also the D2-pSi interaction that triggers an epitaxial growth of D2 crystals
(→ Fig. 4.1). It is remarkable that the scattering intensity due to the crystalline
structure of cD2 is not distributed more or less equally over Debye-Scherrer rings
as expected for a powdery solid and indicated for the aluminum reflections of the
sample cell. Rather, well-defined Bragg reflections are found in reciprocal space
indicating a high degree of crystallinity and texture. More so, the location of Bragg
reflections in direct vicinity of the Si reflections evidence a strong alignment of the
cD2 nanocrystals with the pSi matrix.
The last statement requires some amendments. As some reflections are allowed in
a fcc structure but forbidden in the Si diamond structure, not all D2 reflections can

†D2 is a homonuclear diatomic molecule of spin I = 1 atoms. Its total nuclear spin-rotational
state wave function has consequently bosonic character. The states with rotational quantum
number J = 1 and J = 0 are referred to as para and ortho D2. Please note that this assignment
is reversed for diatomic molecules of spin I = 1/2 atoms with fermionic wave functions such as H2

or N2. The expressions “ortho” and “para” always indicate a wave function that is symmetric or
antisymmetric under spin exchange.
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Figure 4.1: Scattered intensity at T = 1.7K in the (110)-plane, recorded with a Si-
mono-flatcone detector at IN20 (ILL, France) [161, 162]. Background scattering from
Si wafers and Al sample cell are subtracted. Q110 and Q001 depict wavevector transfers
in the [110]-direction of Si crystals and along the [001] surface normal. The inset illus-
trates the scattering geometry. Reprinted with permission from Ref. [35]. Copyright
2013 American Physical Society. https://doi.org/10.1103/PhysRevLett.110.065505

have a Si neighbor in the intensity map. The 002 reflection is one example. Further,
a detailed analysis of Fig. 4.1 shows that D2 nanocrystals form several domains.
One domain is perfectly aligned with the single crystalline Si matrix. Its origin is an
epitaxial growth of the solid on the pore walls. Several other domains evolve from
strain induced twinning out of the perfectly aligned one (→ [35]).
D2 is not the only molecular crystal that grows epitaxially in pSi. Neutron scatter-
ing experiments indicate, that this particular growth scenario is also found during
solidification of the rare gases argon, krypton, neon and xenon. Helium can neither
be named on nor excluded from this list due to a lack of experiments. It is the only
system that does not solidify along its liquid-vapor coexistence line, not even at
lowest temperatures. It poses an exceptional, not resolved experimental challenge
to apply the required pressure for solidification to pore confined He to perform the
necessary experiments.

4.1.2 Nitrogen

Diatomic, homonuclear nitrogen molecules come in form of ortho (J = 1) and para
(J = 0) spin isomers like D2 molecules or more accurately like H2 molecules.† There
is a normal ortho-to-para equilibrium composition of 3 : 1 at room temperature that
means the J = 1 molecules are the dominant species. Normal bulk nitrogen solidifies
upon cooling at T 3

bulk = 63.15 K in a hexagonal closed packed phase. The fraction
of ortho molecules suffices to trigger a structural transformation at T = 35.6 K into
a Pa3 phase with rotational order by means of quadrupole-quadrupole interactions
[163].

†All diatomic, homonuclear molecules with finite nuclear spin per atom show spin isomerism.
It is only that H2 and D2 are the commonly discussed examples.
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Solid normal N2 exhibits the same structural phase sequence as para-enriched D2.
These correspondences in the bulk phases point towards similar structural properties
upon confinement in pSi. Indeed, elastic neutron scattering experiments on solid
cN2 in 9 nm wide pSi pores indicate an epitaxial overgrowth of crystals in the porous
host (→ Fig. 4.2). Upon freezing at T = 56 K, an fcc phase without rotational or-
der forms. Domains of fcc nanocrystals that are aligned perfectly with the single
crystalline Si lattice replace the expected hcp bulk phase.
Fig. 4.2 exhibits the texture of solid N2 upon confinement in pSi. It resembles the
one of D2 evident in Fig. 4.1 except for one remarkable difference. Intense streaks
of scattering intensity along the < 111 > directions emanate from the Bragg re-
flections. There are no Bragg reflections that originate from twinned nanocrystals.
This difference appears as a consequence of an increased probability for stacking
faults in solid cN2.
The twinning of fcc crystals in cD2 results from a small but finite probability for
strain induced stacking faults in the various < 111 > directions. They can for
instance change an ABCABCABC stacking sequence into ABCABCBAC (→ [35])
that is the transition from one crystal to two twinned crystals. However, if the prob-
ability for stacking faults increases then it goes along with diminishing translational
periodicity along the < 111 > directions, which causes significant diffuse scattering.
Bragg rods [138] form in reciprocal space along these directions.
As for the origin of an increased number of strain induced stacking faults in cN2

compared with cD2, one could unsatisfactorily speculate that it must be a combined
consequence of the different elasticity of N2 and D2 and the different lattice mis-
matches between host and guest because they both define the strain energy. The
lattice mismatch as source of strain might be larger for deuterium than for nitrogen.
It is (aN2 − aSi)/aSi = 4% and (aD2 − aSi)/aSi = −7% with the cubic lattice con-
stants aSi,N2,D2 of Si, N2 and D2 [163, 164]. But neutron scattering studies on the
phonon dispersions seemingly imply a significantly higher stiffness in nitrogen than
in deuterium [165, 166].
A final observation has to round up the discussion of the scattering data. No rota-
tional order is observed in pSi for ortho-rich (J = 0) cD2. The situation is however
different for ortho-rich (J = 1) cN2 in pSi. A molecular rotational order is evident
in the experiments at T < 29 K upon cooling the confined fcc phase (not shown).
The absence of the superstructure reflections 112 and 221 at T = 45 K and their
presence at T = 8 K in Fig. 4.2 evidence unsurprisingly the fcc → Pa3 transition for
the ortho-rich N2 in confinement.
The presented discussion of cN2 has obviously a somehow preliminary, descriptive
character as a finalized study has yet to be published. In this spirit, I want to
put forward one attention-seeking aspect of the results. It is interesting that the
existence of the cubic phase does not necessitate rotational order in confinement be-
cause of the epitaxial overgrowth in pSi. Rather, rotational order occurs only several
degrees into the cubic phase. A continuous phase transition exists in confinement
that does not couple to a lattice reconstruction. This situation is unknown in the
bulk with its direct, first-order transition from hcp to Pa3 triggered by the urge for
ordering. The quadrupolar interactions “select” the fcc lattice over the hcp lattice
[158] intimately coupling the discontinuous and continuous transitions.
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Figure 4.2: Scattered intensity in the (110)-plane, recorded with an area detector
at E2 (HZB, Germany) [167]. Q110 and Q001 depict wavevector transfers in the [110]-
direction of Si crystals and along the [001] surface normal. Background scattering from
Si wafers and Al sample cell are not (!) subtracted. Dashed lines indicate < 111 >
directions. (Left) cubic face centered structure at T = 45K. (Right) cubic Pa3
structure at T = 8K. Superstructure reflections due to rotational order are marked.
Not yet published.

4.2 Nanoscale Bridgman Growth

Solid oxygen appears in three different structural phases along its vapor-solid coex-
istence line. It forms a cubic γ-phase below T = 53.8 K, an orthorhombic β-phase at
temperatures lower than T = 43.8 K and a monoclinic α-phase with antiferromag-
netic order below 23.8 K. Structural equilibrium transitions are the consequence of
a complex interplay between molecular dispersion forces, anisotropic quadrupolar
and anisotropic magnetic interactions [168].

Si-wafer

Figure 4.3: Scattering geometry: Incident and scattered neutrons define the scat-
tering angle 2Θ. The orientation of the sample with respect to the incident neutron
direction is given by ω. The angle ϕ characterizes the orientation of the wavevector
transfer Q with respect to the pore axis. An attached piece of single crystalline Si
facilitates determining the sample orientation. Reprinted from Ref. [36], with the per-
mission of AIP Publishing.

Publication [36] presents a comprehensive neutron scattering study on solid oxy-
gen spatially confined in 12 nm wide AAO nanochannels (→ Sec. 2.1.2). Elastic
scattering experiments reveal a structural phase sequence in cO2 known from bulk.
With decreasing temperature cubic γ-, orthorhombic β- and monoclinic α-phases
are unambiguously identified in confinement with decreased transition temperatures
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Tliquid→γ = 50 K, Tγ→β = 38 K and Tβ→α = 18.5 K. Weak antiferromagnetic order is
observed in the confined α-phase.
The parallel alignment of the tubular nanochannels along the surface normal of
amorphous AAO membranes (→ Sec. 2.1.2) allows probing the texture of the con-
fined solid by means of rocking scans. They measure the scattering intensity of
selected Bragg reflections depending on the sample orientation (→ Fig. 4.3) and
reveal that cO2 nanocrystals inside the tubular channels do not form an isotropic
powder. From rocking scans on cD2 and cN2 in pSi (→ Sec. 4.1) similar insights were
gained by utilizing the single crystalline Si matrix as reference for the nanocrystals’
orientation (→ inset of Fig. 4.1). This possibility of course does not exist for the
amorphous AAO.
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Figure 4.4: Rocking scans for various reflections in γ- and β-phase depending on
thermal history. Recorded at E6 (HZB, Germany) [169]. Arrows mark reflex positions
as expected for γ-crystals, which are aligned with their [111] direction parallel to the
pore axis (Φ = 0°). Reprinted from Ref. [36], with the permission of AIP Publishing.

The orientation of the nanocrystals in the three solid oxygen phases is by no means
uncorrelated to the symmetry axis of the tubular pores. Thermal history, micro-
scopic transition mechanisms and preferred crystal growth directions control the
orientation of nanocrystals in the pores on a macroscopic scale (→ Fig. 4.4).
Preferred crystal growth directions define textural characteristics after the liquid-γ
transition. A multitude of nanocrystals nucleate at the onset of freezing with ran-
dom orientation and increase in size upon solidification. This growth process favors
in tubular channels nanocrystals that align with the fast growing crystallographic
direction along the pore axis (→ Fig. 4.5). For the liquid-γ transition it is the
[111] direction that aligns. The described “seed” selection upon solidification is a
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Figure 4.5: Nanoscale Birdgman growth: Seed selection in a tubular pore upon
continuous cooling.

nanoscale version of the well-known Bridgman technique [170] to synthesize single
crystals.
Textural similarities between β- and α-cO2 trace back to the mechanism that triggers
the orthorhombic to monoclinic transition [171, 172]. The texture in the β-phase
as evolved from an anisotropic γ-phase remains mysterious. It might appear as a
convoluted result of nucleation and growth of the lower symmetry phase as well as
molecular displacements that accompany the transition.
A comprehensive discussion of the texture of cO2 in AAO as well as its magnetic
structure in the α-phase is found in publication [36]. Here I close with the statement,
that the nanoscale Bridgman mechanism has been observed before in pore confined
solids. It is discussed in Ref. [173–175]. It was as well observed by myself in cN2

and cD2 upon confinement in AAO.

4.3 Nanoimprinting

Molecular electron donor-acceptor pairs are the organic electronics’ equivalent to
the p-n junctions in inorganic diodes [21]. In this context, poly-3(hexylthiophene)
(P3HT) is intensively discussed as donor in organic photovoltaics to acceptors such
as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). P3HT is a polymer that con-
sists of a backbone of thiophene rings with hexyl side chains. π-orbitals of the
thiophene rings are partially delocalized along the backbone [176, 177], the degree
of conjugation depending on the chain configuration (straight vs. folded). The inter-
chain overlap of π-orbitals in amorphous or π-π stacking in (semi)crystalline P3HT
can define highly conductive pathways.
Since the exciton diffusion length in organic solar cells is in the order of ten nanome-
ters [178] prior to electron-hole recombination, such devices come often in form of
heterogeneous donor-acceptor blends [179]. They utilize microphase separation on
these length scales for splitting the excitons at the donor-acceptor interfaces. An
alternative approach are bilayers of donor and acceptor materials. Nanostructuring
of the layer interface is here the key to increased charge carrier harvesting [180].
This context provides the overarching framework for study [44], which investigates
changes in morphology and orientation of thin, (semi)crystalline P3HT films upon
nanoimprinting and subsequent thermal annealing by means of GISAXS/GIWAXS
experiments (→ Sec. 2.3.2).
In (semi)crystalline P3HT films one identifies three distinct crystallographic direc-
tions (→ Fig. 4.6). The polymer forms molecular layers in the [100] direction, [010]
coincides with the π-π orbital stacking direction and [001] is parallel to the polymer
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backbone. Thin P3HT films adopt on a flat Si support the edge-on configuration
(→ Fig. 4.6) in which the [100] direction aligns with the surface normal as evidenced
by GISAXS studies (→ Fig. 4.7). The edge-on configuration observed on flat sub-
strates is likely the lowest energy configuration since it maximizes the coverage of
the low-energy methyl groups at both interfaces (polymer-substrate & polymer-air).
Ocko et al. [181] discuss the same driving force as origin for surface freezing in chain
molecules.

Figure 4.6: Schematics of (a) edge-on and face-on orientation of P3HT domains and
(b) the nanoimprint process. Reprinted (adapted) with permission from Ref. [44].
Copyright 2011 American Chemical Society.

Morphology and orientation of such a thin P3HT film - important parameters in-
fluencing electronic and photovoltaic device performance - are however significantly
altered upon nanoimprinting with 100 nm spaced grooves (→ Fig. 4.6). After ap-
plying a pressure of 3.4 MPa between the imprint Si master and polymer coated
substrate at T = 423 K for 5 min, quenching to room temperature, and subsequent
pressure release, the imprinted polymer film (still on a Si support) appears as topo-
graphic replica of the imprint Si grating. GISAXS studies demonstrate the excellent
fidelity of the pattern transfer (→ [44]). The GIWAXS intensity maps in Fig. 4.7
convincingly show an imprinting-induced π-π reorientation and polymer backbone
alignment along the imprinted channels.
Scattering intensity of the 100 reflection† along the longitude (η = 90°) and 010 in-
tensity along the latitude (η = 0°) indicate in Fig. 4.7 edge-one configurations. Vice
versa, a face-on configuration of a sizable number of polymer chains is evidenced by
010 scattering at the poles and equatorial 100 intensity. The backbone alignment is
inferred from the Φ dependent η-scans. I refer to Fig. 2.10 in Sec. 2.3.2 and Fig. 4.7
for details on the scattering geometry and the obvious definitions of Φ, the sample
rotation around its normal and η, the polar angle in the intensity maps.
For the imprinted film, with its considerable side-wall area, the observed 90° reori-

†Equipped with a basic knowledge on single crystal X-ray scattering geometries, the reader
might rightfully question the ability to infer at all a 100 wavevector transfer parallel to the surface
normal in a GIWAXS experiment with fixed wavelength λ = 0.0886 nm and fixed incidence angle
αinc << 1°. Although being correct in final consequence, he or she should consider that the
GIWAXS geometry benefits from the mosaicity of a soft polymer (semi)crystal, which is evidently
larger than the difference between the fixed incidence angle αinc and the required incidence angle
αBragg = θ = 1.45° to fulfill the Bragg condition.
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Figure 4.7: Two-dimensional GIWAXS patterns of (a) uniform P3HT thin film
and (b) imprinted P3HT taken with azimuthal angle (b) Φ = 0°, (c) Φ = 20°, and
(d) Φ = 90°. There are qz and qr the out-of-plane and in-plane projections of the
wavevector transfer with respect to the thin film. The azimuthal angle Φ is defined as
zero when the grating is parallel to the direction of incident X-rays (→ Fig. 2.10). (e)
Polar angle (η) scans along the (100) peak positions for various Φ. The polar angle
η is defined as zero for wavevector transfers qz = 0nm−1. Reprinted (adapted) with
permission from Ref. [44]. Copyright 2011 American Chemical Society.

entation is likely driven by the reduction of the side-wall interfacial energy, which
induces the < 100 > direction to be along the local surface normal. However, one
cannot rule out other factors such as flow-induced reorientation which may also con-
tribute upon printing at elevated temperatures [182].
Article [44] obviously provides a more comprehensive account on the touched top-
ics. Beyond the preceding discussions, the article elaborates on the surprising and
noteworthy observation that temperature-dependent scattering measurements evi-
dence imprinted induced orientation and alignment even at temperatures where the
imprinted topographical features nearly vanish. The molecular reorientation excels
in its thermal robustness.
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Chapter 5

Dynamics in Nanoconfined Matter

It is a fascinating endeavor to investigate changing dynamics in hard and soft matter
as the system size is reduced from macroscopic to mesoscopic length scales. A mod-
ified behavior manifests in thermal equilibrium, near thermal equilibrium or even
out-of-equilibrium and is of diverse origins. Among the reason for altered character-
istics are low dimensionality, confinement, interface effects or even quantum effects.
I show in this chapter - the last of the four main chapters promised in the introduc-
tion - how mesoporous materials (→ Ch. 2) are utilized in the key publications [34],
[38], [39], [41] and [45] to address different aspects of dynamics in nanostructured
materials. To be more specific, the chapter and named articles discuss molecular
diffusion processes, phonon propagation and thermal transport in structured mat-
ter.
Key publications [34] and [45] present quasi-elastic neutron scattering experiments
that probe stochastic motions in molecular liquids, which are confined in pSi and
CDCs (→ Sec. 2.1.1 & 2.1.5). Publications [38] and [39] present the crystalline struc-
ture of pSi as unique opportunity to elucidate the phonon dispersion of a mesoscopic
material across the Brillouin zone by means of inelastic neutron scattering experi-
ments. Near-equilibrium thermal transport in nanostructured SPS-pSi is the core
topic of Ref [41].

5.1 Dynamic Structure Factor

5.1.1 A Primer

The atomic and molecular dynamics in solids and liquids is encoded in the dynamic
structure factor†

S(Q⃗, ω) =
1

2π

∞∫
−∞

dr⃗dt exp(iQ⃗r⃗ − iωt)G(r⃗, t). (5.1)

It is the space-time Fourier transform of the Van Hove function G(r⃗, t) that correlates
the presence of a particle in position r⃗(t = 0) at time t = 0 and the presence of a
particle in position r⃗(t = 0) + r⃗ at time t [183]. For N particles one writes

G(r⃗, t) =
1

N

〈∫
dr⃗ ′

N∑
i,j=1

δ[r⃗ ′ − r⃗i(0)]δ[r⃗ ′ + r⃗ − r⃗j(t)]
〉

(5.2)

†S(Q⃗, ω) is also called the scattering function. This name is misleading because S(Q⃗, ω) de-
scribes properties of a system independent of any scattering probe.
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with the canonical ensemble average ⟨...⟩. G(r⃗, t) is the sum of the self-pair correla-
tion function

Gs(r⃗, t) =
1

N

〈∫
dr⃗ ′

N∑
i=1

δ[r⃗ ′ − r⃗i(0)]δ[r⃗ ′ + r⃗ − r⃗i(t)]
〉

(5.3)

and the distinct-pair correlation function

Gd(r⃗, t) =
1

N

〈∫
dr⃗ ′

N∑
i ̸=j=1

δ[r⃗ ′ − r⃗i(0)]δ[r⃗ ′ + r⃗ − r⃗j(t)]
〉

(5.4)

that correlate the positions of one particle (i) at two different times (0, t) and the
positions of two distinct particles (i, j).
It was Van Hove [183] who showed that the double differential cross section [184] of
an inelastic neutron scattering experiment can be written as

d2σ

dΩd(ℏω)
=

N

4πℏ
kf
ki

[
σch[Sd(Q⃗, ω) + Ss(Q⃗, ω)︸ ︷︷ ︸

S(Q⃗,ω)

] + σichSs(Q⃗, ω)
]

(5.5)

with the wavevectors k⃗i and k⃗f of incident and scattered neutrons, the wavevector

transfer Q⃗ = k⃗i − k⃗f , the energy transfer ℏω between neutron and sample, the
coherent and incoherent scattering cross sections σch and σich of the particles, and
the obvious definitions of Sd(Q⃗, ω) and Ss(Q⃗, ω) as the space-time Fourier transforms
of Gd(r⃗, t) and Gs(r⃗, t).
The intimate relation between the double differential cross section and the dynamic
structure factor allows experimentally probing the structure and dynamics of matter.
It is Sd(Q⃗, ω) that contains vital information about the crystal structure and phonon
dispersion of solids. The phonon density of states in solids and stochastic motions in
molecular liquids such as translational diffusion or molecular rotations are encoded
in Ss(Q⃗, ω) [184].

5.1.2 Example: Diffusion

The molecular self-diffusion in a liquid provides a thesis relevant example for Gs(r⃗, t)

in Eq. (5.3) and Ss(Q⃗, ω) in Eq. (5.5). Its self-pair correlation function, assuming
a continuous diffusion process, obeys the macroscopic transport equation that is
Fick’s law [185]

∂Gs(r⃗, t)

∂t
= D∇2Gs(r⃗, t) (5.6)

with the diffusion constant D. With the isotropic solution

Gs(r, t) = (4πDt)−3/2 exp(−r2/4Dt) (5.7)

it is elementary to calculate

Ss(Q,ω) =
1

π

ℏDQ2

(ℏω)2 + (ℏDQ2)2
. (5.8)

The incoherent quasi-elastic scattering intensity is Lorentz-distributed around the
elastic line ℏω = 0 meV for fixed wavevector transfer Q. The Q-dependent width
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CHAPTER 5. DYNAMICS IN NANOCONFINED MATTER

determines D.
A favorable situation arises for an experimentalist studying stochastic motions in a
liquid when σich >> σch because the scattering experiment becomes solely sensitive
to the molecular self-dynamics. Studies [34] and [45] exploit such a situation, since
the incoherent scattering on hydrogen atoms (protons) dominates in the liquids
under investigation.

5.1.3 Example: Phonons

The dynamic structure factor for one-phonon dynamics in a primitive crystal with
one atom per unit cell is a little bit tedious to calculate [184, 186] but writes neatly
as

S(Q⃗, ω) =
4π3ℏ
NMV

exp(−2WQ⃗)
∑
τ⃗ ,⃗ϵ,q⃗

(Q⃗ · ϵ⃗q⃗)2

ωϵ⃗,q⃗

(5.9)

×
[
(n(q⃗) + 1)δ(ω − wϵ⃗,q⃗)δ(Q⃗− q⃗ − τ⃗)

+n(q⃗)δ(ω + wϵ⃗,q⃗)δ(Q⃗ + q⃗ − τ⃗)
]
.

Here is Q⃗ = k⃗i− k⃗f the wavevector transfer, q⃗ the phonon quasiparticle momentum,
τ⃗ a reciprocal lattice vector, ϵ⃗q⃗ the phonon polarization, V the unit cell volume, M
the atom mass, n(q⃗) the thermal phonon population and ℏωϵ⃗,q⃗ the phonon energy.
The exponential term in front of the sum is the Debye Waller factor.
Eq. (5.9) provides important insights for neutron scattering experiments as the ones
discussed in key publications [38] and [39]. The presence of various δ-distributions
indicates not surprisingly that coherent inelastic neutron scattering is only possible
if energy and quasimomentum are conserved. Two distinct one-phonon processes
exist. The first and second term in the square brackets reflect phonon creation and
annihilation that are two scattering channels that allow probing a distinct phonon
q⃗. Since S(Q⃗, ω) scales with (Q⃗ · ϵ⃗q⃗)2, phonons cannot be measured when their po-
larization vector is perpendicular to the wavevector transfer and one ideally studies
phonons in higher Brillouin zones to enhance the scattering signal.
Eq. (5.9) describes only the one-phonon dynamics. Therefore it contains no in-
formation about the finite quasiparticle lifetime τ = ℏ/Γ(ωϵ⃗,q⃗) due to phonon-
phonon scattering, a multi-phonon process. To this end, one has to replace the
δ-distributions that express energy conservation with Lorentz functions of appro-
priate widths Γ(ωϵ⃗,q⃗) to account for the energy spread associated with phonon cre-
ation and annihilation [187]. Of course, there are other scattering mechanisms like
phonon-electron or phonon-boundary scattering that contribute to this spread as
well.

5.2 Stochastic Motions

5.2.1 Hexane in pSi

I present in publication [34] incoherent quasi-elastic neutron scattering measure-
ments [185] in a wavevector transfer range from 0.4 Å−1 - 1.6 Å−1 on liquid n-hexane
confined in tubular, parallel-aligned nanochannels of 6 nm mean diameter and 260 µm
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length in monolithic pSi (→ Sec. 2.1.1). The anisotropy of the pSi host allows
searching for directional dependencies in the molecular dynamics. Measurements
on confined liquids are complemented with, and compared to measurements on the
bulk system in a temperature range from 50 K - 250 K.
The time-of-flight data [186] are recorded at spectrometer IN5 (Institut Laue-Lange-
vin, France). For the bulk liquid they can be modeled by microscopic transla-
tional as well as fast localized rotational, thermally-excited, stochastic motions of
the molecules. The molecular dynamics in the nanoconfined state of the liquid,
which was prepared by vapor condensation (→ Sec. 2.3.1), is analyzed by means of
the dynamic structure factor†

Stotal
s (Q,ω) = (1 − fc)(

A(Q)

π

γT
ℏ2ω2 + γ2

T

(5.10)

−1 − A(Q)

π

γT + γloc
ℏ2ω2 + (γT + γloc)2

) +
fc
ℏ
δ(ω),

utilizing a ω-convolution (∗) with the energy resolution function R(Q,ω):

Sexp
s (Q,ω) = R(Q,ω) ∗ Stotal

s (Q,ω). (5.11)

The two Lorentz functions in Stotal
s (Q,ω) originate from the convolution of the dy-

namic structure factors for a translational diffusion (time scale τ = ℏ/γT ) and a
localized rotational motion (τ = ℏ/γloc), both assumed to be mutually independent.
The δ-distribution allows for part of the molecules to be entirely immobile therefore
causing only elastic scattering (ℏω = 0 µeV). A(Q) is the elastic incoherent struc-
ture factor that emerges from spatial restrictions by definition imposed on localized
stochastic motions [188].
Analyzing the temperature dependent scattering data with Eq. (5.11), I find in
the confined liquid two molecular populations with distinct dynamics, a fraction fc
which is immobile on the time scale of 1 ps - 100 ps probed in our experiments and a
second component (1− fc) with a self-diffusion dynamics D(T ) slightly slower than
observed for the bulk liquid (→ Fig. 5.1). A potential anisotropy of the translational
diffusion with regard to the orientation of the channels’ long axes remains however
elusive.
The immobile fraction amounts to about 5 % at 250 K and accounts likely for
molecules stuck to the pore walls. It gradually increases upon cooling and exhibits
an abrupt increase at 160 K (≈ 20 K below bulk crystallization), which indicates
pore freezing (→ Fig. 5.2). One observes here a manifestation of the reduced liquid-
solid transition temperatures that are characteristic for matter upon confinement
(→ Ch. 4). Although one might consider the experimental approach used to infer
it as slightly exaggerated.

5.2.2 Ionic Liquids in CDCs

Key publication [45] reports on the influence of spatial confinement on the ther-
mally excited stochastic cation dynamics of the room-temperature ionic liquid 1-
N-butylpyridinium bis-[(trifluoromethyl)sulfonyl]imide ([BuPy][Tf2N]) inside CDCs

†I am a little reckless in [34] and refer to S(Q,ω) occasionally as differential cross section or
intensity. That youthful sin hopefully being forgiven, experimental data are indeed presented in
form of a dynamic structure factor and so are the theoretical models.

40
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Figure 5.1: Arrhenius plot for the T -dependence of the translational diffusion coeffi-
cient DT : Squares denote bulk data. Triangles and stars refer to diffusion coefficients
along the pore axis (Q ∥ pore axis) and perpendicular to the pore axis (Q ⊥ pore
axis). Solid lines illustrate linear fits to extract the activation energies EA. Dashed
lines exhibit IQENS results from Baumert et al. as shown in [189] for mesoporous
silica gels with 2 nm, 4 nm and 6 nm pore diameter and results from McCall et al.
obtained in NMR spin-echo experiments [190]. Results of Baumert et al. are not
corrected for a missing factor of 2π. Reprinted from Ref. [34], with the permission of
AIP Publishing.
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Figure 5.2: Temperature dependence of the amount fc of immobile hexane in the
pores. Symbols represent values extracted from the scattering data. Lines help to
guide the eye. Reprinted from Ref. [34], with the permission of AIP Publishing.

(→ Sec. 2.1.5) with various pore sizes (→ Fig. 2.6) in the sub- to a few nanometer
range. Molecular dynamics in confinement is investigated by quasi-elastic neutron
scattering at FOCUS (Paul Scherrer Institute, Switzerland) [191], a time-of-flight
spectrometer and IN16B (Institut Laue-Langevin, France) [192], a backscattering
spectrometer [186].
An overview of the dynamic landscape within a wide temperature range as depicted
in Fig. 5.3 is obtained using the potential of fixed window scans at IN16B, in other
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words scanning the temperature, while observing the scattering intensity solely for
one specific energy transfer value. A first qualitative observation in Fig. 5.3 in-
dicates that the two characteristic dynamic processes of the bulk liquid, that are
freezing of the liquid and the cation endgroup dynamics at distinct temperatures
T = 300 K and T = 180 K, are strongly interweaved in the confined state. Beyond
this qualitative assessment, publication [45] shows that already these data provide
a quite comprehensive and quantitative understanding of the confinement-induced
alteration of the molecular mobility in comparison to the bulk.

Figure 5.3: Fixed window scans in a temperature range from 2K - 355K with a
heating rate of 1Kmin−1 for the ionic liquid in bulk (black symbols) and in nanocon-
finement of different pore sizes (red, green, blue symbols). Sec. 2.1.5 provides more
details on the various samples. The scattering intensity is averaged over a Q range
from 0.44 Å−1 - 1.90 Å−1: (a) Elastic fixed window scans with ∆E = ℏω = 0 µeV; (b)
inelastic fixed window scans at an energy transfer of ∆E = ±2 µeV. Reprinted from
Ref. [45] under CCA 4.0 International.

A complementary, more detailed analysis of full energy transfer spectra I(Q,ω)
recorded at FOCUS and IN16B at selected temperatures T applies a model similar
to Eq. (5.10). The combined data from both instruments reveal two translational
diffusive processes on different time scales and localized motions of the cation end-
group. Diffusion is found to be considerably slower than in the bulk liquid and shows
a decrease of the respective self-diffusion coefficients with decreasing nanopore size.
Different thermal activation energies for molecular self-diffusion in nanoporous car-
bons with similar pore size indicate the importance of pore morphology on the
molecular mobility, beyond the pure degree of confinement. In spite of the dynamic
slowing down the study shows that the temperature range of the liquid state upon
nanoconfinement is remarkably extended to much lower temperatures, which is ben-
eficial for potential technical applications of such systems. This last observation is
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obviously on par with the results of chapter 4 as well as the preceding Sec. 5.2.1.

5.3 Phonons

Several studies precede this section that are concerned with some sort of soft matter,
which is either confined in a mesoporous host or at least interacts with nanosculp-
tured substrates. Less attention has been paid in the thesis so far to the structured
substrates itself. The subsequently discussed studies [38] and [39] mark an overdue
change in this paradigm by focusing on the mesoporous materials themselves as a
form of nanostructured matter that is worth the attention.

5.3.1 Porous Silicon: Debye Regime

Key publication [38] presents a comprehensive scattering study of pSi. Neutron
and X-ray scattering experiments combined elucidate the structure of and the one-
phonon dynamics in electrochemically etched, porous silicon membranes with pores
roughly 8 nm across. The formidable challenge that discussed inelastic neutron
scattering experiments require a macroscopic amount of crystalline pSi is readily
overcome by synthesizing dozens of membranes to form a stacked ensemble with
well aligned crystallographic directions at a mosaicity below 1° (→ [38]).
Inelastic cold neutron scattering experiments [193] performed at the triple-axis spec-
trometer FLEXX (Helmholtz-Zentrum Berlin, Germany) [194] reveal the phonon
energy-momentum relation or equivalently the phonon dispersion ω(q⃗) of the nanos-
tructured, single crystalline samples in the linear Debye regime (ω = v[hkl]|q⃗|) for
energy transfers up to 4 meV (→ Fig. 5.4). They in particular probe in pSi the
acoustic phonon dispersion in the high symmetry directions [001], [110], and [111]
for longitudinal (L) and transverse (T ) modes.
It is the intimate relation between sound velocities v[hkl] and the components of the
stiffness tensor cij (→ [38]) that allows for a thorough characterization of the sam-
ples’ elasticity. Eq. (5.12) quantifies this relation for a cubic structure [195] such
as the one evident in elastic neutron scattering experiments on pSi (→ Fig. 4.1). ρ
refers to the Si mass density. As the two transverse modes in the [110] direction
are not degenerate the symbol || indicates explicitly a phonon polarization in the
probed scattering plane.

v
[100]
L = (

c11
ρ

)1/2

v
[100]
T = (

c44
ρ

)1/2

v
[110]
L = (

c11 + c12 + 2c44
2ρ

)1/2

v
[110]
T,∥ = (

c44
ρ

)1/2

v
[111]
L = (

c11 + 2c12 + 4c44
3ρ

)1/2

v
[111]
T = (

c11 − c12 + c44
3ρ

)1/2.

(5.12)

As a main result of the data analysis, a modified phonon dispersion characterized
by systematically reduced sound velocities v[hkl] (→ Fig. 5.4) manifests itself in
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altered elastic properties of pSi when compared to bulk silicon (bSi). For instance,
the modified sound velocities translate into smaller Young moduli, e.g. 108 GPa =
Y pSi
[111] < Y bSi

[111] = 130 GPa in agreement with recent studies on the elastic response of

pSi upon water adsorption [3].

Figure 5.4: Phonon dispersion of pSi and bSi in the linear Debye regime. From left
to right, symbols represent [111]L/T , [100]L/T , and [011]L/T phonons. Dashed lines
illustrate the linear dispersion relation close to the center of the Brillouin zone. For bSi
the slopes of the dispersions translate exactly into the literature values for respective
sound velocities. Bulk data were used to reliably calibrate the instrumental offset
close to the Brillouin zone center. The slopes of the dispersions for the nanostructured
sample were obtained by linear least squares fitting and provide the sound velocities in
pSi. Shown data are corrected for the instrumental offset. Reprinted with permission
from Ref. [38]. Copyright 2017 Elsevier.

In publication [38], I interpret the apparent phonon softening in the Debye regime
as an intrinsic property of the pSi skeleton putting it in contrast to properties of the
compound, which consists of Si and pore space. This interpretation motivated by the
wavelength λ = 2π/q of the studied phonons between 2 nm - 10 nm is refined in the
subsequently described study [39]. There, phonons are probed closer to the Brillouin
zone boundary and the experiments become even more sensitive to microscopic
properties rather than to volumetric compound averages.

5.3.2 Porous Silicon: Brillouin Zone Boundary

The article [39] presents inelastic thermal neutron scattering experiments probing
the phonon dispersion in mesoporous silicon with pores 8 nm across. Scattering
studies performed at spectrometer PUMA (Heinz Maier-Leibnitz Zentrum, Ger-
many) [196] reveal the energy-momentum relation ω(q⃗) for transverse and longitu-
dinal phonons along the high symmetry directions ΓL, ΓK and ΓX, that are the
crystallographic [111], [110] and [001] directions. The experiments are an extension
of the cold neutron scattering studies discussed in key publication [38] towards the
Brillouin zone boundary.
The dispersion in the phonon energy range between 4 meV - 35 meV (→ Fig. 5.5)
unambiguously proves that the phonon group velocities v⃗g = ∇ω(q⃗) in highly-
crystalline silicon are not modified by nanostructuring down to sub-10 nanometer
length scales. Modeling the dispersion with the Born-von-Kármán expression for
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Table 5.1: Elastic moduli and uniaxial Young moduli for pSi and bSi as obtained
from inelastic thermal neutron scattering experiments. Reprinted with permission
from Ref. [39]. Copyright 2021 Elsevier.

c11 [GPa] c12 [GPa] c44 [GPa] Y[100] [GPa] Y[110] [GPa] Y[111] [GPa]
bSi 181 ± 1 68 ± 2 69 ± 1 145 ± 2 162 ± 1 169 ± 1
pSi 178 ± 2 73 ± 3 69 ± 1 135 ± 5 160 ± 2 170 ± 1.5

linear chains of lattice planes [197]

ω(q) =

√√√√ ∞∑
i=1

Di(1 − cos(qia)) (5.13)

allows first inferring the sound velocities as low-q limit of the group velocities and
secondly the elastic constants as already discussed in the preceding section and pub-
lication [38]. Here, Di is the “‘spring constant per mass unit” between i-th nearest
neighbor planes and a the distance between nearest neighbors.
This analysis scheme shows that on the sub-10 nanometer length scales, there is
apparently no effect of structuring on the elastic moduli of the silicon skeleton in
pSi (→ Table 5.1). No evidence can be found for phonon-softening in topologically
complex, geometrically disordered mesoporous silicon putting it in contrast to sili-
con nanotubes and nanoribbons [2, 198].
This result is only on interpretational grounds a contradiction to the findings re-
ported in [38]. In the latter article, phonons with wavelengths between 2 nm - 10 nm
are utilized to determine the elasticity of pSi. The given interpretation assumes that
I probe dominantly the properties of the pSi-skeleton itself and not a compound av-
erage. Consequently, a sizable phonon-softening is inferred for the skeleton. The
basic assumption on which this interpretation relies on is however retrospectively
not correct.
The experiments with the probed length scales between 2 nm - 10 nm return clearly
no compound averages for the material in the continuum limit (q → 0, λ → ∞) as
evident from a comparison with the “macroscopic” studies by Aliev and Andrews
[199, 200]. Unfortunately, the experiments do not yet assert the characteristics solely
of the skeleton itself either.
The cold neutron scattering experiments presented in Ref. [38] start the transition
from microscopic probes like thermal neutron scattering to macroscopic probes like
acoustic transmission spectroscopy. This troubling and admonishing tale of length
scale dependent experimental results is unfortunately not new and known from dif-
fusion experiments in confinement [201, 202] where different probes seemingly give
different answers to the same question.
The inelastic neutron scattering studies presented in [38] and [39] are significant
steps towards a thorough understanding of the influence of the pSi nanostructure on
the phonon dynamics. But there is more to the story. Macroscopic thermal trans-
port measurements evidence a strongly reduced thermal conductivity in pSi [203]
and therefore indicate by a process of elimination, which excludes now obviously a
modified phonon dispersion as origin, that the inherent nanostructure of pSi affects
phonon scattering rates. Deeper insights into the pSi phonon dynamics are conse-
quently expected from studies that probe the phonon lifetimes or equivalently the
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scattering rates directly (→ Sec. 5.1.3). Neutron resonance spin-echo spectroscopy
appears as appropriate scattering technique to gain these insights [204]. It is how-
ever experimentally very challenging and comes along with new demands for sample
quality and quantity. So this topic is left for now, with the prospect of tempting
studies ahead.

Figure 5.5: Dispersion of longitudinal and transverse phonons in bSi (open symbols)
and in porous silicon (filled symbols) along high symmetry directions [100](ΓL), [110]
(ΓK) and [111] (ΓX): Labels indicate the Bragg reflections at which the phonons
were measured. Colored lines (dashed, solid) represent Born-von-Kármán approxima-
tions of the different dispersion branches. Reprinted with permission from Ref. [39].
Copyright 2021 Elsevier.

Beyond the insights into the elasticity of pSi, the performed investigations demon-
strate the potential of neutron scattering techniques to probe the phonon disper-
sion of nanostructured, crystalline materials. Employed techniques overcome the
limitations of other techniques like Brillouin scattering and acoustic transmission
spectroscopy [199, 200], which only provide information close to the high-symmetry
Γ-point and as such only allow inferring long-wavelength averaged (q → 0) mate-
rial properties. This experimental approach is of particular interest in the field of
nanophononics or thermoelectrics where phonon gap engineering or phonon disper-
sion engineering in general is expected to play an important role to improve or tailor
device performances.

5.4 Thermal Conductivity of SPS-pSi and SPS-Si

Key publication [41] presents a detailed study of the thermal conductivity of SPS-
Si and SPS-pSi samples (→ Sec. 2.1.4) with well characterized porosity, domain
size and pore-pore distance distributions. The synthesis strategy to prepare these
nanostructured bulk monoliths relies on metal-induced crystallization in bulk sam-
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ples and builds partially on the porosity inherent to the nanoporous starting material
(→ Sec. 2.1.1) prior to spark plasma sintering.
Quantitative SEM image analysis as depicted in Fig. 5.6 demonstrates morphology
control of SPS-(p)Si samples synthesized by different ultra-sonic dispersion method-
ologies. Since the high porosity of pSi is maintained after SPS processing and
macroscopic grain growth is suppressed upon sintering, both nanometer sized do-
mains and porosity simultaneously lead to a particularly strong reduction of thermal
conductivity in SPS-pSi samples (→ [41]).

Figure 5.6: SEM image of a SPS-pSi sample.The line grid shows the pore network.
Colored regions indicate domains as identified by quantitative image analysis. The
graphic is a courtesy of Danny Kojda (HZB).

Temperature-dependent thermal conductivity measurements are the key to under-
stand the thermal transport in SPS-(p)Si samples on a microscopic level. They
allow disentangling porosity and domain size effects to explain the reduction of the
thermal conductivity in SPS-(p)Si samples compared to bulk. Fig. 5.7 exhibits ex-
emplarily the thermal conductivity for various SPS-pSi samples.
The heart of the data analysis is Eq. (5.14) for the T -dependent thermal conductiv-
ity.

λeff(T ) = λrλ0 = λr

(
k2
Bπ

6
T

)∫ ω0

0

4

3
Λ(ω)Mph(ω)Wph(ω)dω (5.14)

It incorporates the window function reminiscent of the Bose-Einstein distribution of
excited phonon modes

Wph(ω) =
3

π2kBT

(
ℏω
kBT

)2 (
e

ℏω
kBT − 1

)−2

e
ℏω

kBT , (5.15)

and the mode function
Mph(ω) =

π

2
DOS(ω)vg(ω), (5.16)

which depends on the phonon density of states DOS(ω) and the phonon group ve-
locity vg(ω). The phonon mean free path Λ is the important parameter for the
analysis of the conductivity data. For more details on the model and its application
to the data, the reader might consult Ref. [41] and its supplementary information
available online.
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Figure 5.7: The effective thermal conductivity of sintered pSi. Red solid lines repre-
sent non-linear least square fits applying the model described in the text with λr and
ΛD as the only free parameters. Reprinted from Ref. [41] under CC-BY.

Eq. (5.14) represents a modified Landauer/Lundstrom model [205, 206] to describe
the temperature-dependent thermal conductivity (λeff (T )). It disentangles the ef-
fects of porosity (λr) and phonon scattering lengths (λ0) on the phononic heat
transport. The unitless relative conductivity λr accounts for the porosity [207] and
is motivated by effective medium models [208, 209]. The thermal conductivity λ0

incorporates the combined effect of different phonon scattering mechanisms through
the phonon mean free path Λ.
The phonon mean free path accounts for impurity scattering, boundary scattering,
umklapp scattering and scattering on the nanostructure

Λ−1
tot = Λ−1

imp + Λ−1
boundary + Λ−1

umklapp + Λ−1
D . (5.17)

Treated as independent scattering channels, the four contributions are combined via
Matthiesen’s rule. The first three contributions to Λtot are known from bulk silicon,
the last contribution is a free model parameter that is estimated for the various
samples by non-linear least squares approximation of the data (Fig. 5.7).
Fig. 5.8a compares the relative thermal conductivity λr to several effective medium
models [209]. A favorable agreement is found with the model from Kirkpatrick,
which introduces a percolation threshold in the porosity for the thermal conduc-
tance in porous materials. This threshold is about 60 % for the series of synthesized
samples.
Fig. 5.8b exhibits an excellent agreement between the phonon mean free path as ex-
tracted from the non-linear least squares approximation and an effective length scale
characteristic for the sintered SPS-(pSi) samples Λeff,SEM . This effective length
scale is obtained from quantitative image analysis of the SEM micrographs (→ [41]
& Fig. 2.5) and combines average domain sizes with average pore-pore distances by
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means of Matthiessen’s rule

Λ−1
eff,SEM = Λ−1

D,SEM + Λ−1
pore,SEM. (5.18)

The outlined model is applicable to a broad range of materials based on porous
nanomaterials beyond the specific material system studied in the present work. Due
to the close correspondence of heat transport by phonons to charge carrier transport,
the proposed model provides a pathway to a thorough understanding of electronic
transport in porous nanostructured material systems as well.
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Figure 5.8: a) Extracted relative thermal conductivity λr as function of the porosity
Φ is compared to effective medium models like the Maxwell model (red), the Rayleigh
model for spherical pores (green), the Bruggemann model (blue) and the Lewis-Nielsen
model (black) for different packing fractions ϕm and aspect ratios A (solid, dashed,
dotted). b) Mean free path ΛD,fit extracted from fitting the temperature-dependent
effective thermal conductivity as function of the effective domain size Λeff,SEM. Gray
points show the mean free path only taking the domain size into account. The solid
line shows the identity ΛD,fit = Λeff,SEM. Reprinted from Ref. [41] under CC-BY.

49





Chapter 6

Conclusion

The studies presented in this thesis address foremost three key questions. How do
simple, molecular liquids interact with nanostructured materials? How does confine-
ment affect crystal structures and structural phase transitions? What is the impact
of nanostructuring on the dynamic behavior of matter?
I addressed the first question intensively in nanowetting studies that employed X-
ray scattering techniques. Synchrotron based small-angle scattering was utilized
to study the wetting of molecular liquids on nanosculptured Si surfaces and inside
mesoporous SBA-15 substrates. From these investigations, I like to emphasize two
results.
The theoretical predictions of the Augmented Young-Laplace equation were experi-
mentally validated on sub-10 nanometer length-scales. The importance, of long
range dispersion forces for nanoscale wetting became evident. Such insights, I ex-
pect to be of fundamental importance for emerging nanoimprinting and nanofluidic
applications.
Subtle morphological characteristics of the porous host were revealed in my wetting
studies on SBA-15. The formation of stable nanobubbles in SBA-15-confined liquids
was evidenced by X-ray scattering measurements. Nanobubbles were caused by reg-
ular pore corrugations along the tubular nanochannel, which themselves originate
in a hydrodynamic instability during the synthesis of SBA-15. Although a result
of more fundamental relevance, I like to imply a more pragmatic importance for
templating applications, which utilize SBA-15 substrates.
The second question was mainly addressed in a series of neutron scattering studies
on pore-confined matter. Two principal mechanisms were identified in these exper-
iments to affect crystal growth in confinement.
A nanoscale version of Bridgeman growth prefers in tubular pores the nucleation of
crystallites that align with the fast growing crystallographic direction along the pore
channel. This causes strongly textured confined solids in anisotropic pore networks.
I observed this crystallization scenario in AAO-confined solid oxygen, nitrogen and
rare gases.
Epitaxial overgrowth was found as a rare crystallization mechanism during the solid-
ification of deuterium and nitrogen in porous silicon. The highly crystalline nature
of pSi imprints two-fold on the pore-confined solid. Not only is the stable hcp bulk
phase for D2 and N2 abandoned in favor of a cubic phase. Rather, nanocrystals
inside the pores align perfectly with the cubic quasi-single-crystalline structure of
the pSi host. They form an ensemble of highly orientated crystals.
My thesis discusses dynamics in nanostructured matter in a three-fold manner. I
investigated stochastic motions of individual molecules in confined liquids, collective
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atomic motions that are phonons in pSi and diffusive heat transport in spark-plasma-
sintered Si.
Quasi-elastic neutron scattering techniques helped to elucidate stochastic motions in
molecular liquids upon nanoconfinement. Translational diffusion could be discerned
from faster molecular rotations in pSi-confined hexane. Mobile molecules close to
the pore center stood opposite immobile molecules close to the pore walls.
Ionic liquids exhibited a pore-size dependent slowing down of stochastic dynamics
upon confinement in porous carbon. This insight bears some inherent importance
for technological applications such as super capacitors that microscopically rely on
ion diffusion during charging-discharging cycles.
Coherent inelastic neutron scattering experiments allowed probing the elasticity of
the silicon skeleton in pSi. It was possible to overcome the limitations of other
techniques like Brillouin scattering that probe compound averages in the sense of
effective medium models. A surprisingly robust phonon dispersion in nanostruc-
tured pSi was found. An intriguing absence of phonon softening down to 10 nm
length-scales contrasted expectations arising from the observation of such effects in
nanowires or nanoribbons.
Thermal transport measurements and quantitative analysis of SEM micrographs
were essential to develop a reliable model for the temperature dependent thermal
conductivity of nanostructured, spark-plasma-sintered Si samples. The proposed
model distinguishes between a reduction in thermal conductivity due to porosity
in the sense of effective medium approaches and the reduction due to additional
phonon scattering at nanostructural features such as grain boundaries or pores.
The presented studies cover of course only selected aspects of the cited key questions.
No claim can be raised to answer them in their entire complexity and generality. As
usually seems to be the case, each study answers some questions but raises new ones
and inevitably points towards new interesting projects. Consequently, this thesis
should conclude with addressing one final question. What lies ahead?
The thermal conductivity studies on SPS samples as well as the phonon dispersion
measurements on pSi make the attempt to understand macroscopic heat transport
in nanostructured systems on a microscopic level. Gaining such an understanding is
not only of academic interest. Rather, it appears as a prerequisite to smartly opti-
mize nanostructured materials for selected applications such as heat management or
thermoelectrics. It is consequently tempting to extend such studies to other trans-
port phenomena and other members of this diverse material class.
One notices momentarily an increasing interest in stimulus responsive nanostruc-
tured systems because they naturally trigger novel and visionary applications. For
instance, the mechano-elastic response of pSi upon liquid absorption or desorption
is considered for actuation devices or energy harvesting. It is the necessity to link
microscopic and macroscopic processes to achieve a comprehensive understanding
of such responsive effects that suggests a multitude of fascinating studies.
Last but not least, it is appealing to consider a change in paradigm. So far, I took
often the singular perspective and studied either condensed matter in confinement
or mesoporous materials themselves. It might be even more interesting and pleas-
ing to see whether matter and porous host combine to novel hybrids that exhibit
synergistic properties that go beyond compound averages.
That said, everything must end and the time seems right to finish this thesis for
good. Closing with a profound insight for the future, I might say: ”There is still a
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lot to be done, there is a lot to be learned, let’s do it” or more directly ”let’s have
some fun”.
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Gabi Schierning, Jan Räthel, and Mathias Herrmann. “Field-Assisted Sinter-
ing Technology/Spark Plasma Sintering: Mechanisms, Materials, and Tech-
nology Developments”. In: Advanced Engineering Materials 16.7 (2014), p. 830.

[109] Ambreen Nisar, Cheng Zhang, Benjamin Boesl, and Arvind Agarwal. “Un-
conventional Materials Processing Using Spark Plasma Sintering”. In: Ce-
ramics 4.1 (2021), pp. 20–39.

[110] Martha Guerrero, Mile B. Djurdjević, Srećko Manasijević, Zoran Odanović,
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[162] J. Kulda, J. Šaroun, P. Courtois, M. Enderle, M. Thomas, and P. Flores.
“IN20 –The ILL high-flux polarised-neutron three-axis spectrometer”. In:
Applied Physics A 74.1 (2002), s246–s248.

[163] T.A. Scott. “Solid and liquid nitrogen”. In: Physics Reports 27.3 (1976),
pp. 89–157.

65



BIBLIOGRAPHY

[164] A.F. Schuch and R.L. Mills. “Crystal Structure of Deuterium at Low Tem-
peratures”. In: Phys. Rev. Lett. 16.14 (Apr. 1966), p. 616.

[165] M. Nielsen and H. Bjerrum Møller. “Lattice Dynamics of Solid Deuterium
by Inelastic Neutron Scattering”. In: Physical Review B 3.12 (June 1971),
pp. 4383–4385.

[166] J.K. Kjems and G. Dolling. “Crystal dynamics of nitrogen: The cubic α-
phase”. In: Physical Review B 11.4 (Feb. 1975), pp. 1639–1647.

[167] J.U. Hoffmann and M. Reehuis. “E2: The Flat-Cone Diffractometer at BER
II”. In: Journal of large-scale research facilities 4 (2018), A129.

[168] Yu.A. Freiman and H.J. Jodl. “Solid oxygen”. In: Physics Reports 401.1-4
(Nov. 2004), pp. 1–228.

[169] Alexandra Buchsteiner and Norbert Stüßer. “Optimizations in angular dis-
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