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Fakultät für Physik
Lehrstuhl für Funktionelle Materialien

Polymer Templated Nanostructures for
Application in Hybrid Photovoltaics and

Li Ion Batteries

Mesoscale Structure Manipulation & Implications for Efficiency

Nuri Hohn, M. Sc.
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Abstract

Novel approaches to nanostructure foam-like and high surface-to-volume ratio mesoporous
thin films for application in hybrid photovoltaics and Li ion batteries are introduced.
Within this scope, the controlled microphase separation of an amphiphilic diblock copoly-
mer template is exploited and combined with sol-gel concepts in a good-poor solvent pair
system to custom tailor respective nanomorphologies. Precise control over structures on
a mesoscale < 40 nm is achieved. Compatibility of the introduced processing routines
with large scale deposition techniques such as spraying is proven. Versatility in terms of
different suitable precursors to form either Ti- or Ge-based nanostructures is furthermore
demonstrated. Direct correlation of the mesoscale morphology of Ge-based thin films to
the performance in Li ion battery applications is studied. Introduced novel processing
routines are characterized primarily with focus on influences to control the inner mor-
phology and surface. X-ray scattering techniques and scanning electron microscopy have
been extensively used to extract respective structural information.

Zusammenfassung

Es werden neuartige Ansätze zur Nanostrukturierung von schwammartigen und meso-
porösen Dünnschichten mit großem Oberflächen-zu-Volumen-Verhältnis eingeführt und
mit Hinblick auf Anwendung im Bereich Hybridphotovoltaik und Li-Ionen-Batterien un-
tersucht. Dabei wird die kontrollierte Mikrophasenseparation eines amphiphilen Diblock
Copolymers mit Sol-Gel Konzepten in einem sogenannten gut-schlecht Lösungsmittel-
gemisch kombiniert, um entsprechende Nanomorphologien gezielt herzustellen. Dadurch
wird die präzise Kontrolle über Strukturen auf einer Mesoskala < 40 nm erreicht. Eine
Kompatibilität der eingeführten Strukturierungsmethoden mit großflächigen Beschicht-
ungsprozessen wie Sprühen wird gezeigt. Besonderes Augenmerk liegt außerdem auf der
demonstrierten Vielseitigkeit der Methode in Bezug auf verschiedene verfügbare Aus-
gangsstoffe zur Herstellung von Ti- oder Ge-basierten Dünnschichten. Ein direkter Zusam-
menhang zwischen der spezifischen mesoskopischen Morphologie von Ge-basierten Dünn-
schichten zur Leistungsfähigkeit in Li-Ionen-Batterien wird untersucht. Neuartige Nano-
strukturierungsmethoden werden besonders im Hinblick auf ihre Oberfläche und innere
Struktur untersucht. Rasterelektronenmikroskopie sowie Techniken, die auf Röntgen-
streuung basieren, werden dabei verstärkt zur Strukturanalyse angewandt.
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1 Introduction

Technological advances in the field of new energy generation devices are currently heavily
focused due to an increasing world-wide demand of sustainable resources. Photovoltaics
has emerged as a powerful candidate to provide renewable conversion of solar irradiation
to electrical energy. Nowadays, the inorganic, semiconducting element silicon is most
commonly employed in commercialized photovoltaic devices. Major disadvantages of the-
ses commercialized inorganic devices are high production costs through energy-intensive
manufacturing steps, mechanical stiffness and lack of transparency and tunable proper-
ties. Therefore, commercialized and rather expensive Si-based solar panels inherently
come with long energy payback times and only limited fields of application. Research
in the field of photovoltaics aims to especially tackle the above-mentioned limitations
through the development of novel approaches such as organic photovoltaics (OPV), hy-
brid photovoltaics (HPC), dye-sensitized solar cells (DSSCs), solid-state dye-sensitized
solar cells (ssDSSCs) and perovskite solar cells (PSCs).

The origins of the branch of organic semiconductor photovoltaics are closely related to
the discovery of highly conductive polyacetylene. Through iodine doping an increase of
conductivity by several orders of magnitude was achieved [1]. Steadily increasing perfor-
mances of OPV devices have lead to power conversion efficiencies surpassing 17% in tan-
dem cells [2]. Key advantages such as potential low-cost, large scale production through
wet-chemical processing, tunable optoelectronic properties and mechanical flexibility al-
low for a broader field of application and design possibilities as compared to conventional
Si-based inorganic devices. However, drawbacks in terms of structural stability and life-
times commonly occur [3]. To overcome these downsides, hybrid photovoltaics (HPV)
aims to combine high charge carrier mobility and structural stability of the inorganic part
with the cost-effectiveness and flexibility of the organic part [4, 5]. A typical approach
consists in the synthesis of an inorganic framework, which prevents structural degradation
and which is backfilled with an organic material. Thereby, device lifetimes are expected
to be significantly increased. Additionally, low-cost coating techniques like printing and
spray deposition become accessible through application of wet-chemical, inorganic pre-
cursors [6, 7]. In contrast to DSSCs and ssDSSCs, the danger of liquid electrolyte leak-
age and dye degradation through photo-bleaching is negated in an HPV approach. The
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2 Chapter 1. Introduction

above-described theoretical advantages represent an immense potential in terms of future
benchmarks in PV technology. Nevertheless, fundamental research is still in the early
stage and requires further attention.

For the case of an inverted solar cell architecture, which is typically employed for HPV
devices, and under illumination, light initially passes the glass substrate and the layer
of transparent conductive oxide, which acts as an electrode. Photons are commonly ab-
sorbed by the hole-conducting material, which is typically a semiconducting polymer. As
generated excitons (bound electron-hole pairs) have higher binding energies in organic
materials as compared to inorganic silicon, no thermally-induced charge separation oc-
curs [8, 9]. For this purpose, an interface between organic and inorganic material with
suitable energy band alignment is required. Only at such an interface the generated
exciton can be split and extracted. Therefore, high surface-to-volume ratio inorganic
frameworks with large potential interface area are desirable for good performance of final
devices [10]. If no such interface is reached within the lifetime, the exciton simply decays
and the contribution to the power generation is lost. Once charge separation took place,
electrons are transported through the inorganic electron-conductor. Similarly, the hole
is transported through the hole-conductor until the top gold electrode is reached. Due
to the high absorption coefficients in the UV/Vis regime, only few hundreds nanometers
of organic material are required to harvest most of the incoming light. This results in
reduced percolation paths, correlated decreased recombination of charge carriers and less
quantities of needed material in a HVP approach as compared to DSSCs. Note that in
an HPV approach, backfilling of the inorganic matrix with an organic macromolecule
represents one of the key challenges [11,12]. Therefore, the pores of the inorganic frame-
work need to be sufficiently large to ensure good backfilling efficiencies. However, larger
pores inherently decrease the surface-to-volume ratio, which decreases the likeliness of an
exciton reaching an interface. Note that typical exciton diffusion lengths are in the range
< 20 nm in commonly employed macromolecular material [13]. Consequently, for each
material system an ideal pore size / surface-to-volume ratio needs to be adjusted, which
fulfills the conditions for both good backfilling and small recombination losses. Therefore,
it is fundamentally essential for good power conversion efficiencies to be able to precisely
control the pore size / surface-to-volume ration of the inorganic matrix.

Despite all evident advantages of HPV, photo conversion efficiencies cannot yet com-
pete with conventional DSSCs. Apart from the challenge of efficient backfilling, major
issues in ongoing research are imposed by the contact between inorganic and organic ma-
terial, suitable energy band alignment between electron- and hole-conducting material,
charge carrier mobility, light absorption and efficient routines to precisely control the
nanomorphology. Through the investigation of novel materials with tunable properties
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like band gab, electron- and hole-mobility and absorption behavior key challenges can
be tackled. Through the development of new processing routines, improved control over
the nanomorphology and the contact between the constituents of the active layer could
be achieved. Related characterization of the inner morphology is aimed to provide fun-
damental knowledge and to pave the way towards an improved tailoring of future PV
devices.

Closely related to the field of photovoltaic energy generation, the equally-hot topic of
energy storage devices can be found. Among those, Li ion batteries have emerged as a
promising candidate to be combined with PV devices for example in the field of auto-
motive industry. Key factors to be taken into account are properties like specific power
density, specific capacity and safety. Remarkably, similar processing routines as developed
for HVP with high interfacial area have been found to be especially useful. For example
the increased mechanical flexibility of nanostructured material could negate negative im-
pacts due to high volume expansion upon lithiation/delithiation of commonly employed
materials such as silicon or germanium [14, 15]. Li ion migration into a highly porous
inorganic framework has been proven to yield high specific capacities [16]. Furthermore,
novel materials with higher theoretical specific capacity bear the potential of replacing
typical anode or cathode materials [17]. Due to the close proximity of energy storage
to the field of hybrid photovoltaic energy generation, novel nanostructured materials are
investigated with regard to possible application in both fields.

A promising candidate for application in HPV, DSSCs, ssDSSCs and PSCs is nanostruc-
tured and mesoporous titanium dioxide [18–21]. Devices can benefit from high electron
mobility, possibility of a flexible design and unique properties coupled to being a wide
bandgap semiconductor. However, most common processing techniques either lack pre-
cise control of nanostructures or are linked to tedious processing steps with no possibility
for large scale deposition. The semiconductor germanium even surpasses titania in terms
of bulk electron mobility and, therefore, also appears to be a promising candidate for
application in nanostructured HPV devices [22]. Additionally, energy storage devices
could potentially benefit from high specific capacities in nanostructured germanium films.
However, facile ways of nanostructuring germanium are scarce mainly due to the limited
variety of suitable, wet-chemical germanium precursors.

Within the present thesis, novel nanostructuring approaches on the basis of titania and
germanium are investigated. A schematic overview of research topics treated within the
frame of the present thesis is given in Figure 1.1. In all cases, nanostructure formation
is aimed to be manipulated through controlled microphase separation of an amphiphilic
diblock copolymer template in a sol-gel inspired process (Figure 1.1.I). In this process, the
polymer template self-assembles in the energetically most favorable way. Through con-
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I. template II. structure control III. large scale IV. application

a) Ti-based

b) Ge-based

probing morphology via scattering

Figure 1.1: Schematic overview of research topics treated within the frame of the present thesis.
(I) A common diblock copolymer templating approach represented as micelle in the center is
employed to fabricate either Ti- or Ge-based nanostructures in a sol-gel approach. (II) Tailoring
structures via controlled change of processing conditions is investigated for both Ti- and Ge-
based nanostructures. (III) Compatibility with large scale deposition techniques such as spray
deposition is further focused for mesoporous Ti-based thin film synthesis. (IV) Implications for
application in the field of photovoltaics is discussed for both Ti- and Ge-based nanostructures,
while performance in the field of energy storage is directly measured for Ge-based films. Within
this scope, core techniques to investigate the inner morphology rely on X-ray scattering.

trolled and step-wise change of processing conditions, major fundamental influences on the
phase separation behavior are investigated and tailored (Figure 1.1.II). Within this frame,
scattering techniques are preferably applied to possibly extract quantitative information
about the inner morphological and to correlate structural alteration to respective changes
of processing conditions. Furthermore, all introduced novel approaches are wet-chemical
processes, which are inherently assumed to enable large scale deposition (Figure 1.1.III).
For the case of nanostructured Ti, in situ structure formation during spray deposition is
particularly focused via scattering experiments. Changes of performance due to altered
morphologies are discussed for the field of PV and Li ion batteries (Figure 1.1.IV).

One key advantage of diblock copolymer templated sol-gel approaches is the control of
nanostructures via altered phase separation while simultaneously ensuring the potential
of large scale deposition. However, readily available titania nanostructuring routines are
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scarce. Chapter 5 is tackling the challenge of finding a facile diblock copolymer templated
processing routine, which could be especially exploited for the synthesis of cheap PV de-
vices and which allows for structure control on the mesoscale. Influences, which determine
the phase separation behavior and respective morphological changes are further analyzed.
Within this scope, a special focus is set upon decoupling the individual influences in a
good-poor solvent pair system. Determining the function of each individual contribution
to the combined phase separation process would allow for an improved custom tailoring
of Ti-based nanostructures.

On the basis of an identical material system as introduced in chapter 5, compatibility
of mesoporous Ti-based thin film formation with spray deposition is focused in chap-
ter 6. Within this frame, key questions of time-dependent structure formation, the role
of catalytic additives on the reaction dynamics of titania sol-gel processes and respective
consequences for the efficiency of diblock copolymer templating are especially addressed
through in situ measurements. Extracted results are aimed to lead to an improved un-
derstanding of Ti-based mesoporous structure formation dynamics. Obtained knowledge
might particularly help in the development of large scale Ti-based deposition setups.

Diblock copolymer assisted sol-gel synthesis of mesoporous structures is fundamentally
assumed to offer the advantage of a facile transition to different precursors and conse-
quently different mesoporous materials with their unique properties. Chapter 7 targets a
potential transition to a different precursor and ways to ensure similar control of meso-
porous structures as demonstrated for the case of titania thin films via diblock copolymer
templating. Therefore, new processing steps are developed and analyzed to meet the
special demands of a novel precursor.

Advantages of a transition to a different precursor with optimized material properties
for a potential application in the field of energy storage are treated in chapter 8. In this
frame, key features of a mesoporous, foam-like nanostructure are compared to a rather
compact morphology. Changes of performance are directly related to findings of altered
composition and structure. Systematic manipulation towards achieving an ideal thin film
composition and morphology is seen as a highly promising pathway for obtaining record
device performances.

An introduction to relevant theoretical aspects is given in chapter 2, followed by a brief
discussion of employed characterization methods in chapter 3 and sample preparation
routines in chapter 4. Main results are discussed in chapter 5-8. The final chapter 9
summarizes major findings of the present thesis and utilizes the obtained knowledge to
answer key questions raised in the present introduction.





2 Theoretical aspects

The present chapter introduces basic theoretical aspects relevant for topics discussed in
this thesis. In the first section 2.1, the fabrication of mesoporous structures is discussed,
followed by an explanation of the working principle of potential applications for meso-
porous structures in section 2.2. Furthermore, the main characterization technique applied
in the present thesis is X-ray scattering. Accordingly, basic concepts of X-ray scattering
are addressed in the final section 2.3 of this chapter.

2.1 Synthesis of mesoporous materials

Mesoporous materials typically offer the advantage of increased surface-to-volume ratio,
increased mechanical flexibility and altered properties as compared to their bulk coun-
terpart [23]. Fabrication, structural control and understanding of mesoporous materials
is one of the key objectives of the presented work. Novel techniques are introduced,
which are inspired from diblock copolymer assisted sol-gel synthesis of mesoporous tita-
nia structures. Therefore, basics of diblock copolymer templates and phase separation are
presented in section 2.1.1, followed by an overview in section 2.1.2 of properties of the two
main elements used as a basis for the respectively formed mesoporous structures (Ge or
Ti). Related reaction schemes for Ti- and Ge-based cross-linking and network formation
are explained in section 2.1.3. In the final section 2.1.4, the combined process of diblock
copolymer mediated structure control is further elaborated.

2.1.1 Diblock copolymers

Diblock copolymers are based on chains of two different monomeric building blocks, which
are covalently bound and influence basic properties. The covalent bond prevents sepa-
ration on a macroscopic scale and microphase separation can occur due to energy mini-
mization. The mechanism of diblock copolymer mixing is a complex process. Models to
describe the mixing behavior are usually based on simplifications as for example assuming
the diblock copolymer system to be a blend of homopolymers.

7



8 Chapter 2. Theoretical aspects

A diblock copolymer consisting of homopolymer A and B is named polyA-block-polyB
or in short PA-b-PB. The degree of polymerization NA and NB of each respective ho-
mopolymer reflects the number of monomeric repeating units. Diblock copolymer are
commonly described via the block ratio fA or fB

fA = NA

NA +NB

fB = NB

NA +NB

= 1− fA

Energetically, the mixing of two different types of homopolymers is usually not favored. To
minimize the energy of the system, microphase separation with domains of homopolymer
A and B occurs in the special case of covalently linked diblock copolymers. The dimension
of the resulting phase separation is in the same order as the typical length of an individual
homopolymer chain.

Major parameters influencing the phase separation behavior of a diblock copolymer in
solution are the total degree of polymerization NAB = NA + NB, the block ratio fA and
the Flory-Huggins interaction parameter χ describing the interaction between the two
different homopolymers A and B [24,25]

χ = χS + χH
kBT

(2.1)

where χS and χH represent the entropic and enthalpic part, T is the temperature and kB
is the Boltzmann constant. Conformation of the chains and chain end effects are key influ-
ences on the entropic part. A smaller value of the Flory-Huggins interaction parameter χ
represents an increased likeliness of intermixing. An increased temperature usually has the
effect of a decreased interaction parameter and, therefore, commonly enhances miscibility
in a polymeric blend system. For diblock copolymers, the product of the Flory-Huggins
interaction parameter χ and the total degree of polymerization N is a good measure for
the phase separation behavior. For χN � 10.5 chains of homopolymer A and B intermix
without microphase separation into a single phase. The weak segregation limit, where a
transition between a disordered, single phase to a weakly ordered, mircophase-separated
phase occurs, is typically in the order of χN ≈ 10.5 [26]. Further increase of χN leads to
an increase of energetic incompatibility of the respective diblock copolymer blocks. In the
strong segregation regime at χN � 10.5, mircophase separation results in the formation
of ordered and highly pure domains. Within the frame of the present thesis, transition to
a strongly segregated regime is realized via addition of poor solvent (selective for only one
of the two diblock copolymer blocks) to a diblock copolymer dissolved in a good solvent
(dissolves both blocks). Thereby, the incompatibility between both diblock copolymer
blocks is increased.



2.1. Synthesis of mesoporous materials 9

fA

0.0 0.5 1.0

χN

10.5

(1) (2)

(3)

(4)

(5)

(6) (7)

Figure 2.1: Exemplary phase diagram of a diblock copolymer based on monomeric units A and
B. The red line indicates the order-disorder transition. (1) At low ratio fA, spheres made out of
monomer A are embedded in matrix of monomer B. With increasing block ratio, (2) cylinder-,
(3) gyroid- and (4) lamellar-type phase separation for symmetric blocks can be achieved. Upon
further increase of the block ratio (5-7) phase distribution of block types is inverted for the
before mentioned phase separation types. More information can be found in literature [27]
(Figure redrawn/inspired from [27]).

As stated in the previous section, the product of interaction parameter and degree of
polymerization strongly influences the phase separation behavior of a diblock copolymer.
Additionally, the block ratio of the employed diblock copolymer has a major impact on
the type of morphological phase separation. The combined impact of all three influences
(χ,N, fA) on the type of phase separation can be summarized in a phase diagram. An
example is shown in Figure 2.1. For χN < 10.5, a disordered, single phase is typically
formed. In contrast, for χN > 10.5, phase separation leads to the formation of ordered
morphologies. The type of phase separation morphology is influenced by the block ratio
fA. At low ratio fA, spheres made out of monomer A are embedded in matrix of monomer
B. With increasing block ratio, 2) cylinder-, 3) gyroid- and 4) lamellar-type phase sep-
aration for symmetric blocks can be achieved. Upon further increase of the block ratio,
5,6,7) phase distribution of block types is inverted for the before mentioned phase sep-
aration types. Note that phase diagrams in literature, which refer to measurements on
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a) b) c)

a

c

b

a
a

b

Figure 2.2: Unit cell of anatase-type titania (a) with view along the b-axis, (b) with view along
the c-axis [30] and (c) α-germanium with diamond-type symmetry independent of the view axis
(same for a,b and c) [31].

real systems, are asymmetric. The asymmetry is mainly caused by additional effects such
as for example differences in the structure of monomeric building units [28]. Addition-
ally, effects of confinement and interfaces come into play, which, especially for the case of
thin films, influence possible morphologies formed according to Figure 2.1. Furthermore,
methods for film fabrication of the present thesis are not performed in a state of thermo-
dynamic equilibrium (non-equilibrium processes), which is why phase separation does not
exclusively depend on the above mentioned parameters, but also on the time-dependent
mobility of polymeric chains during the deposition process. Therefore, phase separation
is described as an interplay between chain mobility and energetic incompatibility of the
respective blocks.

2.1.2 Basic properties of titania and germanium

Within the frame of the present thesis, different methods are introduced to fabricate
mesoporous thin films on the basis of germanium or titanium dioxide as a material. The
common approach to fabricate those films is inspired from titania sol-gel [29]. From there
on, different routines have been established to manufacture the above-mentioned meso-
porous thin films. Mesoporous materials on the basis of different elements (Ti or Ge)
come with all the inherent advantages of a mesoporous structure and add the character-
istic physical properties of the respective element to form a new material with unique
properties. Relevant basic properties of bulk germanium and bulk titanium are summa-
rized in the next section.

Titania (TiO2) is an indirect, wide band gap semiconductor with high electron mobility.
The wide band gap of 3.2 eV comes with high absorption in the UV-regime around 388 nm.
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The crystalline structures anatase and rutile are most commonly observed. Titania thin
films fabricated in the frame of this thesis all indicate an anatase-type crystallization. If
a rutile phase is desired, calcination temperatures typically have to be increased above
600 ◦C. An illustration of the unit cell of anatase-type titania is shown in Figure 2.2a and
b with view along the b- and c-axis of the unit cell. Expected peak positions of anatase-
type titania for X-ray diffraction measurements based on Cu kα irradiation are listed in
Table 2.2. More details on basic properties of anatase-type titania are listed in Table 2.1.
The wide band gap in combination with the high electron mobility renders mesoporous,
anatase-type titania an excellent candidate for application as electron-conducting material
in photovoltaic applications [32, 33].

band gap [eV] density [g/cm3] electron mobility [cm2 V−1 s−1]

anatase TiO2 [34] 3.20 3.83 10-30
α-Ge [22] 0.67 5.32 3900

Table 2.1: Summary of basic properties of bulk, anatase-type titania and α-germanium at room
temperature [22, 34].

Germanium is a semiconductor with an indirect band gap of 0.67 eV and the highest
known electron mobility of 3900 cm2 V−1 s−1 for the crystalline α-Ge phase [22,35]. The
diamond-type, crystalline α-Ge phase is illustrated in Figure 2.2c with view along the
c-axis of the unit cell. Basic properties of germanium are summarized in Table 2.1. The
especially high electron mobility renders the material a highly attractive material for
hybrid photovoltaic applications. Note that the indicated narrow band gap is referring to
bulk material. Properties on a nanoscale are typically found to change as compared to
their bulk value [36]. In addition to photovoltaic applications, the high specific capacity
of 1385 mAhg−1 for Li15Ge4 and 1564 mAhg−1 for Li17Ge4 promises excellent performance
as anode material in Li ion batteries. The high specific capacity furthermore comes with a
Li ion diffusivity, which is approximately 400 times higher as compared to silicon [16,17].
However, the main degradation mechanism of Ge-based anode materials in Li ion batteries
is caused by the high volume expansion of germanium. Within the frame of the present
thesis, this issue is aimed to be overcome through the fabrication of mechanically flexible,
mesoporous Ge layers.

2.1.3 Titania reaction scheme

Titania sol-gel is a wet-chemical, bottom-up process on the basis of a titania precursor.
Specifically for the frame of the present thesis, the metal alkoxide titanium (IV) isopropox-
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ide (TTIP) is used. In solution, the precursor reacts and forms nanosized particles. This
state is referred to as a sol. Cross-linking of nanosized particles leads to the formation
of 3D interconnected networks, which naturally come with an increase of viscosity and
are consequentially referred to as gel. Typical dimensions of those network structures lie
in the order of sub-micrometer. As also demonstrated within the frame of the present
thesis, one advantage of sol-gel synthesis is given by the flexibility of different available
precursors to form thin films made out of different elements [37,38].

The main reaction scheme for the conversion of the precursor TTIP to titania is based
on hydrolysis and condensation. In presence of water (hydrolysis), the precursor (RO)4-Ti
(TTIP) reacts according to the following equation

(RO)4 − Ti + H2O 
 (RO)3 − Ti−OH + R −OH (2.2)

where a alkoxide group (RO) is replaced by a hydroxyl group (OH). This reaction can
be repeated until all alkoxide groups are replaced (referred to as complete hydrolysis).
Additionally, water and alcohol condensation leads to cross-linking of two partially hy-
drolyzed (RO)4-Ti units via an oxygen bond (Ti-O-Ti) under release of H2O or ROH and
according to the following reaction scheme

(RO)3 − Ti−OH + (RO)3 − Ti−OH 
 (RO)3 − Ti−O− Ti− (OR)3 + H2O (2.3)

(RO)4 − Ti + (RO)3 − Ti−OH 
 (RO)3 − Ti−O− Ti− (OR)3 + R −OH (2.4)

The final structure of the 3D network formed at the end of these hydrolysis and poly-
condensation reactions is typically determined by their reaction dynamics, which can be
influenced by changing external parameters such as pH-value, temperature or type of
catalyst. Especially important for the frame of the present thesis is the influence of the
catalyst HCL. The presence of HCL typically promotes hydrolysis reactions over conden-
sation reactions [39]. Through promoted hydrolysis (in the presence of HCL) linkage of
chain ends occurs with an increased likeliness. This results in a natural tendency towards
the formation of more elongated structures, which is especially beneficial for structure
control of foam-like, mesoporous titania films templated through diblock copolymer us-
age [40]. In contrast, the absence of HCL is more likely to lead to the formation of more
bulky, compact aggregates of titania. After complete hydrolysis and condensation reac-
tion, typically amorphous titania is obtained, which can be transformed to a crystalline
phase through heat treatment.
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For the synthesis of mesoporous thin films on the basis of germanium, the Zintl precursor
K4Ge9 is used and dissolved in the stable transfer solvent ethylenediamine (en) [41]. More
information regarding the Zintl precursor and the solvent en can be found in section 4.1.
Controlled removal of the solvent en triggers the oxidation of the Ge4−

9 Zintl anions and
interconnected, amorphous Ge based structures are formed [41]. Through heat treatment,
a crystalline α-Ge phase can be obtained. Note, that the process is extremely air-sensitive
and only small amounts of air cause the formation of Ge oxides. Therefore, if metallic
Ge is desired, temperature treatment was performed under vacuum conditions or under
Ar-atmosphere.1 Within the frame of the present thesis, no reaction scheme for Ge is
developed.

2.1.4 Diblock copolymer mediated structure control

The aforementioned sol-gel process of titania only offers limited control for the synthesis of
nanostructures. To tackle this limitation, the amphiphilic diblock copolymer polystyrene-
block-polyethylene oxide (PS-b-PEO) is used as a structure directing agent and combined
with core elements of titania sol-gel processes to allow for the synthesis of tunable, meso-
porous structures on the basis of either germanium or titania.

In Figure 2.3, a schematic representation of a diblock copolymer templated synthesis
routine is shown. The polymeric template PS-b-PEO is combined with the respective
precursor. Within this scope, a good solvent (en or toluene) is used to initially dissolve
both blocks of the diblock copolymer. Thereafter, addition of the respective precursor
(K4Ge9 or TTIP) is carried out. It is essential for the fabrication of mesoporous mate-
rial that the precursor is selectively incorporated in only one of the diblock copolymer
blocks. For the case of titania based films, incorporation of TTIP into the PEO domain
is proven [42]. Through a subsequent treatment including a poor solvent, strong phase
separation as explained in section 2.1.1 can be induced. Accordingly, the selective nature
of the poor solvent increases the energetic incompatibility of the two blocks. In solution,
this typically leads to the formation of micelles with a PEO shell and a PS core for the ap-
plied solvent system [42]. In the case of TTIP, hydrolysis and condensation processes are
simultaneously initiated and a interconnected 3D titania network with unique morphology
starts to form. In the case of Ge-based thin film synthesis, oxidation and cross-linking of
Ge atoms primarily occur during the evaporation of the transfer agent en. For both Ge-
and Ti-based thin films, dynamic and non-equilibrium processes of film deposition have
a major influence on the final morphology of the composite film. Additionally, change

1Temperature treatment for mesoporous, metallic Ge structures was performed at the chair of Prof.
Fässler (Chemistry Department, TU München)
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Figure 2.3: Schematic representation of processing steps involved for the synthesis of meso-
porous structures through diblock copolymer templating. (a) The diblock copolymer PS-b-PEO
with PEO block (blue spheres) and PS block (green spheres) is employed as a template, while
a respective precursor (TTIP or K4Ge9) is used for either Ti- or Ge-based films. (b) Phase
separation of the diblock copolymer is induced and selective incorporation of the precursor into
one diblock copolymer domain occurs. (c) A composite Ti/Ge:PS-b-PEO film is deposited and
(d) a mesoporous film is obtained after template removal through temperature treatment.

of the respective final morphology is especially targeted within the frame of the present
thesis through controlling the mobility of the polymeric template, enhancing the energetic
incompatibility through increase of poor solvent content, addition of the catalyst HCL to
influence the cross-linking dynamics and step-wise increase of the precursor to template
ratio for densification of structures. After deposition, temperature treatment can be ap-
plied to remove the polymeric template and to induce the formation of crystalline phases.

2.2 Applications

Within the frame of the present thesis, application of fabricated mesoporous thin films
is especially envisioned in the field of hybrid photovoltaics (HPV) and Li ion batteries
(LIB). Introduction of working principles for the field of HPV and LIB is provided in
section 2.2.1 and 2.2.2, respectively.

For PV applications, the high surface-to-volume ratio of mesoporous thin films in the
active layer is especially promising due to the increased amount of interface, which is
expected to be beneficial for an enhanced splitting of excitons and a reduction of re-
combination losses. Mesopores (∼ 40 nm) appear especially desirable as most exciton
diffusion lengths of conjugated polymers commonly used for backfilling lie in the range
< 20 nm [13]. Within this context, pore sizes need to be precisely controlled to find
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an optimal, characteristic pore size for the given system, which is on the one hand small
enough do provide high amounts of interface and on the other hand large enough to ensure
efficient backfilling. Titania as a material has already proven to be an attractive choice for
hybrid, dye-sensitized and perovskite photovoltaics [33,43–45]. Nanostructuring addition-
ally allows for flexible design approaches and to control optoelectronic properties, which is
also desirable for PV applications [46,47]. Through a transition to Ge-based mesoporous
films, devices could profit from the outstanding electron mobility of germanium and new
possibilities in terms of energy band alignment. In both cases, the potential of large scale
deposition is maintained through a wet-chemical synthesis approach.

The exploitation of mesoporous Ge-based thin films is foreseen for the field of anode
materials in LIB applications. Despite the high specific capacity of Ge and excellent
Li ion diffusivity, device typically suffer from the high volume expansion of germanium,
which results in device failure. Mesoporous materials promise to tackle this issue through
improved mechanical flexibility. Additionally, the mesoporous nature is likely to facilitate
Li ion intercalation.

In the following sections, the basic working principles of hybrid solar cells and LIBs
are introduced to provide a basis for discussion of potential advantages of nanostructured
materials in the respective fields. Since device fabrication was not the core objective of
the present thesis, discussion of PV and LIB working principles is only provided in the
form of a brief overview.

2.2.1 Hybrid photovoltaics

Solar cells are devices that convert sun light into electrical energy. Compared to purely
inorganic solar cells, hybrid inorganic-organic photovoltaics (HPV) promises to enable all
the advantages foreseen for organic solar cells (tunable optoelectronic properties, flexibil-
ity, large scale deposition / cost efficiency and semi-transparency) while maintaining high
electron conductivity and chemical stability caused by employment of inorganic materials.
Mesoporous Ge- or Ti-based thin films are envisioned to be especially attractive for HPV.
Within this scope, controllable nanomorphologies are essential for efficient backfilling and
correlated high exciton-energy conversion at interfaces.

An illustration of an exemplary hybrid solar cell in inverted geometry is shown in
Figure 2.4a. Incoming light is absorbed in the active layer consisting of a mesoporous,
inorganic layer (blue spheres) backfilled with an organic material (red). The active layer
is sandwiched in between two blocking layers and is build upon a transparent conductive
oxide (TCO) substrate. The top electrode is represented as gold-colored stripes. The
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Figure 2.4: Illustration of a solar cell in inverted geometry with respective schematic band
diagram. (a) Incoming light is absorbed in the active layer consisting of an inorganic, electron
conduction material (blue spheres) and an organic, hole-conducting material (red). The active
layer is sandwiched in between two blocking layers. The transparent conductive oxide support
allows for transmission of light. (b) Band diagram with absorption of light in the organic phase
(1) and respective formation of a bound electron-hole pair (exciton; electron is excited to the
LUMO level). In step (2) the exciton may diffuse to an interface, where exciton dissociation (3)
occurs. Free charge carriers are transported through the respective layer (4) and extracted at
the electrodes (5).

band diagram in Figure 2.4b is depicted with the different steps (1-5) essential for energy
conversion in a solar cell. In the following, each step is discussed in more detail for the
example of a hybrid solar cell:

• (1) Absorption: Incoming sun light is commonly absorbed in the organic phase of
the active layer according to the Lambert-Beer law

I(λ) = I0(λ) exp−α(λ)d (2.5)

where I is the transmitted intensity, I0 the initial intensity, λ the wavelength of
incoming light, α the absorption coefficient and d the thickness of the material.
Thereby, the condition α > 0 is only fulfilled, if the energy of the incident photon
Ephoton is sufficiently large to excite an electron from the highest occupied molecular
orbital (HOMO) of the organic phase to the lowest unoccupied molecular orbital
(LUMO)

Ephoton = hν ≥ Egap = ELUMO − EHOMO (2.6)

If the condition is fulfilled, a strongly-bound electron-hole pair (Frenkel exciton) is
formed. Compared to Si-based solar cells, the binding force of such an exciton is
strong due to a lower dielectric constant for organic materials and dipoles tending
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to weaken/screen the Coulomb attraction between electrons and holes. Therefore,
thermal energy is not sufficient to separate excitons into free charges. Instead an
interface is required.

• (2) Diffusion: Within the organic domain, the movement of the generated exciton
can be described as a hopping process (random walk movement with no preferential
direction). Short-range Förster transfer (dipole-dipole coupling) and long-range re-
absorption processes are the underlying mechanisms [48]. The diffusion length ld is
a measure for the travel distance of an exciton before recombining

ld ∝
√
Dτ (2.7)

where D is the diffusion coefficient in the respective material and τ the lifetime
of the exciton. The lifetime in common conjugated, organic materials (like P3HT)
is in the order of nanoseconds, which leads to diffusion lengths typically in the
range < 20 nm [13]. If no interface is reached within this travel distance, the
exciton recombines and the energy is not converted to electrical energy. Therefore,
synthesis and control of inorganic structures with pores diameters dp in the order
of 2 ∗ 20 nm is focused in the present thesis. Recombination losses due to excitons
not reaching an interface are assumed to be minimized via this approach. Devices
would profit from increased generation of free charge carriers expressed through an
enhanced short-circuit current.

• (3) Dissociation: Excitons reaching an interface between organic and inorganic ma-
terial can be split into free charge carriers. One mechanism is based on the electron
residing in the LUMO level of the organic phase to be transferred as a free charge
carrier to the conduction band (CB) of the inorganic material, if the energetic dif-
ference of energy bands of donor and acceptor material is sufficient to overcome the
exciton binding energy. Within this frame, the choice of materials plays a crucial
role. In case of anatase-type titania with a large band gap of 3.2 eV and deep energy
levels, suitable organic counterparts are typically not difficult to find (e.g. P3HT,
PTB7-th). However, for the case of germanium, the narrow band gap of 0.67 eV
imposes limitations for the choice of a suitable organic counterpart. One strategy to
overcome this challenge lies in the fabrication of nanostructures, which typically also
effects the band structure and band gap of a material [36]. Additionally, the band
gap can be strongly increased through oxidation and the formation of germanium
dioxide [49,50].

• (4) Transport and (5) Extraction: Separated charge carriers are transported through
the material to the respective electrodes. Particularly, low mobilities can lead to
significant losses of separated charge carriers. Transported charge carriers reaching
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Figure 2.5: Schematic illustration of the working principle of a lithium ion battery during dis-
charge. Graphite is used an an anode material, while LiCoO2 serves as cathode material. Both
electrodes are separated through the separator. During discharge, lithium ions (orange) migrate
from anode to cathode through the electrolyte releasing electrons to power a potential device.

the electrodes are extracted. Within this scope, the employment of blocking layers
is usually beneficial for the minimization of losses during charge extraction through
preventing contact between active layer and electrodes.

2.2.2 Li ion batteries

Mesoporous Ge-based thin films are envisioned to be used as electrode material in lithium
ion batteries (LIBs) due to high specific capacity and Li ion diffusivity. Additionally, the
nanostructure is expected to reduce the typical degradation mechanism caused by the high
volume expansion of germanium during alloying/de-alloying. As a basis for discussion,
the working principle of a typical LIB is introduced in the following.

In Figure 2.5 the working principal of a typical LIB is illustrated. Core elements of a
LIB are the positive and negative electrodes in combination with a liquid electrolyte in
between. Different Li salts are typically added to an organic solvent mixture to yield an
electrolyte with high ion conductivity [51]. Copper and aluminum current collectors are
connected to the respective electrodes, which are separated via a separator. Most com-
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monly, LiCoO2 is exploited as cathode material, while graphite serves as anode material
during the discharge cycle.

During charging, an external voltage is applied to the electrode and the following reac-
tions occur

LiCoO2 ⇀ CoO2 + Li+ + e− (2.8)

C6 + Li+ + e− ⇀ LiC6 (2.9)

Li ions, released from the oxidation reaction at the cathode material (LiCoO2) during
charge, travel through the electrolyte and are reduced at the graphite cathode to form
LiC6. During discharge, the role of anode and cathode are reversed as well as the direction
of the above given reactions. Li ions are oxidized at the LiC6 anode and travel through
the electrolyte to the cathode (CoO2). As the electrolyte is electrically insulating (no
electron conductivity, only ion conductivity), electrons are forced through a potential
workload during discharge and, thereby, power a specific device. Li ions are oxidized at
the CoO2 cathode and LiCoO2 is reversibly formed.

In the frame of the present thesis, mesoporous Ge-based thin films are exploited as
electrode material. The material is used in a half-cell setup with LiPF6 as Li salt and a
Li foil as counter electrode. During charge, Li ions are presumably forming Li15Ge4 or
Li17Ge4 with specific capacities of up to 1385 and 1564 mAh g−1, respectively [16, 17].
Typical degradation processes due to Li intercalation and resulting high volume expansion
of germanium is expected to be minimized through the porous nature of the employed
material. Additionally, Ge is known for up to 400 times higher Li ion diffusivity as
compared to silicon at room temperature. Residual carbon, potentially originating from
the carbon-based template used for the synthesis of mesoporous structures, is foreseen
to have a positive impact on the electron conductivity. Furthermore, pseudocapacitive
processes have the ability to further boost the specific capacity for high surface-to-volume
ratio materials. As a last influence, the presence of nanostructured germanium might
enable reversible formation of LiO2 in the conversion reaction of GeO2. This would
increase the number of available Li ions from 4.4 to 8.8 and accordingly enhance the
theoretical specific capacity limit of bulk germanium even further up to 2152 mAhg−1 [52].

2.3 X-ray scattering

Within the frame of the present thesis, elastic X-ray scattering techniques are applied to
investigate the inner morphology and crystallinity with high statistical relevance. Data
modeling is furthermore performed to extract quantitative information about lateral struc-
tures in probed mesoporous films. In the first section 2.3.1, basic principles of elastic X-ray
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scattering are introduced. In the following sections 2.3.2 and 2.3.3, X-ray diffraction and
grazing incidence small angle X-ray scattering with respectively applied approximations
for data modeling are explained.

2.3.1 Basic principles

X-ray scattering refers to the interaction of an electromagnetic wave with electrons of a
certain material present in the respective sample [53]. The electric field vector ~E(~r) of a
plane electromagnetic wave is described as a function of the position ~r as

~E(~r) = ~E0 exp(i~ki~r) (2.10)

where ~E0 reflects the polarization dependent amplitude and ~ki is the wave vector. The
modulus of the wave vector |~ki| is known as the wave number k, which is described by
the wavelength λ as |~ki| = k = 2π/λ. The following differential equation (Helmholtz
equation) describes the propagation of such an electromagnetic wave through a medium
with position dependent refractive index n(~r)

∆ ~E(~r) + k2n2(~r) ~E(~r) = 0. (2.11)

The complex refractive index n(~r) is

n(~r) = 1− δ(~r) + iβ(~r) (2.12)

where the dispersion δ(~r) and the absorption β(~r) are expressed by

δ(~r) = λ2

2πreρ(~r)
N∑
j=1

f 0
j + f ′j(E)

Z
(2.13)

and
β(~r) = λ2

2πreρ(~r)
N∑
j=1

f ′′j (E)
Z

= λ

4πµ(~r) (2.14)

with the classical electron radius re = e2/(4πε0mec
2), the position dependent electron

density ρ(~r), the total number of electrons Z = ∑
k Zk with Zk being the total number of

electrons per species k and the linear absorption coefficient µ(~r). The atomic form factor
fj, which describes the forced oscillator strength of the respective atom, is denoted as

fj = f 0
j + f ′j(E) + f ′′j (E) (2.15)

For small scattering vectors ~q = ~kf − ~ki (small momentum loss) with incident wave vector
~ki and scattered wave vector ~kf , the first component f 0

j can be written as f 0
j ≈ Zk. In

combination with the assumption of a homogeneous medium and the absence of absorption
edges, the refractive index can be rewritten in a position independent form as

n = 1− λ2

2πreρ+ i
λ

4πµ = 1− λ2

2πRe(SLD) + i
λ2

2πIm(SLD) (2.16)
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Figure 2.6: Scattering geometry with (a) specular reflection projected onto the xz-plane and
(b) off-specular, diffuse scattering in xyz representation. The incoming X-ray beam ~ki impinges
on the sample under a shallow angle αi. The reflected beam (orange scattering line) in (a) and
the scattered beam (green scattering line) in (b) are marked as ~kf . Respective angle and wave
number for the transmitted beam are indexed with a ”t”. Note that the angle Ψ is measured
between the projection of the scattered and specular reflected beam onto the substrate plane xy.

where the product of classical electron radius and electron density reρ defines the real
part of the scattering length density (SLD) and the absorption divided by two times the
wavelength , µ (2λ)−1, defines the imaginary part of the SLD. Dispersion δ and absorption
β for X-rays are commonly found in the order of 10−6 and 10−7, respectively. Resulting
refractive indexes are therefore typically slightly smaller than 1. The scattering contrast
χ between two phases of different optical density is defined as

χ = (δ1 − δ2)2 + (β1 − β2)2. (2.17)

In Figure 2.6a the scattering geometry of a specular reflected beam in xz plane is
depicted. The incoming X-ray beam ~ki impinges on the sample under a shallow angle αi.
The reflected beam (orange scattering line) is marked with the wave vector ~kf and the exit
angle αf . For the case of specular reflection, the condition αi = αf is fulfilled. Within this
frame, the xz plane is referred to as scattering plane, while the xy plane is referred to as
substrate plane. In Figure 2.6b, the case of diffuse scattering is illustrated. In contrast to
the specular reflection, the angle Ψ in the substrate plane is not zero for diffuse scattering
out of the scattering plane. The difference between incident and scattered wave vector is
defined as the scattering vector ~q

~q = ~kf − ~ki (2.18)

which represents the momentum transferred from incident beam to scattered beam. As
only elastic scattering is considered within the frame of this thesis, the scattering vector ~q
refers to a change of direction of the scattered beam in relation to the incident beam. The
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modulus of scattered and incident beam is constant | ~kf | = |~ki| = k0 = 2π/λ for elastic
scattering.

The critical angle αc of a specific material plays an important role in elastic scattering.
Yoneda et al. first discovered a peak of increased intensity at the position of the critical
angle (referred to as Yoneda peak) [54]. The increased intensity at this specific position
can be explained through a maximum of the Fresnel coefficients. For thin films composed
of multiple phases, material-sensitive analysis of the inner morphology can be carried out
due to this effect.

In Figure 2.6a, also the case of a transmitted beam ~kt is illustrated. For hard X-rays,
the refractive index n of a material is smaller than unity. This means that the X-ray
is refracted at the interface between a medium of higher density (air) to a medium of
lower density (material). A refraction angle αt = 0 is the requirement for total external
reflection and the definition of the critical angle αc. The refraction itself is described by
Snell’s law

cos(αi) = Re(n) cos(αt) (2.19)

which translates in the case of total external reflection (αt = 0, αi = αc) and small angle
approximation in combination with the real part of Equation 2.16 to

cos(αc) ≈ 1− α2
c

2 = Re(n) = 1− λ2

2πRe(SLD) (2.20)

Resolving this equation to αc leads to

αc = λ

√
Re(SLD)

π
(2.21)

For incident angles αi < αc, an evanescent wave with a small penetration depth in the
range of a few nanometers is formed. In order to measure the scattering signal, the
scattered beam also has to travel back through the medium, which is accounted for in the
scattering depth Λc [55]

1
Λc(αi)

= −2k0Im
√
α2
i − α2

c − 2iβ (2.22)

Typically, the scattering depth is approximately half of the penetration depth (∼ 50 Å).
For incident angles αi = αc, the scattering depth almost step-like increases with typical
scattering depth in the order of micrometer for αi > αc.
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2.3.2 X-ray diffraction

X-ray diffraction is a commonly employed technique to investigate the crystalline structure
of respective materials. The principle is based on periodically arranged electron clouds,
which act as scattering centers for an incoming X-ray beam. For a wavelength λ in the
dimension of the respective periodic distance between electron clouds, the scenario can
be described in form of a periodic grating with a characteristic lattice spacing dhkl. Due
to a difference of the path length, a characteristic interference pattern can be observed.
Intensity peaks caused by constructive interference can accordingly be assigned to the
crystal structure of different materials. Within the frame of the present thesis, special
emphasis is put on crystalline α-Ge and anatase TiO2. Information about the crystal
order, peak position and the relative intensity for α-Ge or anatase TiO2 phases can be
extracted from Table 2.2.

crystal order 2θ [◦] at Cu Kα rel. intensity

anatase TiO2 (101) 25.28 100
(103) 36.95 10
(004) 37.80 20
(112) 38.58 10
(200) 48.05 35
(105) 53.89 20
(211) 55.06 20

α-Ge (111) 27.28 100
(220) 45.32 45
(311) 53.70 28

Table 2.2: Bragg peaks of anatase TiO2 and α-Ge in the range from 20 - 60◦. Presented values
are extracted from Crystallography Open Database [56, 57].

In order to derive an equation, which indicates the angle/position at which construc-
tive interference occurs depending on the wavelength λ and the distance between crystal
planes dhkl, individual contributions to the total scattering intensity have to be considered.
Within this frame, the atomic form factor F plays a key role and can be obtained via a
Fourier transform of the electron density distribution ρe over the volume of the respective
specimen

F (~q) =
∫
V
ρe(~r) exp2πi~q~r dV (2.23)
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In a simplified way, the atomic form factor can be seen as the geometrical shape of the
electron cloud of the respective material. This property effects how an X-ray beam is
scattered at the respective individual scattering center. For a crystal arrangement with
multiple scattering centers N within a unit cell, the local arrangement in the respective
crystal structure has to be additionally considered. This local arrangement is described
through the structure factor S, which depends on the form factor of each individual
scattering center of the unit cell

S(~q) =
N∑
k=1

Fk exp2πi(hxj+kyj+lzj) (2.24)

where the scattering vector ~q is described through a set of reciprocal unit vectors and
respective values h, k, l. The structure factor S is zero, unless the Laue condition is
fulfilled.

In a simplified case of specular, elastic scattering (only the modulus of ~q has to be
considered), the Bragg equation describes the position of constructive maxima

2dhkl sin(θ) = nλ (2.25)

with the integer n for the respective order.

For elastic, specular scattering, the Bragg condition can be derived geometrically as
depicted in Figure 2.7. The incoming X-ray beam ~ki is scattered at the periodically
arranged scattering centers represented as blue circles. Lattice planes with distance dhkl
are connected via a solid blue line. The path difference s (grey solid line) depends on
the angle θ between beam and lattice plane. Note that certain intensity maxima can
be oppressed due to the so-called extinction rule, which depends on the specific crystal
structure, or due to orientation effects in solid thin films (texture effects).

2.3.3 Grazing incidence small angle X-ray scattering

Grazing incidence X-ray scattering geometrically has the advantage of an increased foot-
print at very shallow angles αi < 1 as compared to a transmission geometry. This is
especially useful for the measurement of thin films with small amounts of deposited mate-
rial. The schematic representation of the scattering geometry is depicted in Figure 2.6b.
At a fixed incident angle αi, a planar 2D detector is used to measure the scattering inten-
sity. In this setup, the distance between sample and detector (SDD), the angle Ψ in the
substrate plane and the exit angle αf allow to define the position of every individual pixel
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Figure 2.7: Schematic representation of the Bragg condition. The incoming X-ray beam ~ki

is scattered at the periodically arranged scattering centers represented as blue circles. Lattice
planes with distance dhkl are connected via a solid blue line. The path difference s (grey solid
line) depends on the angle θ between beam and lattice plane.

of the detector. Together with the knowledge about the wavelength λ and the incident
angle αi, the scattering vector ~q can be calculated for each pixel of the detector as

~q = 2π
λ


cos(Ψf ) cos(αf )− cos(αi)

sin(Ψf ) cos(αf )
sin(αi) + sin(αf )

 (2.26)

More information on the topic of grazing incidence small angle X-ray scattering (GISAXS)
can be found in literature [54,55,58].

Within the frame of the present thesis, GISAXS measurements are performed to quan-
titatively determine length scales of the inner morphology in a respective thin film. Espe-
cially, the diffuse scattering signal is used to extract information about lateral structures.
In the case of a non-ideal interface, roughness and lateral structures influence the diffuse
scattering signal. These influences are accounted for in the Distorted Wave Born Approx-
imation (DWBA) as first order perturbation theory. These perturbations cause multiple
additional reflection events at the surface. A graphical illustration is shown in Figure 2.8.
The differential cross section of diffuse scattering is denoted as

dσ

dΩ |diff = Cπ2

λ4 (1− n2)2|T Fi |2|T Ff |2Pdiff(~q) ∝ Pdiff(~q) (2.27)

with the illuminated area C, the Fresnel transmission coefficients T for incident and
scattered beam and the diffuse scattering factor Pdiff . Since dσ

dΩ |diff ∝ Pdiff , the diffuse
scattering factor directly affects the scattered intensity [58]. Additionally, the Fresnel
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Figure 2.8: Graphical illustration of four superimposed cases in the Distorted Wave Born Ap-
proximation. (a) The incoming X-ray beam is scattered with no additional reflection, (b) with
a reflection before scattering, (c) with a reflection after scattering and (d) reflection before and
after scattering.

coefficients in Equation 2.27 have a maximum, if the incident or the scattered angle is
equal to the critical angle αc. As the critical angle in turn depends on the SLD of the
respective material, the Fresnel coefficients give rise to a material characteristic peak
(Yoneda peak). Performing horizontal line cuts at the Yoneda peak position allows to
extract material characteristic information of lateral structures through modeling.

Data modeling presented in this thesis is based on the DWBA using the Effective
Interface Approximation (EIA). In the EIA the scattering object is assumed to have only
one specific surface, which allows to decouple the height and the radii of scattering objects.
With N identical objects of a specific Gaussian distribution for form factor F (spherical
or cylindrical) and structure factor S, the diffuse scattering factor is given by

Pdiff(~q) ∝ NS(~q)F (~q) (2.28)

Note that in the case of GISAXS, the form factor F is referring to the Fourier transform
of the electron density distribution over a domain size from ≈ 1 nm up to 1 µm. The
structure factor S is referring to the distance of objects described by the form factor F
and placed on a periodic, 1D paracrystalline lattice. Up to three cylindrical / spherical
form factors with respective structure factors are used for data modeling. Thereby, it is
assumed that objects of different form factor and structure factor do not interact with
each other (Local Monodisperse Approximation).



3 Methods

Within the frame of the present thesis, mesoporous thin films on the basis of TiO2 and Ge
were synthesized. To prove that the respective films are both surface- and bulk-tunable,
real and reciprocal space characterization techniques were applied. Information about the
composition, crystallinity and band structure was obtained through spectroscopic char-
acterization for a potential application in the field of hybrid photovoltaics. Additionally,
extracted information with respect to structure and composition was used to explain the
outstanding performance of fabricated lithium ion batteries. The present chapter intro-
duces methods utilized for structural characterization in section 3.1, while section 3.2
refers to applied spectroscopic characterization methods.

3.1 Structural characterization

Various novel approaches to manufacture size-tunable, mesoporous thin films are intro-
duced in this thesis. To analyze their structure from a macroscopic to a mesoscopic scale,
different characterization techniques in reciprocal and real space are exploited. Profilo-
metry is applied to determine the thickness of synthesized thin films, while a macroscopic
investigation of surface structures is carried out via optical microscopy (OM). Scanning
electron microscopy (SEM) measurements serve to extract mesoscopic information about
porous structures on the surface and in cross-section. Due to charging effects, surface
characterization of composite thin films before calcination is carried out via atomic force
microscopy (AFM) instead of SEM. X-ray diffraction (XRD) is applied to extract infor-
mation about crystalline material phases. To prove that manufactured samples are not
only surface-porous but also bulk-porous throughout the entire film, grazing incidence
small angle X-ray scattering is performed. Moreover, quantitative information about the
nanomorphology was extracted from GISAXS measurements.

27
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Figure 3.1: Top view of a sample with multiple scratches for thickness determination via pro-
filometry. The cross-section view shows the tip represented as a triangle scanning over the valley
of a scratch. The difference between hill mean height and valley mean height is defined as the
thin film thickness.

3.1.1 Profilometry

A Stylus Profiler DektakXT fabricated by Bruker is used to determine the thickness of
thin films. For this purpose, a tip with a curvature of 2 µm scans along the surface
of the sample. The tip is pressed to the surface with a small vertical force (1-2 mg).
Softer materials like polymers usually require a smaller stylus force to avoid tip-induced
surface deformation. The z-position of the tip directly reflects the height profile of the
sample. The scan speed is set to 40 µm s−1. In order to derive the thickness, the films is
scratched down to the surface of the substrate. The tip then scans perpendicularly over
the scratch. By comparison of valley and hill mean height levels, the local thickness can be
determined. The procedure is carried out several times over multiple scratches to exclude
possible local differences in film thickness. Data acquisition and analysis are performed
with the software Vision64 by Bruker. A sketch showing a sample with several scratches
prepared for profilometry is depicted in Figure 3.1. The cross-section view shows the tip
scanning over an exemplary scratch of the sample.

3.1.2 Optical microscopy

Optical microscopy can be used to obtain magnified real space images of a sample. Within
this scope, structures in the micrometer range can be easily resolved. Optical microscopy
is a easily-applicable technique to probe the homogeneity and the quality of a synthesized
sample. A Carl Zeiss Axiolab A microscope with adjustable magnification in the range
from 1.25x to 100x is used. A PixeLink USB Capture BE 2.6 charge couplet device camera
enables digital image acquisition with a resolution of 1280x1024 pixel. Illumination is
realized via a halogen Hal 100 lamp. Data analysis of acquired images can be performed
with the software ImageJ [59].
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The resolution of a conventional visible light microscope is given by the Rayleigh crite-
rion

R = 1.22λ
2 NA (3.1)

where NA is the numerical aperture and λ the wavelength of the illumination source.
With the largest magnification of 100x and an exemplary wavelength of 500 nm, a reso-
lution of approximately 500 nm can be achieved. Parameters for different objectives are
summarized in Table 3.1.

magnification NA pixel size [µm] resolution [µm]

1.25 x 0.035 6.3 12.2
2.5 x 0.075 3.2 5.7
10 x 0.20 0.8 2.1
50 x 0.70 0.16 0.61
100 x 0.75 0.08 0.57

Table 3.1: Magnification, numerical aperture, pixel size and resolution for different objectives
of the optical microscope Axiolab A from Carl Zeiss.

An illustration of the light path inside a microscope is shown in Figure 3.21. Visible
light is used as an illumination source and the object lens serves to generate a magnified
real image. Utilization of the eye piece allows to observe a magnified virtual image.

3.1.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to resolve structures of synthesized meso-
porous thin films. Compared to visible light microscopy, higher resolution can be achieved
and structures in the order of nanometer can be observed. The improved resolution is
mainly attributed to the comparably smaller electron wavelength as compared to visible
light microscopy. The wavelength of an electron follows the de Broglie relation

λe = h

pe(UB) (3.2)

where λe is the wavelength of the electron, h the Planck’s constant and pe(UB) the mo-
mentum of the electron depending on the acceleration voltage UB.

1Illustration redrawn on the basis of the Leica Mircosystems online-tutorial ”Optical Microscopes - Some
Basics” provided by H. Rühl, 2019 [online]. Available: https://www.leica-microsystems.com/

https://www.leica-microsystems.com/science-lab/optical-microscopes-some-basics/
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Figure 3.2: Schematic overview of the light path inside a microscope. The object lens serves
to generate a magnified real image of an object. Utilization of the eye piece allows to observe a
magnified virtual image.

A schematic overview of a SEM is shown in Figure 3.3. Electrons are either emitted
thermally or through application of a field emission voltage. Subsequently, electrons are
accelerated towards an anode by an acceleration voltage UB in the range of several keV.
The applied acceleration voltage especially defines the wavelength / energy of emitted
electrons. Electromagnetic condenser lenses serve to shape the electron beam and to fo-
cus the beam onto the respective sample. Narrow-shaped beams typically allow for an
improved resolution as compared to broader shaped beams. Scanning coils then con-
trol the beam deflection / line-by-line scanning movement. The incoming electron beam
causes three main types of emission: secondary electrons with small escape depth due to
low energy, backscattered electrons with large escape depth due to high energy and char-
acteristic X-rays with the highest escape depth. Position of detector in combination with
a de-acceleration bias voltage then allows to detect electrons of a certain energy. Image
acquisition for structural analysis is usually performed through detection of secondary,
low-energy electrons. The number / intensity of detected secondary electrons is plotted
against the scanning position. Thereby, a grey scale image can be reconstructed. Among
other parameters, the brightness value depends on the specific material, height and ge-
ometry of the scanned area. Edges typically appear especially bright. As these influences
on brightness cannot easily be decoupled, SEM only gives a qualitative impression of the
topography.

All SEM measurements presented in this thesis are obtained with a Zeiss Gemini NVi-



3.1. Structural characterization 31

+

e-
electron gun

anode

condenser lenses

scanning coils
detector

secondary electrons

backscattered electrons

characteristic X-rays

p
en
et
ra
ti
o
n
d
ep
th

Figure 3.3: Schematic overview of a scanning electron microscope setup. Electrons are emitted
from the electron gun and accelerated towards the anode. Electromagnetic condenser lenses
and scanning coils are used to shape and focus the e−-beam on the sample while scanning
over the surface. Detectable secondary electrons are typically emitted from surface-near regions,
while backscattered electrons and characteristic X-ray radiation steam from regions of increased
penetration depth.

sion 402 controlled by the software SmartSEM. Working distances and acceleration volt-
ages were optimized in the range from 0.5 to 3.6 mm and 0.4 to 5 kV, respectively, to
reduce local charging effects, while simultaneously maintaining high resolution. The In-
Lens detector was primarily used for secondary electron detection.

Data analysis was performed via the software ImageJ. Within this frame, special focus
was put on domain size analysis. Application of an Otsu algorithm is considered the
best way to obtain a reasonable threshold value for binary image transformation from
measured SEM images [60]. Neighboring pores were additionally separated via the noise
reduction function and the so-called ”erode” function. The ratio of black void area to
the total area of the image is used as an estimation for the local surface porosity. As
a last step the ”analyze particle” function can be employed to extract the particle size
distribution.

2Measurements with the Gemini NVision 40 were performed at the chair of Prof. A. Holleitner (Walter
Schottky Institute, TU München)
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Figure 3.4: Illustration of the working principle of an atomic force microscope. A laser beam
is reflected from the backside of a cantilever to a mirror and photodetector matrix. Sample
movement is realized via piezoelectric motors, which control the 3D-position of the sample
stage.

3.1.4 Atomic force microscopy

Atomic force microscopy (AFM) is a near-field technique, where the typical resolution
limit r ∼ λ of diffraction-based microscopes (e.g. SEM, OM) does not apply. Spatial res-
olution on a molecular scale can be achieved and strongly depends on the diameter d� λ

of the employed tip. Unlike for optical or scanning electron microscopy, topographic infor-
mation (e.g. height, roughness) can be extracted quantitatively. The working principle,
invented by Bining, Quate and Gerger, is based on the interaction between a very sharp
tip in close proximity to a sample and the sample itself [61]. The potential V as a function
of distance r between sample and tip is described via the Lennard-Jones potential

V (r) = C1

r12 −
C2

r6 (3.3)

with constants C1 and C2, a term accounting for Pauli repulsion C1 r
−12 and a term

accounting for attractive dipole-dipole interaction −C2 r
−6.

Core elements of an AFM are illustrated in Figure 3.4. A laser beam is initially focused
onto the backside of a cantilever with the help of an optical microscope. The cantilever
acts as a support for the tip and is part of the oscillator system composed of tip and
cantilever. Any oscillation of the cantilever can be detected via a segmented photodiode
via a change of deflection of the reflected laser beam. Piezoelectric motors control the
scanning xy- and height z-movement of the sample.

The three main operation modes are contact, non-contact and tapping mode. Contact
mode is based on operation in the Pauli repulsion regime (close distance between sample
and tip). A feedback system usually controls the sample movement in a way that the
deflection force on the cantilever is constant. This mode is usually used for fast scanning
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and rigid samples only. Main reason for this are strong forces in this mode increasing the
likeliness of measurement-induced sample damage. In contrast, non-contact and tapping
mode are operated in a regime of increased sample-tip distance as compared to contact
mode and attractive van der Waals forces become more dominant. An additional piezo-
electric drive with frequency f forces the cantilever to oscillate. The resulting movement
of the cantilever can be described by a differential equation including the driving force, the
Pauli repulsion, the van der Waals attraction and the spring constant of the cantilever. As
a result of the interaction, the amplitude, frequency and phase of the driving oscillation
and the forced oscillation are different. Measurement of forced amplitude, frequency and
phase allows to reconstruct the surface topography in combination with material contrast
of the investigated sample. Usually, a feedback system in this operation mode is adjusted
to keep the amplitude of the oscillation constant. Measurement-induced damage to a
sample is less likely in this operation mode as compared to contact mode. Especially, the
tip is less likely to break due to sharp and deep height variations in the thin film.

Surface topography investigation of uncalcined, composite films were carried out with
a MFP-3D (Asylum Research) instrument.3 Tapping mode was used at ambient condi-
tions. Employed tips had a curvature radius of 7 nm and were mounted onto a cantilever
(OMCL-AC240TS-R3, Asylum Research) with a spring constant of 2 N m−1. Resonance
frequencies were found around 70 kHz. Raw images were processed and analyzed using
the software Gwyddion, which allows for tilt and polynomial background correction [62].

3.1.5 X-ray diffraction

X-ray diffraction (XRD) measurements were performed to extract information about the
crystallinity of mesoporous Ti/Ge-based thin films. Exact positions of diffraction peaks
were determined through fitting via Gaussian functions. Thereby, crystalline phases of
Ge (α-Ge) or titania (anatase TiO2) were identified.

A schematic overview of a typical setup used for XRD measurements is illustrated in
Figure 3.5. For XRD measurements presented in the thesis, a Bruker D8 ADVANCE
X-ray diffractometer was used. X-rays are generated via a copper anode at a voltage of
40 kV and a current of 40 mA. Characteristic Cu Kα radiation is emitted and shaped
through a slit system. Measurements are performed in a coupled θ-2θ configuration. The
X-ray beam impinges on the 2 x 2 cm2-sized samples (Si or glass) under an angle θ while
the detector is placed at an angle 2θ (specular position). Scans are typically performed
in the range from 5◦ up to 80◦ with a step size of 0.04◦ for Ti-based films and up to

3AFM measurements were performed at the chair for semiconductor nanostructures and quantum sys-
tems (Prof. J. Finley, Walter Schottky Institute, TU München)
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Figure 3.5: Schematic overview of a typical setup used for X-ray diffraction measurements. A X-
ray beam is guided through an absorber and slits before impinging at an angle θ on approximately
2 x 2 cm2-sized samples. The angle-dependent diffraction pattern in a coupled θ-2θ configuration
is measured via a point detector.

0.01◦ for Ge-based thin films. Each data point was measured up to 50 s to improve the
signal to noise ratio. While sample alignment was carried out with a 0.2 mm-, 0.05 mm-
and 0.2 mm-sized slit system, the final data acquisition was performed with two 0.6 mm-
sized slits. After background subtraction, the software Origin was used for Gaussian peak
fitting. Peak positions were compared with literature cited in the respective chapter to
identify crystalline phases of the material.4

3.1.6 Grazing incidence small angle X-ray scattering

Grazing incidence small angle X-ray scattering (GISAXS) is a technique to obtain in-
formation about the inner morphology of thin films. Within this scope, structure sizes
and distances of repeating units can be quantitatively extracted through data modeling
in a typical range from 1 nm to 1 µm, which is primarily defined by the sample detec-
tor distance (SDD). The applied model and the background of grazing incidence X-ray
scattering is described in section 2.3.3. Further advantage of the applied technique is the
extraction of properties over a large probing volume of the sample with high statistical
relevance and in a non-destructive way. A schematic illustration5 of a GISAXS setup in
reflection geometry is depicted in Figure 3.6. The X-ray beam ~ki impinges on the sample

4For the identification of metal-organic compound, Ge-based crystalline phases the website
http://crystallography.net/ was especially useful. 2019 [online]

5Illustration was redrawn from [63] with ”Blender”, a free and open source 3D creation software.

http://crystallography.net/cod/
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Figure 3.6: Schematic overview of a typical setup used for grazing incidence small angle X-
ray scattering. The X-ray beam ~ki impinges on the sample surface under a shallow angle αi.
The scattered signal ~kf is detected through a 2D detector and defined through the angle αf
(angle between horizon and scattered beam in the xz-plane) and Ψ (angle between incident
beam and scattered beam in the xy-plane). The special case of the specular reflected beam
(αi = αf ,Ψ = 0) is indicated via the red beam. The 2D detector shows an exemplary GISAXS
pattern of mesoporous TiO2.

surface under a shallow incident angle αi. The scattered signal ~kf is detected through
a 2D detector and defined through the angle αf (angle between horizon and scattered
beam in the xz-plane) and Ψ (angle between incident beam and scattered beam in the
xy-plane). The special case of the specular reflected beam (αi = αf ,Ψ = 0) is indicated
via the red beam in Figure 3.6. The 2D detector shows an exemplary GISAXS pattern of
mesoporous TiO2.

GISAXS measurements were carried out at the MiNaXS beamline P03 of the PETRAIII
storage ring at DESY6 with a high brilliance X-ray source and at the Chair for Functional
Materials with a lab-scale Ganesha 300 XL SAXS-WAXS instrument. A summary of
specifications used for the different GISAXS measurement setups is given in Table 3.2.

In the Ganesha instrument, Cu Kα radiation with a wavelength of λ = 1.54 Å was
used as X-ray source. For each measurement, the sample detector distance was fixed to
1.056 m and an incident angle above the critical angle of the material was chosen. The

6DESY stands for Deutsches Elektronen-Synchrotron and is located in Hamburg, Germany
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Ganesha P03 DESY

wavelength λ [Å] 1.54 0.94
incident angle αi [◦] 0.35-0.45 0.35-0.4
SDD [m] 1.056 3.166-4.337
detector size (h x v) [pixel] 619 x 487 1043 x 981
pixel size (h x v) [µm] 172 x 172 172 x 172
beam size (h x v) [µm] 200 x 100 24 x 12
footprintx [cm] ∼ 1.6 ∼ 0.2

Table 3.2: Summary of specifications used for grazing incidence small angle X-ray measurements
with the Ganesha SAXSLAB and at the beamline P03 at DESY. Note that ”h x v” stands for
”horizontal x vertical” and the footprintx refers to a direction along the x-axis (see Figure 3.6).

X-ray beam was vertically and horizontally shaped to 100µm and 200µm, respectively.
Incident angles were chosen in the range from 0.35◦ to 0.45◦. Exact values are given in
the respective result chapters. Incident angle and vertical beam size combined result in a
footprint in beam direction of approximately 1.6 cm. Data acquisition was realized via a
Pilatus300K detector with a total of 619 x 487 pixels (single pixel size of 172 x 172 µm2).
The setup is evacuated to minimize air-induced scattering.

Synchrotron-based GISAXS measurements at DESY were performed with a wavelength
of λ = 0.94 Å and an incident angle between 0.35◦ and 0.4◦. The lower wavelength at
the beamline results in a lower critical angle of the material, which was calculated prior
to beamtime. The sample detector distance was varied in a range between 3.166 m and
4.377 m. An evacuated flight tube is installed in between sample and detector to minimize
air-induced scattering. Due to the high brilliance, a significant smaller-shaped beam of
12 x 24 µm (∼ 0.2 cm footprint in beam direction) was able to provide sufficient statistics
in a shorter amount of time. Additionally, two different beamstops were needed to prevent
the detector from oversaturation (direct and specular beamstop). Data acquisition was
realized via a Pilatus1M with a total of 981 x 1043 pixel (single pixel size of 172 x 172 µm2).
Specific information concerning the individual measurement time and exact incident angle
for different types of samples is provided in the respective result chapter.

Line cuts of 2D GISAXS images for analysis were performed with the software DP-
DAK [64]. An exemplary 2D GISAXS image of a mesoporous TiO2 thin film obtained
with the Ganesha instrument is depicted in Figure 3.7. Vertical line cuts (detector cut,
red dotted line) were performed to determine the material characteristic Yoneda peak
position (marked as αf = αcrit) of the investigated thin film [54]. The position of the
Yoneda peak especially depends on the density of the material and the respective elemen-
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Figure 3.7: Exemplary 2D grazing incidence small angle X-ray scattering image of a mesoporous
TiO2 thin film obtained with a Ganesha instrument. Vertical line cuts (detector cut, red dotted
line) were performed to determine the Yoneda peak position (marked as αf = αcrit). The
specular reflection is marked as αf = αi. Horizontal line cuts (out-of-plane cuts, blue dotted
line) at the qz position of the Yoneda peak were performed to quantitatively determine lateral
structures in the respective thin film.

tal/chemical composition. The specular reflection is marked as αf = αi. Horizontal line
cuts (out-of-plane cut, blue dotted line) at the identified qz position of the Yoneda peak
were performed to quantitatively extract information about structures perpendicular to
the surface plane of the substrate (lateral structures). Data modeling of horizontal line
cuts was realized via a custom-made and Python-based macro.7 The employed model
is based on the DWBA and EIA using up to three spherical or cylindrical form factors
distributed on a respective 1D paracrystal lattice (translates into structure factor). Both
structure and form factor are described through a Gaussian distribution [65]. The low
qy regime is modeled through an instrument-dependent, Lorentzian resolution function.
Additional theoretical aspects are explained in section 2.3.3.

3.2 Spectroscopic characterization

One main objective of applied spectroscopic characterization within the frame of the
present thesis consists in analysis of the material composition of mesoporous thin films
fabricated via novel synthesis approaches. Additionally, insight into material character-

7The Python-based macro was developed in-house by C. Schaffer and D. Magerl (Physik-Department,
TU München)
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istic properties is obtained. Within this frame, UV/Vis spectroscopy is performed to
reveal information about the specific absorption behavior especially relevant in the field
of PV. Additionally, extraction of the optical band gap through UV/Vis spectroscopy is
possible through extrapolation in a Tauc plot [66]. Furthermore, Fourier transform in-
frared spectroscopy (FTIR) is employed to analyze the molecular structure, while X-ray
photoelectron spectroscopy (XPS) is measured to focus on the elemental composition in
surface-near regions of respective samples.

3.2.1 UV/Vis spectroscopy

Light absorption properties of solid thin films are measured from ultraviolet to near-
infrared via UV/Vis spectroscopy (UV/Vis). For this purpose two different instruments,
namely a Lambda 35 (PerkinElmer) and a Lambda 9008 (PerkinElmer), are used. Both
instruments are controlled via the software Winlab (PerkinElmer). The Lambda 35 comes
with a halogen lamp for near-infrared and visible light spectroscopy and a deuterium lamp
used for spectroscopy in the ultraviolet region. An automatic lamp switch is carried out
at 326 nm. In total, the Lambda 35 covers a probing range from 190 nm to 1100 nm. In
contrast, the Lambda 900 is used to measure thin films with an extended probing range
from 175 nm to 3300 nm, which is especially useful to determine the small band gap of
Ge-based thin films (bulk Ge: 0.67 eV). A scan speed of 120 nm min−1 is chosen for the
Lambda 35 and 100 nm min−1 for the Lambda 900. Both instruments are operated with
a slit width of 1 nm.

In Figure 3.89 a schematic overview of the Lambda 35 is given. Initially, either a deu-
terium or a halogen lamp is used as a light source. Light is then guided through an optical
system of mirrors and filters. Within this frame, the filter wheel functions as a pre-filter
of the emitted light. The pre-filtered light enters and exits the monochromator unit (grat-
ing) through slits, which influence the spectral width of the selected wavelength λ by the
monochromator. The light beam of wavelength λ is then split into reference and sample
beam. While the reference beam is typically guided through a bare glass substrate, the
sample beam hits the substrate covered with the respective thin film. Transmission inten-
sities are measured via photodiodes. Logarithmic subtraction of reference transmission
intensity I0(λ) from the sample transmission intensity I(λ) allows to eliminate the glass
substrate contribution from the measured data.

8Measurements with the Lambda 900 were carried out by David Müller and Hannah Schamoni at
the Walter Schottky Institute (Stutzmann group, Lehrstuhl für experimentelle Halbleiterphysik, TU
München)

9Schematic overview (Figure 3.8) was redrawn according to information obtained from PerkinElmer,
”Lambda 25, 35, 45 user’s guide”, 2019 [online]. Available: http://people.bath.ac.uk

http://people.bath.ac.uk/gp304/uv/PerkinElmer_Lambda35_manual_EN.pdf
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Figure 3.8: Schematic overview of the light path inside a Lambda 35 UV/Vis spectrometer
from PerkinElmer. Generated light is guided through an optical system and hits the sample.
Transmission intensity is then detected via a photodiode. Respective mirror types are marked as
M1-M5 in the legend.

The absorbance A of the probed thin film is related to the absorption coefficient α(λ)
of the respective material with thickness d by the Lambert-Beer law. The absorbance
A can be obtained from the measured transmission intensity of the reference beam I0(λ)
and sample beam I(λ) as follows

A(λ) = − log10

(
I(λ)
I0(λ)

)
= dα(λ) log10 e (3.4)

To derive the absorption coefficient α, knowledge about the thickness d of the respective
thin film is required.

A requirement for absorption is that the energy of the incoming photon is larger than the
bandwidth in case of probing semiconductor material. Therefore, UV/Vis measurements
also provide information about the band structure of the specific material. In turn, the
band structure is strongly correlated to the crystallinity / structure of the probed material.
In order to extract the band gap energy Eg of the probed film from UV/Vis transmission
measurements, (AE)n is plotted against the photon energy E = hc λ−1 with the Planck’s
constant h and the speed of light c. By linear extrapolation and determination of the
intersection with the x-axis, the optical band gap energy can be extracted using the Tauc
equation [66] as follows

(AE)n = B(E − Eg) (3.5)
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The exponent n is reflecting the type of investigated band gap. Direct band gaps require
n = 2 while indirect band gaps require n = 1/2. The Tauc equation was historically used
to derive the indirect band gap of germanium. Similarly, the Tauc plot is used in the
present thesis to derive the band gap of Ge-based, porous thin films. However, impact of
the nanostructure on optical properties and increased scattering due to the porous nature
of investigated thin films are not easily decoupled.

3.2.2 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique to probe the molecular
structure within the investigated material through excitation of vibrational states. In the
current thesis, FTIR spectroscopy is primarily used to analyze Ge-based samples with
special focus on polymeric template remains residing inside the thin film. Compared
to standard infrared spectrometers, FTIR spectrometer typically have a larger range of
excitation wavelengths. A non-monochromatic light source is used to generate an infrared
spectrum (4000-700 cm−1). Fourier transformation is then applied to reconstruct the
typical wavelength vs. absorbance spectra. Key advantages of FTIR spectroscopy consist
in good signal to noise ratio, a polychromatic light source and high excitation wavenumber
precision.

A schematic overview of the light path inside a FTIR spectrometer is given in Figure 3.9.
IR light is generated and guided to a Michelson interferometer. The beam in split into
reflected beam R1 and transmitted beam T1 via a beamsplitter. The transmitted beam
T1 is reflected at a moving mirror. Thereby, the optical path difference between reflected
beam and transmitted beam can be changed. The combined beam C1 then passes through
the sample and the intensity is measured as a function of the mirror position x (so called
interferogram). The difference of the optical path goes along with the occurrence of
constructive and destructive interference. At zero optical path difference, a maximum
can be found. Since the IR source generates non-monochromatic light, the intensity of
the interference pattern decreases with increasing optical path difference. The obtained
interferogram is then translated into a single beam spectrum (intensity vs. wavenumber)
through Fourier transformation. Absorbance peaks arise due to excitation of vibrational
modes (bending or stretching) of a molecule.

Through comparison with literature, different peaks can be assigned to periodic motion
(vibrations) between certain atoms of the molecule. An example of an FTIR spectrum for
a composite PS-b-PEO/K4Ge9 thin film is given in Figure 3.10. The broad peak around
3500 cm−1 is typically caused by the presence of residual water, while polymer template
based vibration peaks mainly arise in the region from 1000-1800 cm−1. Spectra shown in
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Figure 3.9: Schematic overview of the light path inside a Fourier transform infrared spectrom-
eter. An IR source is used to generate polychromatic light, which is split into reflected beam
R1 and transmitted beam T1. A moving mirror serves to change the optical path difference
between reflected and transmitted beam. The combined beam C1 is then guided through the
sample, where vibrational states can be excited. An IR detector is used to record the resulting
interferogram.

the present thesis are recorded with an Equinox 55 by Bruker and the instrument is oper-
ated with the software Opus v6.0. The standard procedure consists of the measurement
of a background spectrum I0 with the bare substrate, followed by the sample spectrum I
with the actual sample installed in the spectrometer. The final absorbance A is calculated
via

A = log
(
I0

I

)
(3.6)

3.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique to investigate the elemental com-
position of a respective thin film. A schematic overview of a XPS setup is shown in Fig-
ure 3.11. X-rays with a photon energy ~ω are generated typically as Al Kα or Mg Kα ra-
diation with photon energies of 1486.6 eV and 1253.5 eV, respectively. The photon energy
~ω can get completely absorbed by electrons inside the investigated sample. In order to
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Figure 3.10: Absorbance spectrum of a composite PS-b-PEO/K4Ge9 thin film measured via
FTIR spectroscopy. Different vibration modes can be identified through comparison with litera-
ture databases. Grey areas with insets indicate spectral regions, where specific vibration modes
commonly occur.

be able to escape the surface of the sample, the electron requires a transferred energy
larger than the sum of binding energy EB and workfunction Ωw. All additional energy
is used to excite the electron to states of higher kinetic energy Ekin (movement). The
relation can be written as

Ekin = ~ω − EB − Ωw (3.7)

The number of electrons with a kinetic energy Ekin are measured through a hemispherical
analyzer with an electron detector. In a typical XPS spectrum, EB is plotted against
the number of photoelectrons with this specific energy. As each chemical element has
distinct and different core-level binding energies, the recorded spectrum can be used to
reconstruct the elemental composition at the sample surface. Limitation to surface-near
regions (∼10 nm) is caused by the typical strong interaction of electrons and solid mat-
ter [67]. As a result, the inelastic mean free path λe is very short. In addition to core-level
emission, Auger emission lines can be be observed if the hole generated in the respective
core-level is filled by an outer-shell electron. The energy difference is absorbed by an outer
shell electron, which is consequently also emitted from the sample surface and detected.
Auger transitions are commonly labeled with XYZ, where X indicates the shell of the
initial core-level hole, while Y, Z represents the outer shell of the respective electrons.
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Figure 3.11: Schematic overview of an X-ray photoelectron spectrometer used to determine the
elemental composition of Ge-based thin films. Generated photons are used to emit core-level
electrons from the surface of the respective sample. Electrons and their respective kinetic energy
are detected via a hemispherical analyzer with an electron detector.

In the present thesis, two different XPS instruments were used. Ge-based thin films
synthesized via solution casting were measured with an Axis Ultra X-ray photoelectron
spectrometer by Kratos10. Monochromatic Al Kα radiation was used as an X-ray source.
The software CasaXPS 2.3.5 was used for data analysis. Calibration to C 1s (284.8 eV) was
performed. For Ge-based thin films synthesized via spin coating11 a conventional Leybold
Heraeus X-ray source with non-monochromatized Al Kα radiation and a hemispherical
analyzer (ES200 electron spectrometer, AEI Scientific Apparatus Ltd) for photoelectron
detection were used. A grazing emission geometry with θe ∼ 45◦ was set and calibration
to Au 4f photoemission line was performed. Reference binding energies were taken from
the X-ray Data Booklet [68].

10XPS measurements of solution cast, Ge-based samples were conducted during the ATUMS exchange in
the Veinot group (Chemistry-Department, University of Alberta, CA) in collaboration with Haoyang
Yu and Prof. Veinot

11XPS measurements of spin coated, Ge-based thin films were conducted at the Chair of Molecu-
lar Nanoscience and Chemical Physics of Interfaces (Barth group, E20, Physics-Department, TU
München) within the frame of an TUM-internal ATUMS collaboration with Peter Deimel, Francesco
Allegretti and Prof. Barth.





4 Sample preparation

Different novel approaches are introduced to synthesize mesoporous films on the basis of
germanium or titanium. Materials and deposition techniques used within this frame are
introduced in section 4.1 and section 4.2, respectively. In the final section 4.3, a detailed
description of the sample preparation is provided for the synthesis of mesoporous thin
films discussed within this thesis.

4.1 Materials

Exploited materials and solvents for the synthesis of mesoporous thin films are briefly
introduced with regard to chemical structure, basic properties and supplier.

Polymer template

The amphiphilic diblock copolymer polystyrene-block-polyethylene oxide (PS-b-PEO) had
a number average molecular weight of Mn = 28.5 kg mol−1 and a weight distribution of

a) b)

Figure 4.1: (a) Chemical structure of the employed amphiphilic diblock copolymer polystyrene-
block-polyethylene oxide (PS-b-PEO). PS-b-PEO with a number average molecular weight of
28.5 kg mol−1 was used as a template for the synthesis of all presented mesoporous thin films.
(b) Illustration of micelle formation during phase separation with PEO (blue) and PS (red) blocks
indicated in respective colors. The chemical structure of TTIP is additionally added to the PEO
domain to illustrate selective incorporation of a precursor.

45
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Figure 4.2: Precursors for the fabrication of mesoporous films. (a) Illustration of the 3D spatial
configuration of the employed precursor titanium (IV) isopropoxide (TTIP, C12H28O4Ti). TTIP
was used for the synthesis of all Ti-based thin films presented in this thesis. (b) Illustration of
the 3D spatial configuration of the Zintl anion [Ge9] 4−. K4Ge9 was used as a precursor for the
fabrication of mesoporous, Ge-based films.

Mn (PS) = 20.5 kg mol−1; Mn (PEO) = 8 kg mol−1. It was purchased from Polymer
SourceTM . A sketch of the chemical structure is depicted in Figure 4.1a. Polar bindings
to oxygen atoms render the PEO block hydrophilic, while the PS block is hydrophobic.
The difference in polarity of the respective blocks is essential for a selective uptake of the
precursors used within the frame of this thesis. The synthesis procedure of the diblock
copolymer is based on living anionic polymerization and a polydispersity index of 1.02
was characterized by size exclusion chromatography. If not stated otherwise, the same
batch and composition of this diblock copolymer was used for all presented results.

Titania precursor

Titanium (IV) isopropoxide (TTIP, C12H28O4Ti) was used as a precursor to form TiO2

nanostructures. A sketch of the 3D spatial configuration is depicted in Figure 4.2a. Each
titanium atom is linked to four oxygen atoms. The polar binding to the oxygen atom
makes the material hydrophilic. Therefore, TTIP is selectively incorporated into the
also hydrophilic PEO domain of the employed diblock copolymer PS-b-PEO [42]. The
transparent liquid TTIP was purchased from Carl Roth GmbH and no further treatment
was applied before usage.
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Figure 4.3: Common organic solvents used within the frame of the present thesis. (a) Chemical
structure of toluene used as good solvent in combination with the polymer template PS-b-
PEO. (b) Chemical structure of 1-butanol used as poor solvent in combination with the polymer
template PS-b-PEO. (c) Chemical structure of ethylenediamine used as stable transfer medium
for the Ge-precursor K4Ge9

Ge precursor

Zintl clusters are used as a precursor for the wet-chemical synthesis of tunable meso-
porous Ge thin films. A Zintl phase is defined as an intermetallic compound between
alkaline metal atoms and metal / semi-metal atoms of group 13-16 [69]. In the present
thesis, K4Ge9 Zintl clusters were chosen with K as an alkaline metal and Ge as group
14 semi-metal. The material comes as a black powder with an indicated molar mass of
Mn = 0.81 kg mol−1 and a solubility limit at a concentration of ∼ 50 mg ml−1 in the
solvent ethylenediamine. The material was synthesized by the Fässler group according to
the synthesis routine described in literature [70]. An illustration of a [Ge9]4−-cluster is
shown in Figure 4.2b. More information about the crystalline structure of the precursor
K4Ge9 can be found in literature [71].

Solvents

Common organic solvents used within the frame of the present thesis are depicted in
Figure 4.3. The apolar solvent toluene (C7H8, purity ≥ 99.8%, Figure 4.3a) was used as a
good solvent to dissolve both blocks of the diblock copolymer PS-b-PEO, while the polar
solvent 1-butanol (C4H10O, purity ≥ 99.5%, Figure 4.3b) was used as a poor/selective
solvent during the synthesis of titania thin films. Additionally, an azeotrope solvent
mixture of toluene and 1-butanol was used as post-treatment during the synthesis of
mesoporous Ge thin films. Both solvents were purchased from Carl Roth GmbH and
no further treatment was applied. For the synthesis of mesoporous Ge thin films, the
solvent ethylenediamine (en, C2H8N2, Figure 4.3c) was used as a stable transfer medium
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a) b)

Figure 4.4: (a) Illustration of drop casting as a deposition technique to fabricate films. 200-
400 µl of a respective solution are pipetted onto a pre-cleaned substrate and drying is typically
performed on a heating plate. (b) Exemplary scanning electron microscopy cross-section image
of a thick Ge-based film fabricated via drop casting. The surface of the film is colored in light
blue.

/ solvent for the Ge precursor K4Ge9. To prevent oxidation of K4Ge9 Zintl cluster prior
to deposition, it is of crucial importance that en is not exposed to water or oxygen. Even
short exposure at small concentrations of air or water (∼10 ppm) can lead to unwanted
oxidation of the precursor in en. As the Zintl clusters are extremely sensitive to air and
water, en was additionally dried under reflux over CaH2 before usage by the Fässler group.

4.2 Deposition techniques

Different deposition techniques were investigated within the frame of the thesis. Most
common substrates used in combination with the respective deposition technique were
either silicon substrates (525 µm thickness, Si-Mat, p-doped, (100)-orientation) or soda-
lime glass substrates (1 mm thickness, Carl Roth). Substrates were cut into approximately
2 x 2 cm2 sized pieces. Acid cleaning was applied to all substrates prior to deposition.
More details about the applied acid treatment can be found in literature [72].

Drop casting

Drop casting was used as a deposition technique to obtain µm thick films with a rather
rough/inhomogeneous surface. Typically, 200-400 µl of the respective solution were cast
onto a pre-cleaned substrate via a pipette as illustrated in Figure 4.4a. Note that the
amount of used solution plays a much more significant role for the final film thickness
as compared to films fabricated via spin coating. Subsequent drying is performed on a
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Figure 4.5: (a) Illustration of blade coating as a deposition technique to fabricate titania films.
200 µl of solution are distributed along the substrate with a speed of 500 mm s−1 at a gate
height of 200 µm. (b) Technical drawing of a spacer plate for substrate placement in the blade
coating apparatus. 500 µm or 200 µm gate height can be chosen.

pre-heated heating plate. An example of a rather thick, Ge-based film fabricated via drop
casting can be seen in Figure 4.4b.

Blade coating

Blade coating is a deposition technique close to printing. An automatic film applicator
1137 (Sheen instruments) was used to fabricate homogeneous titania thin films. 200 µl
of solution were deposited onto the glass or Si substrate and a speed of 500 mm s−1 was
chosen to distribute the solution along the 200 µm channel of the spacer unit inside the
device. An illustration and a technical drawing are depicted in Figure 4.5.

Spin coating

Most common deposition beside drop casting at a lab scale is spin coating (Figure 4.6a).
Notable advantages of spin coating are typically high homogeneity and reproducibility.
However, large amounts of material are flung off and lost during the deposition process.
Furthermore, repeated spin coating steps to increase the film thickness are rather tedious
and time consuming. Achieving films of increased thickness can even be impossible via this
approach, as underlying layers might be redissolved. Therefore, the common thickness of
spin coated thin films is found below 1 µm. An example SEM cross-section of a Ge-based
thin film (∼200 nm) fabricated via spin coating is shown in Figure 4.6b. A Delta 6 RC TT
(Süss MicroTec Lithography GmbH) was used as a coating device. Cleaned substrates
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a) b)

Figure 4.6: (a) Illustration of spin coating as a deposition technique for highly repro-
ducible/homogeneous thin films. The substrate is hold into position via application of a vacuum
pump during the acceleration of rotation speed. (b) Exemplary cross-section scanning electron
microscopy images of a mesoporous Ge-based thin film fabricated through spin coating. The
surface of the thin film is colored in light blue.

are fixed via a vacuum pump to the center of rotation of the instrument. Acceleration,
rotation speed and time are chosen and typically 200 µl of solution are homogeneously
pipetted onto the substrate. A three-stage-model can be used to describe the process of
film formation. Solution is initially flung of the substrate through the acceleration of the
rotation speed. Redistribution of material towards the edges is driven by convection in
a second step. Finally, solvent evaporation dominates and a non-equilibrium, solid film
is formed [73]. An estimation of final film thickness can be obtained via the Schubert
equation [74]

d = A ·
(

1950 min−1

ω

) 1
2
(

c0

20 mg ml−1

)(
Mω

100 kg mol−1

) 1
4

(4.1)

where A is an environmental and specific setup dependent constant, ω the rotational
speed, Mω the molecular weight and c0 the initial concentration of the solution.

Spray coating

Spray coating is a technique with the potential to be used for large scale deposition. A
typical setup with substrate, spray cone and spray device is depicted in Figure 4.7a. Small
droplets are atomized from the stock solution through the N2-carrier gas. Lateral pressure
differences lead to the formation of a cone shaped beam with different lateral velocities.
Consequently, droplet density decreases with distance to emission point (nozzle), while
size of spray cone and homogeneity increase. Key parameters relevant for the final quality
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Figure 4.7: (a) Illustration of spray coating setup for thin film deposition with substrate, spray
cone and spray device. (b) Spray chamber used to perform in situ GISAXS measurements during
spray coating.

of the thin film are distance between nozzle and substrate, pressure/type of carrier gas,
concentration of solution, viscosity, flow rate of the solution, spraying/drying sequencing,
substrate temperature and geometry of the injector unit. Dry deposition is typically
referred to as airbrushing, while wet deposition is referred to as spraying.

Within the frame of the present thesis, a special inert gas chamber was build in collab-
oration with the group of S. V. Roth to allow for in situ GISAXS measurements during
spray deposition. Figure 4.7b depicts an image showing the chamber mounted at the
beamline P03 at DESY, Hamburg. Eight different gas inlets at the top allow for con-
stant N2 flow and improved focus of the spray cone onto the substrate. The substrate
itself is mounted on a heating plate and entrance/exit Kapton windows allow for efficient
X-ray transmission. Note that the inert N2 gas atmosphere inside the chamber does not
only inhibit Ge-cluster oxidation, but additionally decreases the scattering background as
compared to ambient conditions.

4.3 Fabrication of mesoporous thin films

In the following section, the sample preparation routine is described for the synthesis
of mesoporous titania films via blade and spray coating as well as for the synthesis of
mesoporous Ge films via spin coating and drop casting. For the convenience of the reader,
a short and less detailed version of this description is repeated at the beginning of the
respective result chapter.
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4.3.1 Blade coating of titania

The diblock copolymer (0.2956 g) was dissolved in the good solvent toluene (1.792 ml)
with a polymer concentration of 16.49 mg ml−1. After 3 h of stirring at room temperature
the titania precursor TTIP (0.87 ml) was added to the solution (weight ratio [polymer +
solvent]:[TTIP] = 0.95:0.05). A homogeneous solution was obtained after 30 min of further
stirring. The blade coating device automatic film applicator 1137 (Sheen instruments,
speed = 500 mm s−1, channel height = 200 µm) was used to homogeneously distribute a
droplet of 200 µl along the 20 mm x 20 mm sized silicon substrates. A convenient feature of
the setup consists in an easily controllable film thickness through a change of the channel
height. All substrates were cleaned in an acid bath and exposed to an oxygen plasma
treatment prior to the coating process [72]. Depending on, if either the evaporation time
or the solvent bath impact was the subject of the studies, the preparation of the samples
continued with one of the following two sections.

Evaporation time studies

After blade coating the solution onto the substrate, the drying process of the film sets in.
A broad range of different evaporation times starting from 1 s up to 300 s was applied.
Thereafter, the sample was immersed into a poor solvent bath of 1-butanol for 10 s.
As a last step, the polymer template was removed via high temperature treatment in a
tube furnace (3 h at 550 ◦C, heating rate = 80 ◦C h−1, atmospheric conditions, Gero
Hochtemperaturöfen GmbH) and anatase-type crystallization was induced.

Immersion bath composition studies

The evaporation time after blade coating was set to 50 s. The semi-dried samples were
then treated with a solvent mixture of different compositions ranging from a 0.1:0.9 1-
butanol (poor solvent)/toluene (good solvent) composition to a purely 1-butanol com-
position (10 vol% 1-butanol increment). 200 µl of the respective solution were therefore
pipetted on the samples and, after an immersion time of 10 s, the samples were dried via
a spin-drying process (500 rpm, 30 s, acceleration time = 4.5 s, Delta 6 RC TT, Süss
MicroTec Lithography). The subsequent high temperature treatment protocol was iden-
tical to the one used for the evaporation time studies. Note that the coating, evaporation
and immersion step are carried out under non-equilibrium conditions with ongoing kinetic
processes.
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Figure 4.8: Protocol for spray deposition of composite titania thin films for in situ GISAXS
measurements. Alternating cycles of 1 s spraying and 2 s pause are performed within the first
90 s, adding up to a total of 30 spray shots. The drying process is further analyzed within the
additional time from 90 s to 210 s.

4.3.2 Spray deposition of titania

Solution preparation: 20 mg of PS-b-PEO were initially dissolved in toluene (6.700 ml,
purity > 99.8%). Subsequently, 1-butanol (2.684 ml, purity > 99.8%) was added as a bad
solvent. Due to the chosen weight percentages the resulting solution is considered a
binary azeotrope. After further 10 min of stirring, the PEO-selective precursor TTIP
(73.8 µl, purity > 97%) was pipetted into the solution. After 30 min, drop-wise addition
of 121 µl of hydrochloric acid (6 M, diluted from 37% / 12 M) was carried out under
constant stirring for the samples series referred to as WHCL. Both NHCl (no addition of
HCL) and WHCl solutions are then stirred for further 20 h at 500 rpm under ambient
conditions. All solvents were purchased from Sigma-Aldrich (Merck) and used without
further processing.

Thin film deposition and calcination: Composite films were deposited onto silicon
substrates, which were placed on a heating plate at 80 ◦C. The operated spray gun (Harder
& Steenbeck GmbH & Co. KG, Grafo T3) was mounted on a height adjustable holding
with a remote-controlled spray setup. Oil-free N2 carrier gas was used under a pressure
of 1.5 bar and a sample-to-nozzle distance of 17 cm was adjusted. Furthermore, the valve
opening was calibrated to a flow rate of 33 µl s−1. Additionally, the whole setup was placed
into a custom-designed spray chamber with a dimension of approx. 60 x 60 x 60 cm3,
which allowed for enhanced control of the atmosphere as well as better focus of the spray
cone onto the substrate (through 8 additional nitrogen inlets around the mounted spray
device). Additionally, the closed N2 environment in the chamber minimizes the risk of
contamination through e.g. carbon sources during in situ measurements. The applied
spray protocol is shown in Figure 4.8. A spray shot of 1 s was always followed by 2 s of
drying to avoid liquid films. After 90 s, a final annealing period of 120 s was monitored
via in situ GISAXS. After film deposition the polymer template was removed via high
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molar ratio PS-b-PEO conc. [mg ml−1] precursor conc. [mg ml−1]
1/10 10 2.84
1/20 10 5.69
1/30 10 8.53
1/40 10 11.37
1/50 10 14.21
1/60 10 17.56
1/70 10 19.89
1/80 10 22.74

Table 4.1: Molar ratios within mixed solution prior to spin-coating with respective concen-
trations (conc.) of the Ge precursor K4Ge9 and the polymer template PS-b-PEO dissolved in
ethylenediamine

temperature treatment (3 h at constant 550 ◦C after heating with a rate of 80 ◦C h−1,
atmospheric conditions, Gero Hochtemperaturöfen GmbH).

4.3.3 Spin coating of germanium

The structure directing polymer template PS-b-PEO was dissolved in dry ethylenedi-
amine with a concentration of 20 mg ml−1. Beforehand, ethylenediamine was dried under
reflux over CaH2. Subsequently, magnetic stirring of the solution was applied for 12 h
at 1000 rpm. A second solution containing K4Ge9 dissolved in ethylenediamine was pre-
pared with a concentration in the range between 5.6 and 45.5 mg ml−1 and stirred for 1 h
at 1000 rpm. To investigate the impact of different molar mixing ratios, corresponding
volume fractions (1:1) of the respective solutions were mixed together. The correspond-
ing molar ratios with their respective concentrations can be found in Table 4.1. The
mixed solution was stirred for additional 15 min at 1000 rpm before being spin-coated
at 1500 rpm for 10 s onto acid cleaned substrates. Subsequently, an azeotrope solvent
mixture of anhydrous toluene and 1-butanol was used to induce phase separation: 200 µl
of the mixed solution had been pipetted onto the freshly coated and semi-dry composite
thin film and soaked for 1 min, before the azeotrope solvent was removed by a second spin-
ning process (same parameters). Sample annealing at 200 ◦C for 15 min was performed
to remove residual solvent and allow for structural reorganization. Note that all steps
were performed under inert gas conditions (N2). As a last step, samples were calcined at
500 ◦C for 5 min in air.
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Figure 4.9: Heat treatment protocol used to transform composite PS-b-PEO/K4Ge9 films into
mesoporous α–Ge films. Tempering was performed under inert Ar atmosphere or in air. Each
temperature plateau was reached with a ramp rate of 1 ◦C min−1.

4.3.4 Drop casting of germanium

Dry ethylenediamine (en) was used to dissolve PS-b-PEO with a concentration of 20
mg ml−1. The solution was stirred for 12 h at 1000 rpm. Thereafter, the solution is mixed
in a 1 : 1 volume ratio with a second solution of K4Ge9 dissolved in en (28.5 mg ml−1,
1000 rpm, 1 h stirring) yielding a molar ratio of 50 (K4Ge9) : 1 (PS-b-PEO) in the mixed
solution. The mixed solution was then stirred for further 15 min at 1000 rpm. 400 µl
mixed solution were used for drop casting onto preheated substrates (200 ◦C). Special
copper foil substrates for anode fabrication had a diameter of 13 mm. An additional
post-treatment was applied to samples labeled “Ar; with PT”, while no such treatment
was applied for samples labeled “Ar; no PT”. For the post-treatment, 200 µl of an
azeotrope 1-butanol/toluene mixture were pipetted onto drop casted and semi-dry films.
All samples were subsequently annealed for further 15 min at 200 ◦C. High temperature
tempering (500 ◦C, 1 ◦C min−1) was used to remove the polymer template. All steps
prior to template removal were carried out under N2 atmosphere. Template removal was
performed under argon (Ar) atmosphere, if not stated otherwise. The applied temperature
protocol for both air and Ar atmosphere is depicted in Figure 4.9. After calcination the
sample was cooled naturally to room temperature.

The electrochemical performance of calcined samples on copper substrates was evalu-
ated via half-cell tests using a lithium foil as the counter electrode and Celgard as the
separator. Assembly of half-cells and measurement of cyclic performance was done by
the group of Prof. Y. Cheng at the Ningbo Institute of Materials Technology and En-
gineering, China (Polymer and Composites Division). Electrolyte from Zhangjiagang
Guotai-Huarong Chemical New Material Co., Ltd. was used, which was prepared by
dissolving 1.0 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC) solvent
mixture (1:1 v/v) with the addition of 5 wt% of fluoroethylene carbonate (FEC). Coin
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cells were assembled in a glove box filled with high-purity argon. The cyclic performance
was measured at the current density of 0.2 C in the voltage range between 3.0 V and
0.005 V (vs. Li/Li+) (1 C = 335 mAg−1) for 300 cycles. The specific capacity was cal-
culated against the mass loaded on the copper foil after calcination, which was measured
using a balance with the resolution limit of 0.01 mg.



5 Morphological tunability of
mesoporous TiO2 thin films

The following chapter is based on the published article: Readily available
titania nanostructuring routines based on mobility and polarity controlled
phase separation of an amphiphilic diblock copolymer [75] (Nuri Hohn et
al., Nanoscale, 10, 5325-5334, 2018, DOI: 10.1039/C7NR09519H)1.

High surface-to-volume ratio, mesoporous titania thin films play an important role in
various fields of application. Therefore, novel and industrially compatible ways to control
the mesoporous structure are of major importance. The following chapter first outlines the
framework in terms of major scientific contributions in the scientific field of mesoporous
titania thin film synthesis (section 5.1). Thereafter, the employed routine for mesoporous
titania thin film synthesis is briefly introduced (section 5.2) and followed by a proof of
principle in section 5.3. Influence of evaporation time and solvent bath composition on
the surface and bulk morphology are investigated in the subsequent key sections 5.4 and
5.5 primarily via X-ray scattering and scanning electron microscopy.

1Reproduced/adapted by permission of The Royal Society of Chemistry. Results of the present chapter
were obtained in close collaboration with the master’s student Steffen J. Schlosser [76]
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5.1 Preface

Over the past decades nanostructured metal oxides have attracted great interest within
various fields of scientific research. Among those metal oxides, crystalline and nanostruc-
tured titania has been found especially useful due to its high electron mobility, compati-
bility with flexible device concepts and unique properties being a wide bandgap semicon-
ductor [77–79]. One main branch of applications of nanostructured titania films is the
development of energy harvesting devices such as solar cells [32,33,43–45,80]. Among so-
lar cells which make use of titania layers are dye-sensitized solar cells (DSSCs), solid-state
DSSCs (ssDSSCs) and perovskite solar cells (PSCs), which demonstrate particular rapid
progress and reached stabilized efficiencies over 21% recently [18–21]. All these devices
can benefit from large effective surface areas for example in the form of mesoporous titania
morphologies [81]. Apart from photovoltaic applications, nanostructured titania has as
well become attractive within the field of gas sensing, photocatalysis, water purification,
protein separation, Li ion batteries, metamaterials and supercapacitors [79, 82–90].

Due to the large variety of possible applications, huge efforts have been put into the
synthesis of nanostructured titania layers. Promising techniques include deposition of
pre-synthesized nanoparticle pastes, electrochemical deposition and, e.g. as shown by
Martin and co-workers, a bottom-up approach using spinodal decomposition to obtain
well-defined lamellar titania nanostructures [90–94]. Another approach consists in sol-
gel synthesis which can be combined with organic macromolecule self-assembly and has
emerged as a powerful tool to enable cheap and structured metal oxide layer deposi-
tion from a single solution [95, 96]. Furthermore, various types of nanostructures with
unique properties can be obtained [97–104]. Periodic block copolymer structuring has
been reported in many cases [105–108]. Using these block copolymers as a templating
tool for titania nanostructures has been intensively studied. For example, Cheng and
co-workers investigated the formation of different thin film morphologies like nanowires,
clustered nanoparticles, collapsed vesicles and mesoscale network titania structures [42].
Within this frame, the process of film formation is based on the self-assembly of the
structure-directing amphiphilic block copolymer polystyrene-b-polyethylene oxide (PS-b-
PEO). A good-poor solvent pair induced microphase separation is used in combination
with the PEO-selective precursor titanium (IV) isopropoxide (TTIP) to form micelles
in solution. As a result of changing the precursor/poor solvent/good solvent ratio, the
above-mentioned morphologies were obtained [42].

In case of hybrid photovoltaic applications exciton diffusion lengths of conjugated poly-
mers used for backfilling into the titania matrix are typically found in the range< 20 nm [13].
As a result foam-like titania nanostructures with a pore diameter in the range of 40 nm
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appear most promising for ensuring a high likeliness to the exciton of reaching an in-
terface while not suffering from increased recombination losses in such a material sys-
tem [18, 19, 21]. Consequently, in the present chapter foam-type, porous nanostructures
with pores sizes in the above-mentioned range are focused. The amphiphilic diblock
copolymer PS-b-PEO is used as a structure directing template. However, unlike used in
common sol-gel approaches, the poor solvent, which initiates hydrolysis of the precursor,
is not directly added to the solution of PS-b-PEO, good solvent and precursor [39, 109].
Instead, films are prepared out of PS-b-PEO, good solvent and precursor and the poor
solvent is applied after a distinct evaporation time using an immersion bath as inspired
from literature about porous polymer film preparation [105,108]. The aim of this approach
consists in only having one master solution and analyzing the impact of the mobility and
polarity on the phase separation behavior of an initially deposited film. Blade coating is
used as film deposition method to ensure a potential upscale of the film preparation pro-
tocol for real world applications. Note that the dipping process into the immersion bath
is as well potentially compatible with a large scale processing routine through upscaling
of the employed solvent bath. Investigation of a morphological change due to a variation
of the above-mentioned influences shows that titania nanomorphologies can be tuned in
a wide range without changing the initial composition of the polymer/precursor mixture.
Furthermore, the study described in this chapter is considered an approach to decouple
the influence of good solvent and poor solvent on the phase separation behavior of the
above-mentioned material system.

5.2 Experimental: Synthesis of mesoporous titania thin
films via blade coating

To analyze the impact of the evaporation time and immersion bath composition on the
phase separation behavior of PS-b-PEO, nanostructured thin films were synthesized ac-
cording to following routine: Initially, the diblock copolymer was dissolved in the good
solvent toluene (Figure 5.1a). After stirring at room temperature the titania precursor
TTIP was added to the solution (Figure 5.1b). Subsequently, a homogeneous solution
was obtained after further stirring. A blade coating device was used to homogeneously
distribute the solution onto silicon substrates (Figure 5.1c). A convenient feature of the
setup consists in an easily controllable film thickness through a change of the channel
height. A more technical description including more details can be found in chapter 4.3.1.
Depending on, if either the evaporation time or the solvent bath impact was the subject
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micelles

a) PS-b-PEO stirring in toluene for 3 h

b) addition of TTIP, 30 min

c) blade coating on substrate

d) solvent evaporation

e) poor solvent treatment

f) calcination at 550 °C, 80 °C h-1, 3 h

tevp = [1 s,…, 300 s] 

mixture = [10%,…,100%] 1-butanol

Figure 5.1: Sample preparation steps for the synthesis of mesoporous titania via blade coating:
(a) Stirring of structure-directing diblock copolymer PS-b-PEO in a good solvent for 3 h, (b)
addition of the titania precursor, (c) subsequent blade coating on the silicon substrate, (d)
waiting time before (e) exposure to an immersion bath with tunable 1-butanol/toluene ratio and
(f) polymer template removal via calcination. Reproduced/adapted by permission of The Royal
Society of Chemistry [75].

of the studies, the preparation of the samples continued with one of the following two
sections.

5.2.1 Evaporation time studies

After blade coating the solution onto the substrate the drying process of the film sets in.
A broad range of different evaporation times starting from 1 s up to 300 s was applied to
analyze the effect of the evaporation time on the phase separation behavior of the diblock
copolymer (Figure 5.1d). Thereafter, the sample was immersed into a poor solvent bath
of 1-butanol for 10 s (Figure 5.1e). As a last step, the polymer template was removed
via high temperature treatment in a tube furnace and anatase-type crystallization was
induced (Figure 5.1f).
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5.2.2 Immersion bath composition studies

The evaporation time after blade coating was set to 50 s. The semi-dried samples were
then treated with a solvent mixture of different compositions ranging from a 0.1:0.9 1-
butanol (poor solvent)/toluene (good solvent) composition to a purely 1-butanol compo-
sition (10 vol% 1-butanol increment, Figure 5.1e). 200 µl of the respective solution were
pipetted on the samples and, after an immersion time of 10 s, the samples were dried via
a spin-drying process. The subsequent high temperature treatment protocol was identical
as explained for the evaporation time studies.

5.3 Proof of principle: Influence of immersion bath

In previous studies it has been found that TTIP addition to a solution of PS-b-PEO leads
to a selective incorporation of TTIP into the PEO domains [80]. Accordingly, changing
the phase separation behavior of the diblock copolymer template directly translates into
an altered nanomorphology of the final titania films. To prove this effect, a compari-
son is made between thin films, which have been manufactured according to the routine
depicted in Figure 5.1. Part of the samples are exposed to a solvent treatment with 1-
butanol (Figure 5.1e) after a drying time of 80 s (Figure 5.1d), while the other part of
the samples are simply left to dry after blade coating (Figure 5.1c). After calcination
(Figure 5.1f) the surface topography is analyzed via scanning electron microscopy (SEM),
while the inner film morphology is investigated via grazing incidence small angle X-ray
scattering (GISAXS) [63, 110]. As demonstrated in Figure 5.2a, titania films prepared
without 1-butanol solvent treatment already exhibit nanopores to a small degree. Upon
treatment with a poor solvent, a very distinct change in the surface morphology becomes
visible. The overall degree of porosity is strongly enhanced and the average pore size is
significantly increased (Figure 5.2c). One major advantage of an enhanced phase separa-
tion inducing larger pores is given by the facilitated backfilling of the resulting structures
in solar cell applications. To quantify the effect of poor solvent treatment on the surface
porosity, a Fast Fourier Transform (FFT) is performed and the radial power spectral den-
sity (PSD) function is extracted. A clear shift towards smaller reciprocal lengths is visible
in the position of the intensity maximum (Figure 5.2e). The compact titania film of the
untreated sample shows a broad intensity distribution with a maximum positioned at
around 0.3 nm−1. For the poor solvent treated samples, the distribution narrows and the
peak shifts towards a value of 0.2 nm−1. Thus, the PSD analysis quantifies the changes
in pore sizes. Moreover, the decreased broadness of the distribution indicates a decrease
in disorder of the surface structure of the films treated with poor solvent.
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Figure 5.2: Comparison of titania thin films immersed into a pure 1-butanol bath after 80 s
evaporation time to titania films without 1-butanol treatment: (a) SEM and (b) 2D GISAXS data
of the untreated samples are compared to (c) SEM and (d) 2D GISAXS data of the immersed
samples. (e) PSD functions extracted from the SEM data and (f) horizontal line cuts of the
2D GISAXS data of the respective samples show a shift of the intensity peaks towards smaller
reciprocal length scales for the immersed sample. Reproduced/adapted by permission of The
Royal Society of Chemistry [75].
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Figure 5.3: Thickness estimation via profilometry for different evaporation times of mesoporous
titania layers. Note that for every film 3 scratches (center, edge and intermediate position)
with 5 lines have been measured. Reproduced/adapted by permission of The Royal Society of
Chemistry [75].

To access information of the buried morphology inside the titania films, GISAXS mea-
surements are performed. Due to the large X-ray footprint at very low incident angles,
the GISAXS observations exhibit high statistical relevance over macroscopic sample area.
The 2D GISAXS data of the untreated (Figure 5.2b) and the treated (Figure 5.2d) sam-
ples show distinct and characteristic differences. With poor solvent treatment, the overall
diffuse scattering is strongly increased, which confirms the assumption of an enhanced
porosity in the entire film from the surface structures as seen by SEM. Furthermore, lateral
intensity peaks at the material specific Yoneda peak position become more pronounced,
which is a good indication for an improved formation of lateral nanostructures [54, 63].
Horizontal cuts are done at the expected Yoneda peak position of porous titania. A com-
parison of the horizontal cuts proves that lateral features appear at smaller scattering
vectors qy, if a solvent treatment is applied (Figure 5.2f). Together with the increased
intensity (relative to the maximum intensity of the corresponding cut) this observation
gives evidence that the phase separation process is not only enhanced at the surface but
also extends into the bulk material, which is absolutely necessary, if the thin films are
intended to be backfilled for use in photovoltaic applications.
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tevp = 1 s 10 s

20 s 100 s

a) b)

Figure 5.4: (a) Scanning electron microscopy images of the surface topography of nanocom-
posite titania films after different evaporation times with FFT images (top right corners). With
increasing evaporation times, the average structural distance is strongly decreased. (b) The
evolution of surface porosity has been extracted for evaporation times ranging from 1 s to 100 s
via binarization and application of an Otsu algorithm. Reproduced/adapted by permission of
The Royal Society of Chemistry [75].

5.4 Impact of evaporation time on phase separation
behavior

As a precondition for comparability of different evaporation times, the thickness of all
investigated samples is measured via profilometry. An approximately constant thickness
of 170 nm is confirmed (Figure 5.3).

With the aim of determining the influence of the evaporation time on the phase sepa-
ration behavior of the block copolymer template and, accordingly, on the final nanomor-
phology of the calcined titania films, samples with different evaporation times are studied.
This corresponds to exclusively changing the parameter marked in red color in Figure 5.1d.
Evaporation times from 1 s up to 300 s, representing a broad range of different dryness
states, have been applied before the immersion into the poor solvent bath. Note that
the phase separation behavior for the present material system is expected to be primar-
ily affected by two dominant factors. First, an alternation of the relative good-to-poor
solvent ratio within the immersion bath alters the energetic incompatibility between the
PS block and the solvent mixture. Second, the dryness state of the film, which limits the
mobility of the polymer chains to rearrange during the presence of a poor solvent. When
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Figure 5.5: Horizontal line cuts of the 2D GISAXS data at the material specific Yoneda peak
position of mesoporous titania films after different evaporation times. As indicated by the dotted
arrows a shift of the shoulder-like feature is visible for different evaporation times. The resolution
limit is shown by the vertical dashed line. Data and modeling results (black lines between data
points) are shifted along the y axis for clarity of the presentation. Reproduced/adapted by
permission of The Royal Society of Chemistry [75].

changing the evaporation time, the ratio of good-to-poor solvent in the immersion bath
is highly dominated by the poor solvent. Therefore, small changes of the good-to-poor
solvent ratio are not expected to have a large impact upon the final film morphology.
On the contrary, changes of the dryness state and the correlated mobility of the polymer
template are mainly responsible for an alteration of the observed morphologies.

The surface structure as seen by SEM is shown in Figure 5.4 for selected evaporation
times of 1 s, 10 s, 20 s and 100 s. In the early stages up to 20 s, a decrease of the inter-
domain spacing of titania nanostructures is clearly visible, which is mainly driven by a
decrease in mobility of the polymer template. As a result, the polymer chains for low
evaporation times exhibit an enhanced ability to phase separate in comparison to higher
evaporation times, where the rearrangement of the polymer chains is limited. Exceeding
evaporation times of 20 s, the inter-domain spacing of titania nanostructures appears
to decrease more slowly, since the lower mobility limit for efficient rearrangement of the
non-selective PS block is approached. Additionally, slight increase in the average radii of
titania structures can be observed (Figure 5.4, 100 s). One possible reason for this finding
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a) b)

Figure 5.6: (a) Radius and (b) lateral distance of titania nanostructures determined from mod-
eling GISAXS data gathered for different evaporation times. Solid blue and red lines (guides
to the eye) indicate two different mechanisms responsible for a change of the extracted radii.
Note that lateral distances only seem to be affected by one mechanism leading to a decrease
with increasing evaporation time. Reproduced/adapted by permission of The Royal Society of
Chemistry [75].

might be a simultaneous extraction of small amounts of the polar titania precursor TTIP
by 1-butanol. As a result, a dry film state would reduce the amount of extracted TTIP
and, thus, leading to an increase of titania structure sizes. Furthermore, from SEM image
analysis, the surface porosity is estimated (Figure 5.4). A clear trend towards smaller
pore sizes with increasing evaporation time is observed. For evaporation times of 1 s the
extracted surface porosity is found to be approximately 43%, which is decreasing down
to 31% for 100 s. Accordingly, the surface porosity can be readily tuned by 12% through
a simple change in the evaporation time.

To further investigate if structures observed via SEM persist throughout the titania
films and if the bulk behavior differs from the surface mechanisms, GISAXS measure-
ments are performed for the same range of evaporation times. In order to identify lateral
structures inside the titania films, line cuts are extracted from the 2D GISAXS data in
horizontal direction (parallel to the sample surface) at the estimated critical angle of the
porous titania (Figure 5.5). Accordingly, features appearing in these intensity distribu-
tions refer to lateral structures within the volume of the corresponding titania film. Apart
from the resolution limit of the setup (black dashed line) for the low qy region, a lateral
structure related peak is visible for qy values around 0.2 nm−1. With increasing time,
the position of the structural peak is shifting towards larger qy values (dashed arrow),
which is corresponding to a decrease in real space structure sizes (convolution of radii
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Figure 5.7: Horizontal line cuts of 2D GISAXS data of mesoporous titania at the material
specific Yoneda peak position after evaporation times ranging from 120 s to 300 s. As indicated
by the dotted arrows no shift of the shoulder-like feature is visible for different evaporation times.
Data points left to the dashed line originate from the laterally extended Yoneda region, the so-
called resolution regime. The resolution limit is shown by the vertical dashed line. Data and
modeling results (black solid lines) are shifted along the y axis for clarity of the presentation.
Reproduced/adapted by permission of The Royal Society of Chemistry [75].

and inter-domain distances). Reaching evaporation times above 30 s, the change of the
peak position appears less prominent. Therefore, modeling of the horizontal cuts is done
based on the Distorted Wave Born Approximation (DWBA) using the Effective Interface
Approximation (EIA) [55]. The applied model in DWBA and EIA uses three different
form factors with cylindrical geometry distributed over 1D paracrystal lattices [111] (see
section 2.3.3). Whereas the lattice describes the center-to-center inter-domain distances
(structure factors) of neighboring titania domains, the form factors refer to the Fourier
transform of the electron density of titania objects residing inside the thin film.

The best achieved modeling results to the respective data are shown as solid black lines
in Figure 5.5. Extracted inter-domain distances and radii of the cylindrical form factors
of titania nanostructures are depicted in Figure 5.6. For short evaporation times up to
30 s, the radii are decreasing from 9.6 nm to 5.5 nm. For the same range of evaporation
times, the inter-domain distances decrease from 50 nm to 22 nm due to the limited ability
of the PS-b-PEO template to phase separate. This behavior is strongly supported by
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the observations made for the surface of the investigated samples, where a similar trend
is found (Figure 5.4). For evaporation times exceeding 30 s, slightly increased radii up
to 7 nm are found, whereas the inter-domain distances of titania nanostructures remain
constant. These evolutions are in accordance with observations at the surface, where
the structures seem to slightly grow, while inter-domain distances are unaffected by a
further increase of the evaporation time. Therefore, the inner film structures follow the
same mechanisms as the surface structures. The decreasing mobility of PS-b-PEO leads
to constraints in the ability to microscopically separate the two blocks of the polymer
template (mechanism 1 shown by blue solid line in Figure 5.6). Thus, the average inter-
domain distances of titania nanostructures are shrinking and the size of the structures is as
well reduced due to the (mass) conservation of TTIP. Surprisingly, the second mechanism
(red solid line in Figure 5.6) only seems to influence the radii of the titania. In general,
the inner film structures show very similar mechanisms as found for the surface structures.

Since major changes only happen until 100 s, results for evaporation times > 100 s
are depicted separately and can be found in Figure 5.7 and 5.8. To analyze the inner
morphology of films with titania nanostructures for evaporation times exceeding 100 s,
additional GISAXS measurements are performed. The same procedure, as done for shorter
evaporation time studies, is carried out. Corresponding horizontal line cuts from the 2D
GISAXS data are shown in Figure 5.7. Similar to evaporation times from 1 s to 100 s a
shoulder like peak can be observed indicating the formation of a porous nanostructure.
Nevertheless, there appears to be no further dependence on a change of evaporation time.
As represented by the black dotted arrow, the peak positions remain almost constant for
longer times.

Quantification is achieved via modeling of the horizontal line cuts with the same model
as applied for shorter evaporation times. The extracted sizes and distances of titania
nanostructures are shown in Figure 5.8. Obtained sizes (radii) are found around 6 nm,
while distances are found around 22 nm. With increasing evaporation, no significant
change is seen within the range of the errors. Consequently, it is assumed that the sample
is already in a dry state meaning that the good solvent, in this case the toluene, is already
completely evaporated. Therefore, no dependence could be found for a further increase
of the discussed influence.
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Figure 5.8: Radius and lateral distance of titania nanostructures determined from the modeling
to the corresponding GISAXS data gathered for different evaporation times > 100 s. Rectangle
symbols are referring to the radii whereas circled symbols are referring to inter-domain distances.
No significant change is observed within the range of the determined errors. Reproduced/adapted
by permission of The Royal Society of Chemistry [75].

5.5 Impact of immersion bath composition on phase
separation behavior

In addition to the mobility of the polymer template, the solvent composition of the im-
mersion bath has a major impact on the phase separation behavior. With the aim of
quantifying this effect, samples are synthesized where exclusively the composition of the
poor solvent mixture is changed (red parameter in Figure 5.1e). In contrast to the studies
dedicated to analyzing the influence of the mobility, the evaporation time is fixed to 50 s.
Note that an evaporation time of 50 s is chosen, since the mobility of the polymer is suf-
ficiently high to show a good response to the immersion bath while still being adequately
dry to allow for strong adhesion to the substrate. The compositions of the immersion bath
with 1-butanol/toluene range from a volume ratio of 1:9 up to 9:1 in steps of 10 vol%.
Consequently, the polarity of the solvent mixture is successively increased according to
an effective medium approach with Ptotal = Φ1P1 + Φ2P2 where Ptotal is the polarity of
the binary solvent system, Φi the volume fraction and Pi the polarity of solvent i. This
change in polarity is expected to have a major influence on the phase separation behavior,
since the selective solubility of the PEO block is enhanced. Furthermore, it should be
noted that an increase in the 1-butanol content simultaneously leads to a reduction in
toluene content, which in turn leads to a decreased mobility of the whole block copolymer
complex. Accordingly, there are two major mechanisms to be considered for the final film
formation: 1) The decrease in mobility of the polymer template with decreasing toluene
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Figure 5.9: SEM images of the surface morphology of mesoporous titania films exposed to
different immersion baths with FFT images (top right corners). With increasing 1-butanol
content from (a) to (i) the phase separation behavior is changed due to the increased polarity of
the solvent mixture and the decreased mobility of the polymer template, which finally leads to
an alteration of the surface structure. Reproduced/adapted by permission of The Royal Society
of Chemistry [75].

content and 2) the increased energetic incompatibility between 1-butanol and the PS
domain, which is a driving force for phase separation.

The surface morphology is measured via SEM for all compositions. Obtained images
are shown in Figure 5.9 with 1-butanol to toluene ratio increasing from top to bottom
and from left to right. For 1-butanol concentrations of 10 vol% (Figure 5.9a), a rather
compact structure is found. Due to the lack of poor solvent within the solvent mixture,
phase separation of PS and PEO domains is decreased, even though the block copolymer
disposes of a sufficient mobility provided by the high ratio of toluene. Therefore, only few
and small pores are present in the titania films. With increasing the 1-butanol content
up to 30 vol%, an increase in number and size of pores becomes visible, which is mainly
attributed to the increase in polarity of the solvent mixture. At 1-butanol concentrations
of 40 vol% the poor solvent has reached a sufficiently high ratio to obtain a very distinct
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porous structure. For 1-butanol concentrations above 40 vol% the foam-like structure is
maintained. Furthermore, the average pore size appears to slightly increase, which can
be explained via the enhanced phase separation for higher 1-butanol ratios. Findings
as described above might lead to the conclusion that exclusively the increase of poor
solvent content is responsible for the phase separation process of the block copolymer
template. The result would be the increase in number (from 10 vol% to 30 vol%) and size
of pores, which are detected at the surface of the investigated titania films. Nevertheless,
there appears to be a second influence upon the final titania structure. Comparison
of SEM images and extracted FFT patterns for a 1-butanol content of 10 vol% and
30 vol%, not only indicates an increase in the number of pores, but, furthermore, shows a
reduction of disorder. Additionally, the disorder of the foam-like structure increases again
for concentrations above 40 vol% 1-butanol. This enhanced ordering is presumably caused
by the interplay of poor solvent (driving phase separation) and good solvent (providing
mobility) during the structure formation of the polymeric thin film. On the one hand,
at low 1-butanol ratios the induced energetic incompatibility between PS and 1-butanol
is not sufficient to result in a highly ordered structure formation. On the other hand,
at high 1-butanol ratios the limited mobility suppresses a high order phase separation.
Consequently, in between concentrations of 30 vol% to 40 vol% the most periodic titania
structure is formed, where PS-b-PEO is able to energetically rearrange with higher long-
range order.

GISAXS measurements are done to probe the influence of the good-poor solvent ratio
on the inner film morphology. Shown in Figure 5.10 are the 2D GISAXS images for
different solvent bath compositions, which have been measured at the MINAXS beamline
P03 at DESY. Referring to Figure 5.10a, only weak lateral scattering is detected. With
increasing the 1-butanol content the overall scattering is increasing (Figure 5.10b/c),
while Bragg rods are as well starting to become more prominent. Since the formation of
these rods is related to the formation of a periodic structure, an increase in 1-butanol is
evidently beneficial to enhance the structuring process of titania. Exceeding 1-butanol
concentrations of 40 vol% the lateral intensity peak becomes less pronounced and appears
to have an increased FWHM. This observation is best seen when comparing Figure 5.10d
with Figure 5.10i. Accordingly, the lateral peak at the qz position of the Yoneda peak is
easily visible for 40 vol%, while it is more difficult to identify a change of intensity along
the same direction for 90 vol% from simply looking at the 2D GISAXS data. This increase
in disorder is as well confirmed in SEM images and is attributed to the decreased content
of good solvent. Finally, it can be stated that the most periodic structure is expected for
1-butanol concentration in between 30 vol% and 40 vol%.

Horizontal line cuts are performed at the material specific Yoneda peak position. Note
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Figure 5.10: 2D GISAXS data of mesoporous titania exposed to different compositions of the
immersion bath (as indicated in the insets). From top to bottom and left to right the 1-
butanol content is successively increased. In (a) only weak lateral scattering is detected. With
increasing the polarity, the lateral structures become more prominent and distinct. In (c) and (d)
a maximum lateral scattering is reached, which decreases and smears out again with 1-butanol
contents above 50 vol%. All data are shown with the same intensity scale bar as indicated on
the right side. Reproduced/adapted by permission of The Royal Society of Chemistry [75].

that the Yoneda peak position is found at smaller qz values as expected for compact
titania and, therefore, is further proof for a porous structure. However, to additionally
confirm that the qz shift of the Yoneda peak position relative to an expected value for
compact titania is indeed related to the presence of a completely porous titania layer,
cross section SEM measurements have as well been performed. An exemplary image for
90 vol% 1-butanol in the immersion bath is depicted in Figure 5.11 which confirms the
conclusions drawn from the GISAXS measurements. Note that cross section SEM images
have been taken for every sample and no significant changes between surface and bulk
morphologies are found for evaporation times < 100 s.
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Figure 5.11: Exemplary cross-section scanning electron microscopy image of a porous titania
layer synthesized via immersion into a 90 vol% 1-butanol solvent bath. Clearly visible is that the
whole film consists of porous titania and no significant differences are observed between surface
and bulk morphology. The surface of the film is colored in light blue. Reproduced/adapted by
permission of The Royal Society of Chemistry [75].

For each investigated solvent mixture, the horizontal line cuts are shown in Figure 5.12.
The black solid lines represent the respective modeling results done within the model as
described in the evaporation time section 5.4. Accordingly, three structure and form
factors are extracted from the regions marked with the solid, dashed and dotted vertical
lines. For the first regime (marked via solid lines in Figure 5.12) in between qy from
0.01 nm−1 to 0.1 nm−1, an evolution of the shoulder-like peak position from higher to
lower qy values is visible as indicated by the dotted arrows. The transition from higher qy
regions to lower qy regions is an indication for the growth of a lateral structure due to the
change of the applied solvent treatment. Furthermore, a very pronounced peak can be
found within the second regime (marked via dashed lines in Figure 5.12) between 0.1 nm−1

and 0.3 nm−1. The position of the peak seems unaffected by the ratio of 1-butanol,
whereas the relative intensity compared to the maximum intensity of the corresponding
cut is changing. From 10 vol% to 30 vol%, the intensity of the peak is increasing, whereas
the distribution is getting narrower. Within the frame of the applied model, this transition
can be interpreted as an increase in periodically repeating titania nanostructures as well
as an enhanced ordering upon the 1D para-crystal lattices. With 1-butanol concentrations
over 40 vol% the intensity is again reduced and the second peak is getting broader again.
The broadening is attributed to the enhanced disorder, which is confirmed via the SEM
measurements. Within the third regime (marked via dotted lines in Figure 5.12) another
shoulder-like feature is present showing no clear dependence on the 1-butanol content
of the immersion bath. The three extracted structure and form factors of the titania
nanostructure are shown in Figure 5.13. A change of titania radii is clearly visible for
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Figure 5.12: Horizontal line cuts of the 2D GISAXS data at the material specific Yoneda position
of mesoporous titania films after immersion into differently composed solvent baths. As indicated
by the dotted arrows a shift towards smaller qy values is evident for increasing 1-butanol within
the 1st regime. Regimes denoted as 2nd and 3rd regime correspond to the respective modeling
of radius and distance within the frame of the used model. Despite of not observing a shift of
the qy peak position within the 2nd regime, the intensity is especially enhanced for 1-butanol
contents around 30 vol%, while the FWHM is reduced. The x-range with qy values smaller
than the 1st regime is the resolution limit. Data and modeling results (black lines between
data points) are shifted along the y axis for clarity of the presentation. Reproduced/adapted by
permission of The Royal Society of Chemistry [75].

the area labelled as first regime. While radii for low 1-butanol content up to 20 vol%
stay almost constant, an increase starts with 1-butanol concentrations of 30 vol%. Until
100 vol% the radii change from roughly 16 nm up to 20 nm. This behavior is in good
agreement with the observations made via SEM, where an increase in the size of the foam-
like nanostructures is as well found due to the enhanced phase separation with increasing
polarity of the solvent. Furthermore, the absolute size of the radii matches the sizes of
the structures observed via SEM. In contrast, within the second and third regime only
minor changes of modeled structural sizes are extracted and no similarities to SEM images
are found. Accordingly, it can be concluded that the extracted radii within this specific
regime cannot be observed on the film surfaces, but are exclusively located inside the
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a) b)

Figure 5.13: (a) Radii and (b) lateral distances of titania nanostructures determined from the
modeling to the GISAXS data gathered for different immersion bath compositions. Solid red,
blue and black lines are guides to the eye. Within the 1st regime the radius and lateral distance
are found to grow with increasing 1-butanol content of the immersion bath from 16 nm to 20 nm
and 35 nm to 55 nm, respectively. No significant structural changes could be found within the
2nd and 3rd regime. Reproduced/adapted by permission of The Royal Society of Chemistry [75].

films. The inter-domain distances of titania nanostructures increase from 35 nm to 55 nm
in the first regime. This very significant change of distances is mainly attributed to the
enhanced phase separation of PS-b-PEO. Comparison to the surface morphology of 40-
90 vol% 1-butanol content in Figure 5.9, where a clear enlargement of pore sizes is visible,
leads to the conclusion that the observed increase in inter-domain distances of titania
nanostructures inside the films is closely correlated to the phase separation behavior at
the surface.

5.6 Conclusion

In summary, the synthesis of easily tunable titania nanostructured thin films is realized
via a block copolymer templating approach in combination with blade coating for film
preparation. The effect of an alteration of evaporation time prior to poor solvent immer-
sion is analyzed with respect to surface and inner film morphologies. Due to a change
in mobility of the amphiphilic diblock copolymer template, the surface porosity can be
tuned by 12%. Through GISAXS measurements with high statistical relevance it has been
possible to monitor changes of the average predominant inter-domain distances and radii
of titania structures from 50 nm to 22 nm and 9.6 nm to 5.5 nm, respectively. The depen-
dence of surface and inner morphologies on the polarity of an applied solvent treatment is
seen as well. With an increase in the ratio of 1-butanol to toluene inter-domain distances
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are found to grow from 35 nm to 55 nm due to an enhanced phase separation, whereas the
radii of the titania nanostructures are as well found to increase. In general, the presented
studies show the interdependence of mobility and polarity upon the formation of porous
titania thin films. An ideal mixing ratio around 4:6 of 1-butanol and toluene is found to
yield the most periodic titania nanopores, which can be interpreted as an optimum inter-
play of mobility and polarity. The obtained knowledge provides fundamental new insights
into the complex driving mechanisms of phase separation within an already precast wet
hybrid film. It thereby paves the way for a more tailored fabrication of porous titania
films with applications in DSSCs, ssDSSCs and perovskite solar cells making use of blade
coating. The exposed processing routine is expected to be easily adaptable for different
material systems with, for example, altered block lengths of the polymer template. Since
blade coating enables an easy upscaling, new and readily accessible ways of tailoring the
nanomorphology of titania thin films might be opened for a wide range of different real
world applications.



6 Influence of HCl on spray-deposited
mesoporous TiO2 thin films

The following chapter is based on the published article: Impact of Catalytic
Additive on Spray Deposited and Nanoporous Titania Thin Films Observed
via in Situ X-ray Scattering: Implications for Enhanced Photovoltaics [40]
(Nuri Hohn et al., ACS Applied Nano Materials, 1, 4227-4235, 2018, DOI:
10.1021/acsanm.8b00985)1.

New approaches to control the surface and inner morphology of mesoporous titania
thin films have been demonstrated in the precious chapter 5. Both evaporation time
and composition of an immersion bath were found to be suitable parameters to alter the
structure of the investigated titania thin film. While the chosen deposition technique

1Reprinted (adapted) with permission from [40]. Copyright (2018) American Chemical Society. Re-
sults of the present chapter were obtained in close collaboration with the master’s student Steffen J.
Schlosser [76]

77
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of blade coating is likely to be easily upscalable to a large scale technique, the main
focus was set upon the control of the mesoporous structure. In the following chapter,
the focus upon large scale deposition and correlated potential for industrial applications
is even further increased. Structure formation during spray deposition of mesoporous
titania thin films is investigated through in situ GISAXS measurements and the special
role of HCl for efficient diblock copolymer templating is analyzed. The initial preface of
the chapter gives an orientation about key contribution in the field of mesoporous titania
thin films deposition with focus on spraying (section 6.1). The section is followed by a
short experimental section 6.2 to give an overview of the employed processing routine.
The following two main sections primarily focus on structure formation and the role of
catalytic HCl addition to the spray solution. This is realized through investigation of static
samples (section 6.3) and in situ GISAXS measurements (section 6.4) during structure
formation.

6.1 Preface

In chapter 5 advantages of high surface-to-volume ratio titania layers and respective ap-
plications have been outlined. Despite all advantages in the field of photovoltaics, today
none of the titania based solar devices can compete with conventional crystalline Si-based
solar cells in terms of photo-conversion efficiency or long-term stability, which demon-
strates the need for more research in this area [112]. Besides efficiency and lifetime, the
cost and energy effective fabrication of the PV devices is important in the realization of
solar cells. Thus, large scale fabrication of alternative device technologies such as DSSCs,
ssDSSCs or PSCs has started to gain significant interest, because it can be more cost-
and energy-efficient as compared to conventional Si-based solar cells. In this regard, spray
deposition has been found to be a very promising method to upscale the production of
nanostructured titania films for use in DSSCs, ssDSSCs or PSCs.

Spray deposition is a wet chemical deposition technique that requires the use of an
ink. Among the different wet chemical synthesis methods of titania nanostructures, sol-
gel synthesis in combination with the self-assembly of an amphiphilic diblock copolymer
such as polystyrene-b-polyethylene oxide (PS-b-PEO) has been proven to be a powerful
tool. It allows to control the nanoscale morphology of the titania films, resulting in a
variety of unique properties [75, 100, 101, 104, 107]. Spray coating has started to be used
successfully to get nanostructured titania films for PV applications [113], but so far only
a few reports focused on the kinetics of the structure formation processes during spraying.
For example, Song et al. recently reported an in situ GISAXS observation of titania thin
film formation during spray deposition in the airbrush regime [114]. Small-scale titania
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nanostructures equilibrated as they reached the substrate surface and only for large titania
nanostructures the evaporation of residual solvent caused a decrease of structure sizes
and distances during the spray deposition. In contrast to this dry deposition, Su et al.
studied the wet deposition in the spraying regime [115]. Having more solvent present,
micelles were deposited and solvent evaporation occurred continuously. Consequently,
titania nanostructures on all length scales showed a decrease in structure size and distance
due to the transformation of the morphology towards equilibrium. In the present chapter
the impact of hydrochloric acid (HCl) as a catalytic additive to the spray solution of
titania in the air brush regime is focused. Being very powerful in situ GISAXS during the
spray deposition is used to unwrap the underlying kinetics and get a deep understanding
of the nanostructure formation process. The role of HCl in combining sol-gel synthesis
and spray coating is outlined and its impact on the nanostructure formation in real-time
is examined. Potential target applications of the obtained titania nanostructures are PV
devices such as hybrid solar cells, DSSCs, ssDSSCs and PSCs.

6.2 Experimental: Synthesis of mesoporous titania thin
films via spray deposition

A schematic overview of the steps involved in the mesoporous titania thin film synthesis
is depicted in Figure 6.1. Typical porosity values of the mesoporous titania thin films
are (66 ± 2)%. The amphiphilic diblock copolymer PS-b-PEO was used as a structure
directing template and was initially dissolved in toluene. Addition of 1-butanol as a bad
solvent was carried out to induce micelle formation and the titania precursor TTIP was
selectively incorporated into the PEO phase [42]. A detailed experimental description with
used amounts and suppliers can be found in the sample preparation section 4.3.2 along
with the sequencing protocol during spray deposition. To analyze the role of HCl on the
final nanostructure formation, two solutions were prepared. One solution contained HCl
(called WHCl) and one solution was prepared without HCl (called NHCl). In situ GISAXS
characterization was applied during spray deposition on a silicon substrate (80 ◦C) at the
MiNaXS beamline P03 of the PETRA III storage ring at DESY, Hamburg (λ = 0.94 Å ,
SDD = 4377 mm, incident angle = 0.35◦, vertical beam size = 12 µm, horizontal beam size
= 24 µm) [116]. Data acquisition was realized via a Pilatus 1M (Dectris Ltd.) detector
with a total of 981 × 1043 pixels (pixel size 172 µm × 172 µm) and with an acquisition
time of 0.1 s. 2D GISAXS images were displayed and treated with the software DPDAK.
For final static thin film characterization, the polymer template was removed via high
temperature treatment in air.
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Figure 6.1: Schematic overview of steps involved in the preparation of mesoporous titania thin
films. (1) The initial solution is prepared based on the diblock copolymer PS-b-PEO in toluene
and followed by (2) the addition of the bad solvent 1-butanol. (3) TTIP is selectively incorporated
into the PEO domain of formed micelles. Unlike (4a), step (4b) consists in HCl addition to the
solution. (5) in situ GISAXS measurements during spray deposition and (6) subsequent template
removal through high temperature treatment. Reprinted (adapted) with permission from [40].
Copyright (2018) American Chemical Society.

6.3 Characterization of static samples

The surface topography of the obtained titania films is shown in Figure 6.2 before and
after the template removal via calcination. The AFM data show a smoother surface topog-
raphy for the WHCl samples (rms roughness = 1.0 nm) as compared to the NHCl samples
(rms roughness = 2.0 nm). Root mean square (rms) roughness has been extracted via
the 2D statistics function of the software Gwyddion [62]. This difference in roughness can
be explained by a suppressed agglomeration through electrostatic repulsion in the pres-
ence of HCl [39]. In case of the WHCl samples, only a few small circular pores (approx.
20 nm) are seen on the film surface before calcination, whereas the NHCl samples show
a porous surface already. After the high temperature treatment induced removal of the
block copolymer, both types of samples exhibit a porous morphology as seen with SEM.
WHCl solutions yield films with relatively small and uniform pores and NHCl based films
contain large nanopores which are rather polydisperse. This difference is attributed to
altered reaction kinetics and cross-linking mechanisms, as the presence of HCl promotes
hydrolysis reactions versus condensation reactions [39]. Accordingly, cross-linking of ti-
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Figure 6.2: Surface topography of sprayed titania thin films without (a,b) and with (c,d) HCl
additive. (a,c) AFM topography images of the thin film before calcination (polymer template still
inside the film) and (b,d) SEM images of the surface after polymer template removal. Reprinted
(adapted) with permission from [40]. Copyright (2018) American Chemical Society.

tania is more likely to connect chain ends. Thereby, cross-linking dynamics for titania
nanostructure formation naturally favors a chain-like structure within the interconnected
micellar PEO shells. Moreover, addition of HCl to the solution also leads to an increase
of electrostatic repulsion, which further inhibits large TiO2 cluster formation [117], and
simultaneously increases the solution polarity, which further enhances the phase sepa-
ration (micelle formation) of the block copolymer. In contrast, for NHCl solutions the
cross-linking is more likely to occur near a center position as condensation reactions are
less inhibited [39]. As a result, the cross-linking dynamics of NHCl solutions would rather
favor the formation of a clustered titania morphology instead of following the structure
of the polymeric template.

For both, WHCl and NHCl samples, a porous inner structure can be observed via
cross-section SEM. An example is depicted in Figure 6.3b. Additionally, XRD measure-
ments prove that an anatase titania phase was induced in both approaches (Figure 6.3a).
However, under the influence of HCl the anatase (101) peak was found to broaden as
compared to the acid-free sample. Application of the Scherrer equation [118] yields a
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a) b)

Figure 6.3: (a) X-ray diffraction of sprayed mesoporous titania thin films. Both for NHCl and
WHCl based solutions an anatase titania phase is observed after the calcination step. (b) Cross-
section SEM image of sprayed mesoporous titania films from an WHCl based solution. Surface
(colored in light blue) and bulk porosity appear to be very similar. Reprinted (adapted) with
permission from [40]. Copyright (2018) American Chemical Society.

relative reduction of crystallite sizes of approximately 32% through the influence of HCl.
This trend is in accordance with observations made in literature [39].

For a statistical relevant investigation of the morphology inside the films, GISAXS
measurements have been performed for both, as-prepared and calcined films. Respective
2D GISAXS images are depicted in Figure 6.4. Within the first column the initially
sprayed (uncalcined) film state sprayed from NHCl solutions can be compared to thin
films based on WHCl solutions. Clearly visible is the increased diffuse scattering for
WHCl films, which is a strong indication for enhanced lateral structure formation. A
similar behavior is found for calcined films in the second column. Again, WHCl films
show an enhanced diffuse scattering as compared to the NHCl films. Furthermore, Bragg-
rods start to emerge for the WHCl samples, which is another indication for an improved
order of the nanostructures. Thus, 2D GISAXS data confirm the improved templating in
the presence of HCl, since the diffuse scattering is strongly enhanced for films prepared out
of WHCl solutions [63]. Furthermore, for both, WHCl and NHCl, calcination leads to an
extension of diffuse scattering towards larger qy regions (smaller structures) as compared
to uncalcined films. This observation is in good agreement with the assumption that
structures are shrinking, when the diblock copolymer template is removed.

Quantitative details of the titania nanostructures are extracted from modeling of hori-
zontal line cuts of 2D GISAXS data. In Figure 6.5 vertical (a) and horizontal (b) line cuts
of 2D GISAXS data of calcined titania films are shown. Horizontal cuts are taken at the



6.3. Characterization of static samples 83

NHCl

WHCl

uncal. cal.

WHCl

NHCl

uncal. cal.

a) b)

c) d)

Figure 6.4: 2D GISAXS data of uncalcined (a,c) and calcined (b,d) titania thin films deposited
via spraying. The top row is referring to films, which have been sprayed without HCl as an
additive, while the bottom row refers to films made from solution with HCl as an additive. Note
that data shown in the left column has been measured directly after deposition at the beamline
P03, at DESY, while the right column shows data recorded with an inhouse SAXS instrument.
Reprinted (adapted) with permission from [40]. Copyright (2018) American Chemical Society.

material specific Yoneda peak position for porous titania (qz = (0.39 – 0.42) nm−1, area
between dashed lines in Figure 6.5a). The extracted horizontal line cuts for NHCl (or-
ange points) and WHCl (blue points) based films are depicted in Figure 6.5b. Respective
modeling results are shown as solid lines in the respective color. For NHCl the scattering
is enhanced for regions of smaller qy values, while for WHCl based films a feature for
larger qy values is strongly enhanced. This enhancement is a strong indication for an
improved ordering of small structures through the influence of HCl as confirmed at the
surface via SEM. Extracted values as obtained from horizontal line cut modeling before
and after calcination can be found in Table 6.1. As expected, for both NHCl and WHCl
samples, radii and distances tend to shirk after calcination, even though their base struc-
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Figure 6.5: Vertical (a) and horizontal (b) line cuts of 2D GISAXS data of calcined and meso-
porous titania thin films deposited via spraying. The black dashed lines in (a) indicate the titania
specific region where the horizontal line cuts have been performed. The black solid line refers
to the specular reflection. Clearly visible in the horizontal line cut (b) is the strongly enhanced
feature under the influence of HCl (blue data points). Modeling results are represented in the
corresponding colored solid lines. Black boxes with numbers and arrows indicate different fea-
tures, each originating from different lateral ordering in the probed sample. Reprinted (adapted)
with permission from [40]. Copyright (2018) American Chemical Society.

ture appears to be preserved. Furthermore, the overall size and distance of structures
found for NHCl based films is found to be larger in the calcined and the uncalcined state
as compared to their respective WHCl counterpart. The core findings can be summarized
in the statement that 2D GISAXS modeling proves that pores appear smaller and more
uniform through the addition of HCl to the spray solution.

6.4 In situ GISAXS investigation during spray deposition

With the aim to obtain a better understanding of how the different titania morpholo-
gies are formed, in situ GISAXS measurements are performed during the spray process.
Due to the large X-ray footprint at very small incident angles and the high brilliance of
the X-ray source combined with the fast readout system, inner morphological changes
have been tracked with a high statistical relevance and a high time-resolution of 0.1 s.
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NHCl, uncal. NHCl, cal. WHCl, uncal. WHCl, cal.
radius 1 [nm] 39± 3 17± 3 21± 2 11± 2
radius 2 [nm] 14± 1 9± 1 7± 1 5± 1
radius 3 [nm] 6± 3 2± 1 2± 1 3± 1

distance 1 [nm] 85± 10 85± 20 55± 10 55± 20
distance 2 [nm] 50± 15 50± 20 20± 3 18± 3
distance 3 [nm] 26± 6 19± 5 14± 4 9± 3

Table 6.1: Radii and distances of sprayed and mesoporous titania structures as extracted from
2D GISAXS modeling.

For a quantitative insight into the morphological evolution of dominant lateral structures
residing inside the titania film, horizontal line cuts of the kinetic 2D GISAXS data are
performed at the material specific Yoneda peak position [54]. Modeling is done based on
the Distorted Wave Born Approximation (DWBA) using the Effective Interface Approxi-
mation (EIA) [55]. The applied model in DWBA and EIA is based on three different form
factors with cylindrical geometry distributed over 1D paracrystal lattices [111]. Whereas
the structure factors describe the center-to-center inter-domain distances of neighboring
titania domains, the form factors refer to the Fourier transform of the electron density
of titania objects residing inside the thin films. In the following part form factors are
described by the radius of the cylindrical geometry used for modeling. Errors bars as
indicated in the following figures are estimated by variation of modeling parameters until
accordance to scattering data is lost. When possible, the data have been binned to a
1 s time resolution to further improve the signal to noise ratio for the data modeling
after having checked the absence of faster kinetics. Note that a total of three different
form factors have been used for data modeling since three distinct features have been
identified in the horizontal line cuts at the Yoneda peak position (marked by arrows in
Figure 6.5). Extracted distances and form factors (radii) are plotted as a function of time
in Figure 6.6 within the first 90 s of the spraying period (1 s spraying, 2 s pause, 30 spray
events in total). Exclusively for the first spray shot (first sec) modeling is done with the
full time resolution of 0.1 s and intensities are upscaled to fit the integrated data. Ad-
ditionally, morphological changes are tracked during a drying period after the last spray
event (90 s – 210 s). Respective horizontal line cuts with corresponding modeling (solid
lines) can be found in Figure 6.7 for the spray process (1 s – 90 s) and subsequent drying
time (90 s – 210 s).

For NHCl based films, the best model fits are obtained with radii of (6± 3) nm, (15±
7) nm and (37±7) nm during the first second of spraying. In contrast, WHCl based films
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Figure 6.6: Time evolution of (a,c) radii and (b,d) distances for the sprayed titania thin films
obtained from modeling of in situ GISAXS data. (a,b) Modeling results for NHCl based solutions
and (c,d) same parameters for WHCl solutions. In general, distances and radii are decreased
for WHCl based thin films (better surface-to-volume ratio) and structural rearrangement is
exclusively happening with the presence of HCl. Reprinted (adapted) with permission from [40].
Copyright (2018) American Chemical Society.

exhibit smaller structures with radii of (2±1) nm, (6±2) nm and (17±3) nm in this time of
the spray deposition. The significantly smaller sizes of the initially formed nanostructures
for WHCl spraying are in good agreement with observations made for the final titania film
morphologies. Both, larger inner structures and larger surface structures are observed for
the final calcined NHCl films via GISAXS and SEM. Smaller distances and sizes for WHCl
films in comparison to NHCl films imply smaller pores and, consequentially, a higher
surface-to-volume ratio, which is fundamentally expected to enhance exciton splitting
in hybrid photovoltaic devices. In fact, the temporal evolution of radii during the first
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Figure 6.7: Horizontal line cuts of in situ 2D GISAXS data during spray deposition of composite
titania films. The modeling is depicted as the solid black line between data points. For clarity a
vertical offset is used for different times. The top row (a-c) refers to data obtained from NHCl
based solutions. Likewise, the bottom row (d-f) shows the results for WHCl based data. The
same units in x- and y-direction are used for all graphs. Furthermore, the data is split into 3
different time regimes; 1 - 30 s (a,d), 30 – 90 s (b,e) and 90 – 210 s (c,f). Reprinted (adapted)
with permission from [40]. Copyright (2018) American Chemical Society.

second indicates that the nanostructure is not altered within the timeframe of the first
spray shot. This leads to the conclusion that the observed nanostructures are formed
before being deposited onto the substrate (either prior to spraying in the ink and/or in
the time between emission from the nozzle and hitting the substrate). The same is seen,
when looking to the horizontal line cuts belonging to the first second (Figure 6.8). In
these cuts, no shift of the peak resembling the lateral structure is observed but rather an
increase in intensity is found for both, NHCl and WHCl based thin films. Even after the
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final 30th spray shot (t = 90 s) no significant change in the horizontal line cuts can be
observed for the NHCl based films (Figure 6.7).

In contrast, a steady and small increase up to (20± 2) nm of the first radius is probed
for the WHCl based structure formation, which appears to stop after 30 s (Figure 6.6).
Under the assumption that the small increase is reflecting a structural change (as observed
steadily for all measurements t > 3 s), no such behavior has been found for NHCl based
film formation. This implies that the NHCl solution already favors cluster formation
before being deposited (larger size of radii already for the first spray shot) and is less
likely to follow the structure of the polymeric template due the difference in given reaction
dynamics. Importantly, in both cases (NHCl and WHCl) no significant change of the radii
could be observed during the final drying period (t > 90 s). Thereby, a stable morphology
is already achieved after t = 90 s, which is attributed to an absence of residual solvents and,
thus, airbrush conditions for spraying are indirectly confirmed. Advantages for potential
industrial applications in terms of minimization of processing time are foreseen.

Apart from the radius, the modeling yields inter-domain distances (right column of
Figure 6.6). For NHCl based film formation the best data modeling has been obtained
with distances of (26± 6) nm, (50± 15) nm and (85± 10) nm in the early stages. Within
the same time regime significantly smaller distances of (14 ± 4) nm, (17 ± 3) nm and
(55 ± 10) nm are formed with the addition of HCl, which is in accordance with the
observations made for the final film morphology via SEM and GISAXS. Note that from
the three characteristic distances found in the in situ GISAXS modeling, only the two
smaller ones match with observations in the SEM images of the film surfaces. The largest
distance found in the GISAXS analysis is either not observed at the film surface due to
the local character of the SEM measurements and/or is located inside the films and not
at the surface. Similar to the time evolution of the radii, there is no apparent change of
distances visible for NHCl based film formation. Only for WHCl based structure formation
the medium sized distances slightly increases from (17± 3) nm up to (20± 3) nm. Under
the same assumption that this observation is reflecting an actual morphological change
(due to steady appearance for all later measurements), the most likely explanation would
be a stretching/rearrangement of the polymer template. The constant solvent evaporation
during the spray process can be understood as a solvent-vapor annealing and larger inter-
domain distances between titania structures are formed due to bringing the morphology
more towards equilibrium. Following the same logic introduced for the evolution of the
radii, it is not surprising that this behavior only occurs under the influence of HCl, since
the templating effect is strongly enhanced by the addition of HCl.

The overall smaller distances of scattering objects (smaller pores) / sizes of the WHCl
samples as compared to the NHCl samples in conjunction with the increased number
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Figure 6.8: Horizontal line cuts of in situ 2D GISAXS data during spray deposition of composite
titania films. The top row (a,b) refers to the first spray shot, while the bottom row (c,d) shows
the evolution of lateral structures for the second spray shot. Furthermore, the (a,c) refers to
spray deposition without HCl. In contrast, the (b,d) shows data recorded from solution spraying
with HCl. Color gradient from blue to red is following the time evolution with a total duration
of 1 s (0.1 s steps). Reprinted (adapted) with permission from [40]. Copyright (2018) American
Chemical Society.

surface density of pores as seen via SEM are directly correlated to an increase in surface-
to-volume ratio. In turn, an increased surface-to-volume ratio translates to a higher
amount of interface between titania and air inside the pores. For hybrid photovoltaic
application, the interface between two different materials is essential for efficient exciton
splitting, which then effects the photo conversion efficiency of devices through an increase
of charge-carriers. Thus, efficient backfilling of the structurally improved WHCl samples is
fundamentally foreseen to yield enhanced device performance in comparison to backfilling
of NHCl samples.
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Figure 6.9: In situ GISAXS time evolution of intensity during spray deposition of (a) NHCl
and (b) WHCl based solutions and the subsequent drying process of hybrid Ti-based thin films.
The intensities are shown for four different diffuse scattering regimes qy as indicated. Reprinted
(adapted) with permission from [40]. Copyright (2018) American Chemical Society.

In order to have a closer look at the individual spray shots, the horizontal line cuts of
the raw in situ 2D GISAXS data (0.1 s measurements, without integration) are displayed
in Figure 6.8 for NHCl (left column) and WHCl (right column) based films within the
period of the first (top row) and second (bottom row) spray shot. Comparison of NHCl
and WHCl measurements exhibits the formation of a more pronounced lateral feature for
WHCl based solutions already in the early stages of the first spray shot. No significant
shift in qy could be seen within these early stages (only intensity increases, not the peak
positions). The assumption that most structures are already present within the spray
solution is strongly supported by this observation. Overall, the intensity increase is more
pronounced within the first spray shot as compared to the second spray shot.

In addition to modeling, the intensity for different qy regimes is plotted for the time-
frame of the in situ GISAXS measurement (Figure 6.9). Black and blue data points
are extracted from a low qy region (qy = 0 nm−1 and qy = 0.04 nm−1). Green and or-
ange points correspond to data extracted from a higher qy region (qy = 0.10 nm−1 and
qy = 0.18 nm−1). For both, NHCl and WHCl solutions, the most evident intensity increase
for all qy regimes occurs during the first second of spraying. The initially deposited mate-
rial causes a strongly enhanced diffuse scattering. Corresponding and stacked horizontal
line cuts can be found in Figure 6.8. Another interesting feature is marked with the blue
dashed line at the 18 s mark. This observed intensity drop is ascribed to a Volmer-Weber-
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Figure 6.10: Vertical line cuts of 2D GISAXS pattern for the initial 30 s of the in situ mea-
surements of spray-deposited composite titania layers ((a) NHCl, (b) WHCl). Grey solid lines
indicate areas, where solvent specific peaks are expected (toluene and 1-butanol) and dashed
black lines mark the region for porous titania specific horizontal line cuts. The solid black line
indicates the Yoneda peak position of the silicon substrate. For both cases (with and without
the influence of HCl) an appearance of a shoulder-like feature (red arrow) can be observed until
approximately 20 s after the initial spray event. Reprinted (adapted) with permission from [40].
Copyright (2018) American Chemical Society.

like (island formation) macroscopic growth type. The most prominent difference between
NHCl and WHCl appears within the red marked regions. The green and orange data
points, which refer to higher qy values (smaller structures), exhibit increased scattering
intensities, especially for samples sprayed with HCl. The observation that WHCl sprayed
samples resulted in smaller structures than NHCl based samples is consistent with the
finding of overall lower intensities for NHCl based samples in the respective qy region.

In Figure 6.10 vertical line cuts of 2D GISAXS patterns are stacked for the initial 30 s
of the in situ measurement (left NHCl, right WHCl). Grey solid lines indicate areas,
where solvent specific peaks are expected (toluene and 1-butanol) and dashed black lines
mark the region for titania specific horizontal line cuts. For both NHCl and WHCl
based film deposition a shoulder-like feature (red arrow, Figure 6.10) can be observed
for the initial stages. This feature can be explained via two approaches. First, solvent
remains might be present in the initial stages of the spray deposition and cause the
appearance of the observed shoulder-like feature. Nevertheless, the shoulder-like feature
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extends to qz regions, which cannot solely be explained by the presence of solvent remains.
Consequently, it is assumed that the initially present shoulder-like feature is related to
regions of lower titania density. These low-density titania regions are probably caused by
an island-growth type during spray deposition, which is as well suggested by the analysis
of scattering intensity (Figure 6.9). This assumption appears even more likely as the
shoulder-like feature is completely vanished after approximately 20 s. After these 20 s
a closed titania layer is assumed to be formed, which is most-likely the reason, why the
lateral scattering intensity of Figure 6.9 is reduced. Furthermore, this observation is found
independent of the presence of HCl and is, therefore, attributed to the parameters chosen
for the spray deposition process.

6.5 Conclusion

In summary, nanostructured titania thin films are successfully synthesized via polymer-
template assisted sol-gel synthesis in combination with spray deposition for potential use
in DSSCs, ssDSSCs or PSCs. The role of HCl as a catalytic additive to the sol-gel solu-
tion is analyzed with respect to surface and inner film morphologies. In AFM, SEM and
GISAXS measurements prior to and after template removal, an overall smaller nanostruc-
ture with enhanced order is found due to the presence of HCl in the spray solution. The
observed improved templating effect is ascribed to altered reaction dynamics and phase
separation, which favor the formation of elongated structures and, thereby, allow titania
nanostructures to be formed following the structure of a given block copolymer template.
In situ GISAXS measurements reveal that while structure formation for no-HCl based
templating is mostly guided through processes prior to deposition, the presence of HCl in
the spray solution allows for a (small) further rearrangement of titania structures during
deposition. Samples sprayed from solutions without HCl appear to lack this ability to
rearrange, since following the rearrangement of the polymer template structure caused by
the exposure to the inert solvent vapor is not favored due to different reaction dynamics.
The obtained knowledge about the essential role of HCl in structure formation processes
is expected to improve the development of large scale titania spray setups for industrial
applications, which will be of particular importance in fabricating large scale DSSCs,
ssDSSCs or PSCs.



7 Morphological tunability of
mesoporous Ge-based thin films

The following chapter is based on the published article: Amphiphilic diblock
copolymer-mediated structure control in nanoporous germanium-based thin
films [37] (Nuri Hohn et al., Nanoscale, 11, 2048-2055, 2019, DOI: 10.1039
/ C8NR09427F)1.

In chapter 5 it has been demonstrated that diblock copolymer templating can be suc-
cessfully employed to control the nanomorphology of titania thin films. Similarly, spray
deposition from a wet-chemical precursor was carried out to further approach potential
industrial application (chapter 6). Within the present chapter, the employed material
system is altered to allow for the synthesis of mesoporous Ge-based thin films. The el-
ement Ge offers advantages such as high electron mobility for photovoltaics and high

1Reproduced/adapted by permission of The Royal Society of Chemistry. Most results of the present
chapter were obtained in close collaboration with the master’s student Andreas E. Hetzenecker [119]
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specific capacity for Li ion battery applications. The approach to achieve and control
a mesoporous Ge-containing structure is based on similar diblock copolymer templating
concepts as shown in previous chapters for the example of mesoporous titania and is as-
sumed to offer all the inherent advantages, which have been demonstrated for the case of
titania nanostructuring. The chapter begins with an orientation of major scientific contri-
butions to the field of mesoporous Ge thin film synthesis (section 7.1). Thereafter, a short
description is given on how to synthesize mesoporous Ge-based thin films (section 7.2).
The following main sections report about basic properties of mesoporous Ge-based thin
films (section 7.3) and structural control of surface and inner morphology as proven by
SEM and GISAXS measurements (section 7.4). Additionally, the chemical composition
analysis of synthesized thin films by XPS and XRD confirms that Ge is the core element
of the observed mesoporous structure.

7.1 Preface

Nanostructuring porous semiconductors enables tuning of physical properties as com-
pared to their solid, bulky counterparts [120,121]. Applications typically profit from high
surface-to-volume ratios as well as controllable optoelectronic behavior [46, 47, 122, 123].
A large variety of nanostructures has been realized via, for example, the block copolymer
assisted sol-gel synthesis of metal oxides such as titanium dioxide [42,75,99,101,124–127].
In this approach a metal precursor is combined with an amphiphilic diblock copolymer
acting as a structure directing template [128–130]. Numerous related studies have been
conducted with respect to applications in diverse fields such as photovoltaics, energy stor-
age, gas sensing, photocatalysis and metamaterials [79, 82–85, 87, 88, 90]. Further studies
employing nanostructured Si or TiO2 have shown great potential in energy storage appli-
cations [15,131]. In comparison, studies on nanostructured group IV semiconductors such
as Ge are scarce. In fact, energy storage applications based on nanostructured Ge could es-
pecially profit from the theoretically high specific capacity of 1385 mAh g−1 (Li15Ge4) and
roughly 400 times higher Li ion diffusivity than Si at room temperature [17,132–134]. Fur-
thermore, with Ge being the semiconductor with the highest known electron mobility our
approach to control the nanostructure of Ge-based thin films on the basis of wet-chemical
processing bears the potential to set new benchmarks in photovoltaic applications [22].

Routines to synthesize Ge-based nanocrystals, nanosheets, nanowires and nanoparticles
with highly tunable surfaces are well-established [135–137]. In contrast, reports on fabri-
cation of nanoporous Ge-based thin films are less common. Within this frame, chemical
and electrochemical etching have proven to be successful methods to manufacture porous
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Ge-based layers [138, 139]. Despite the advantage of well-defined composition and crys-
tallinity, the control of nanoscale structure is limited via these etching approaches. Con-
sequently, a bottom-up synthesis routine based on organic macromolecule self-assembly
combined with wet-chemical processing appears to be very interesting for synthesis of
Ge-based nanostructures. Among those benefits, control of the pore sizes within the
nanometer range while allowing for large scale production appears especially relevant for
industrial usage [95,96].

One requirement for the successful realization of sol-gel synthesis to fabricate nanoporous
Ge-based thin films is the availability of a suitable precursor. Zintl clusters have been
reported to be an attractive choice to enable wet-chemical solution processing for non-
oxide thin film fabrication with tunable electronic properties [47,140–142]. While through
electrochemical approaches dense or macroporous Ge layers can be deposited, a combi-
nation of Zintl clusters with surfactants might enable the formation of nanoporous thin
films [143–145]. Fässler and coworkers reported on successful usage of K4Ge9 Zintl clusters
combined with polymethyl methacrylate (PMMA) nanosphere templating to fabricate pe-
riodic, inverse-opal Ge thin films with pore diameters larger than 200 nm [41]. Successful
implementation of porous Ge films as anode material in Li ion batteries was demonstrated
recently [16].

Herein, a new synthesis routine is introduced based on [Ge9]4− Zintl clusters in com-
bination with block copolymer assisted sol-gel synthesis to fabricate nanoporous, foam-
like Ge-based thin films. Accordingly, K4Ge9 is used as a precursor, while controlled
phase separation of the amphiphilic diblock copolymer polystyrene-b-polyethylene ox-
ide (PS-b-PEO) serves as a structure directing mechanism. The following sections show
for the first time the potential of diblock copolymer templating to manufacture size-
controllable, nanoporous Ge-based thin films. The presented approach offers several ad-
vantages. Among those and most apparently, the exploitation of nanostructured Ge in the
field of energy storage application would allow to profit from the high Li ion diffusivity and
superior specific capacity in Ge-based thin films. Compared to bulk Ge, the nanoporous
structure is expected to especially enhance capacity, cycle life and rate capacity as similar
observations have been made for the case of nanostructured titanium oxide [15]. Further-
more, the size of pores in nanostructured Ge-based thin films is tunable within a range
up to 40 nm, which matches the exciton diffusion length in most commonly employed
polymeric material [13]. The introduced strategy is considered especially promising for
hybrid (opto-)electronic applications as the polymeric material could be backfilled into
the porous Ge-based matrix and, thereby, profit from the above-mentioned suitable pore
size range for exciton splitting in hybrid devices. This specific range of pores sizes has not
yet been accessible for nanoporous Ge-based thin films. Additionally, the potential for
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large scale application through e.g. spray coating is ensured via wet-chemical processing.
The formation of crystalline α–Ge phases can be achieved through annealing. Combining
all advantages, the presented routine could boost future device performance in the field
of energy storage and hybrid photovoltaics, as the substitution of commonly employed
nanoporous titanium dioxide with Ge would strongly enhance the electron mobility within
the device.

7.2 Experimental: Synthesis of mesoporous Ge-based
thin films via spin coating

To obtain nanostructured Ge-based thin films, the precursor K4Ge9 is combined with
the structure directing polymer template PS-b-PEO dissolved in the transfer medium
ethylenediamine (Figure 7.1a). Under exclusion of water, different PS-b-PEO/K4Ge9

molar mixing ratios in the range between 1/10 up to 1/80 are made (Figure 7.1b). Note
that referring to an increasing molar ratio always means that the amount of precursor
(K4Ge9) is increased in relation to the polymer template (PS-b-PEO). More detailed
information about the synthesis process can be found in section 4.3.3. Nanocomposite thin
films are fabricated via spin-coating of the mixed solution onto a substrate (Figure 7.1c).
A subsequent post-treatment based on an azeotrope solvent mixture of anhydrous toluene
and 1-butanol is applied to enhance the phase separation of the diblock copolymer blocks
(Figure 7.1d). Solvent removal and structural rearrangement is realized through a heat
treatment at 200 ◦C for 15 min under inert gas conditions (N2, Figure 7.1e). The template
is removed by calcination at 500 ◦C for 5 min. Preparation steps shown in Figure 7.1a – d
are performed under inert gas conditions (N2). Unless otherwise stated, template removal
is accomplished via heat treatment in air.

7.3 Basic properties of mesoporous Ge-based thin films

The most predictable consequence of an altered precursor to polymer template ratio is
seen in an altered thickness of synthesized films after calcination. To probe the thick-
ness of nanoporous Ge-based thin films quantitatively, profilometry measurements with
a DektakXTTM apparatus by Bruker are carried out on films prepared from precursor
solutions with molar ratios in the range from 1/10 to 1/80. Corresponding results are
depicted in Figure 7.2a. The red dashed line serves as a guide-to-the-eye. Accordingly,
the thickness increases up to an approx. molar ratio of 1/45. An increase of the K4Ge9
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Figure 7.1: Processing steps for the preparation of nanoporous Ge-based thin films. In (a)
two separate ethylenediamine (en) solutions with the Ge precursor (K4Ge9) and the polymer
template (PS-b-PEO) are prepared. Different molar ratios are mixed in (b) with subsequent
spin-coating in (c). Post-treatment with an azeotrope solvent mixture of 1-butanol and toluene
is carried out after 1 min drying in step (d). After a second spin-coating step, two successive
heat treatment procedures are applied in (e) to allow for structural rearrangement and template
removal. Reproduced/adapted by permission of The Royal Society of Chemistry [37].

precursor content above this ratio leads to no further thickness increase as polymeric
domains are over-saturated with the precursor K4Ge9.

Initial surface characterization of fabricated nanoporous Ge-based thin films is carried
out via an Axiolab A microscope by Carl Zeiss, which is coupled to a CCD camera.
Respective images shown in Figure 7.2b are obtained from a sample with an exemplary
molar ratio of 1/50. At lower magnification a rather homogeneous film is observed with
only few impurities. However, at higher magnification indications for a macroscopic foam-
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Figure 7.2: (a) Thickness of nanoporous Ge-based thin films as obtained from profilometry
measurements. Shown is the effect of different PS-b-PEO/K4Ge9 molar mixing ratios on the
final thickness of the thin film. (b) Exemplary optical microscope images for a molar ratio of
1/50. (c) Cross-section SEM image for a molar ratio of 1/50 proves the existence of a fully
nanoporous Ge-based thin film (from surface to substrate). The surface of the thin film is colored
in light blue. An average thickness of approx. 120 nm is confirmed and is indicated between the
red dashed lines. Reproduced/adapted by permission of The Royal Society of Chemistry [37].

like surface with high surface roughness can be seen. In order to prove that the observed
foam-like structure is also present at a mesoscopic range and that it is not only retained
at the surface, cross-section SEM images are acquired (Figure 7.2c). As observed for an
exemplary molar ratio of 1/50, the whole film consists of nanoporous Ge-based material
with a thickness of approximately 120 nm. The measured thickness from cross-section
SEM (dashed red lines) is consistent with results obtained from profilometry.

The chemical composition of the fabricated thin films is investigated via surface-sensitive
X-ray photoelectron spectroscopy (XPS). For the XPS measurements, samples are spin-
coated onto conductive FTO coated glass substrates. The probing depth of XPS in the
set-up is assumed to be approximately 5 nm (3λ cos θ, with θe ∼ 45◦ electron emission
angle) [67]. A survey scan recorded with a pass energy of 20 eV is reported in Figure 7.3
and gives clear evidence for the presence of Ge, K, C, and O through the respective core-
level lines. Additionally, the Ge LMM Auger transitions are observed in the spectrum. In
the overview, the ratio I(O 1s) : I(Ge 3d) is about 4 : 1. Taking into account the ratio of
photoionization cross-sections (0.04 : 0.02) at 1486.6 eV [146], the O : Ge concentration
ratio is estimated to be 1.8-2.
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Figure 7.3: Chemical characterization of
nanoporous Ge-based thin films. X-ray pho-
toelectron spectroscopy survey scan showing
the presence of several Ge core-level peaks
as well as Ge LMM Auger emission. Addi-
tionally, peaks attributed to the presence of
carbon, oxygen and potassium remains are
observed. Reproduced/adapted by permis-
sion of The Royal Society of Chemistry [37].

Zoom-in spectra of the Ge 3d and Ge 3p core-level lines have been recorded with a pass
energy of 10 eV. Figure 7.4a shows the Ge 3d core-level region. In the case of elemental
Ge, the expected binding energy position of the spin-orbit split components is 29.8 eV
(3d3/2) and 29.2 eV (3d5/2) [68, 147], respectively, which typically give rise to a single
sharp, convoluted peak for a conventional (non-monochromatized) X-ray source. In the
case of the measured Ge-based thin film, however, the Ge 3d emission appears as a rather
broad peak, whose centroid is shifted to a binding energy of 35.6 eV. In Figure 7.4a,
the Ge 3d spectrum has been fitted with a single Gaussian curve superimposed on a
Shirley background (blue line) [148]. A binding energy of 35.6 eV is extracted through
the fitting. In conjunction with surface charging effects in the order of 2 eV as confirmed
by analysis of the C 1s emission line, this position matches the expected binding energy
of GeO2 (33.9 eV) [23, 149, 150]. Note that a 1.8-2 ratio of O : Ge as obtained from the
intensity analysis in the overview might as well suggest traces of incomplete oxidation
(GeOx). Therefore, an alternative fitting with two Gaussian curves can be found in the
next section to account for the possible presence of GeOx and GeO2. Analysis of the
Ge 3p profile further confirms the existence of GeO2 at the sample surface (Figure 7.4b).
Here, the zoom-in of the Ge 3p emission line shows a similar shift towards higher binding
energies. The expected binding energy position of the spin-orbit split components of
elemental Ge is 124.9 eV (3p1/2) and 120.8 eV (3p3/2), respectively [147, 151]. According
to the literature, for GeO2, the Ge 3p emission shifts by about 4.5 eV towards higher
binding energies compared to pristine Ge [152]. The Ge 3p spectrum in Figure 7.4b has
been fitted via a Shirley background (blue line) and two Gaussian components (light and
dark green) with the same FWHM, fixed spin-orbit splitting and fixed intensity ratios as
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a) b)

Figure 7.4: Chemical characterization of nanoporous Ge-based thin films. Zoom-in X-ray pho-
toelectron spectroscopy (XPS) showing (a) Ge 3d and (b) Ge 3p core-level lines. The corre-
sponding peaks in the XPS spectra are fitted with Gaussian functions proving the presence of
GeO2. Reproduced/adapted by permission of The Royal Society of Chemistry [37].

indicated in the inset. The obtained binding energies are 127.2 eV (Ge 3p3/2) and 131.4 eV
(Ge 3p1/2), respectively. In conjunction with the above mentioned surface charging effects
of approximately 2 eV, the extracted values match the typical expected binding energies of
GeO2 spin-orbit split components (125.6 eV and 129.5 eV) [152]. Note that the observed
formation of Ge oxide layers at the surface is reasonably expected due to the applied
calcination protocol in air. Removal of surface layers through, e.g., Ar+ sputtering can
yield an elemental Ge rich surface as demonstrated in literature [41,143].

The minimum estimated concentration ratio of O : Ge of 1.8 as determined from the
intensity ratio I(O 1s) : I(Ge 3d) of the survey scan (Figure 7.3) in conjunction with the
respective photoionization cross-sections suggests the possible presence of incompletely
oxidized Ge (GeOx). Therefore, an alternative XPS fitting with components for GeOx

and GeO2 can be found in Figure 7.5. Accordingly, for the Ge 3d core-level region two
Gaussian curves with the same FWHM are fitted in Figure 7.5a. The fitting yields a
FWHM of 2.5 eV, which is significantly larger than the neglected spin-orbit splitting of d
levels (0.6 eV). Centroid positions of 34.3 eV and 35.8 eV are extracted for GeOx and GeO2,
respectively. Positions of GeO2 match the expectation of 33.9 eV when accounting for the
observed charging effects in the order of 2 eV [23, 149, 150]. A binding energy difference
of 1.5 eV between GeOx and GeO2 is determined, which is consistent with findings in
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a) b)

Figure 7.5: XPS spectra of the Ge 3d and Ge 3p core-level regions with (a) two Gaussian curves
and no spin-orbit split components and (b) four Gaussian curves with spin-orbit doublets used
for fitting and to account for the possible presence of GeOx (red and orange lines) and GeO2

(dark and light green lines). For both fits a Shirley background is used (blue lines). Extracted
positions of the respective Gaussian centroids are depicted in the legend. Reproduced/adapted
by permission of The Royal Society of Chemistry [37].

literature [153–156]. An intensity ratio I(GeOx) : I(GeO2) of approximately 1 : 4 is
determined, which indicates that mainly GeO2 is present as compared to GeOx. This
agrees with the estimation of concentration ratio from the survey scan in Figure 7.3. Ge 3p
line analysis is performed using four Gaussian curves with the same FWHM (Figure 7.5b).
A FWHM of 3.7 eV is determined, which is smaller than the fixed spin-orbit splitting of
4.2 eV. Therefore, spin-orbit doublets are accounted for through two additional Gaussian
curves as compared to the Ge 3d analysis. Additionally, the intensity ratio of spin-orbit
doublets is fixed to 2 : 1. For GeOx, binding energies of 125.1 eV (3p3/2) and 129.3 eV
(3p1/2) are extracted, which match theoretical values from literature (123.1 eV for Ge
3p3/2) when considering the above mentioned charging effects (∼2 eV). For GeO2, binding
energies of 127.5 eV (3p3/2) and 131.7 eV (3p1/2) are extracted, which again agrees with
literature (>125.3 eV for 3p3/2) [152]. In conclusion, XPS proves that the surface of the
measured films primarily consists of GeO2; traces of incomplete oxidation (GeOx) appear
possible as well, but cannot be confirmed with complete certainty due to insufficient
resolution (1-1.3 eV). The observed large FWHM values might be additionally broadened
by the rough morphology of nanoporous thin films.

Further proof of successful fabrication of nanoporous Ge-based thin films using K4Ge9
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Figure 7.6: Characterization of nanoporous Ge-based thin films. For an extended heat treatment
protocol of 10 h the presence of crystalline α-Ge is found through X-ray diffraction measurements
under different conditions as indicated in the legend. Reproduced/adapted by permission of The
Royal Society of Chemistry [37].

as a precursor is obtained from X-ray diffraction (XRD) measurements, which, in contrast
to the XPS measurements, also provide information regarding the bulk material compo-
sition. For this purpose, solution casting is used to make thicker films. Additionally, the
tempering is performed with an increased time of 10 h to obtain crystalline α-Ge. Highest
peak intensities for a cubic, diamond Ge phase (α-Ge) are expected for the (111), (220)
and (311) peaks [57]. Four different samples are probed to investigate the influence of
oxygen and polymer template on the formation of crystalline phases: two samples are
cast from a pristine K4Ge9 solution in ethylenediamine and two samples from a mixed
K4Ge9/PS-b-PEO solution. One of each is afterwards tempered in air and the other in Ar
atmosphere. Corresponding results are depicted in Figure 7.6. Under exclusion of oxy-
gen during annealing, the polymer-free samples show clear evidence of α-Ge formation
(black data points in Figure 7.6). The expected (111), (220) and (311) peak positions are
marked with a black, dashed line. Comparison to the annealing protocol in air suggests
a slight reduction of α–Ge formation in the latter case as can be seen by the decreased
intensity of all three peaks (red data points in Figure 7.6). With additional polymer
template PS-b-PEO in the solution, extra oxygen is added to the system (orange data
points in Figure 7.6). Evidence for α-Ge is still present when films were annealed in Ar,
even though its formation is mostly inhibited due to the oxygen incorporation. However,
annealing the same sample in air (blue data points) does not yield any α-Ge peaks. This
result is not surprising since the presence of air was already found to lead to the formation
of GeOx and GeO2 [41]. In addition, the polymer not only adds oxygen to the system
through its PEO block, but also induces a nanoporous structure with an increased surface
area. Hence, the likeliness for surface oxidation is significantly increased and amorphous
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Ge phases most likely mask any possible remains of α-Ge. Note that additional peaks
(not α-Ge peaks) are observed through XRD, which could not be assigned with complete
certainty due to texturing effects of thin film XRD measurements. However, it is assumed
that these additional peaks in the range between 20-35◦ are mostly related to the for-
mation of germanium carbide composites (CkHlGemOn) during the calcination process,
which typically are found to have crystalline peaks in that specific range [157–159]. Ad-
ditionally, peaks are attributed to traces of KCN (blue markers in Figure 7.6). No other
K-containing phases are found. Germanium carbide and KCN phases are assumed to be
formed as a degradation product of K4Ge9 and ethylenediamine. Peaks found at 37.7◦

and 43.8◦ might be caused by a crystalline GeO2 phase [160]. Furthermore, the formation
of germanium carbide composites is found to be reduced if tempering is performed in air
or for mesoporous structures which allow for an improved carbon-escape mechanism (CO2

formation, pores). Thus, the XRD data in conjunction with XPS suggest the following
scenario: air-tempered, nanoporous Ge-based thin films consist of GeOx/GeO2 surface
layers and bulk GeOx/GeO2. Metallic α-Ge and Ge–C can be added to the composi-
tion through changing the tempering atmosphere to Ar instead of air. Note that no single
crystalline Ge-based material was identified regardless of the applied annealing conditions.

7.4 Control of pore sizes in mesoporous Ge-based thin
films

In the previous section exemplary results for samples with a constant PS-b-PEO/K4Ge9

molar mixing ratio of 1/50 were discussed (except for profilometry measurements). In
the present section, control over polymer templated Ge-based nanostructures is achieved
through changing the molar mixing ratio between PS-b-PEO and K4Ge9 in the range
between 1/10 and 1/80. Characterization of the surface morphology is carried out by
scanning electron microscopy (SEM) on Si substrates.

7.4.1 K4Ge9-unsaturated regime

SEM images of samples with molar mixing ratio in the range from 1/10 to 1/50, where
most prominent changes occur, are depicted in the left column of Figure 7.7. For the lowest
ratio of 1/10 (Figure 7.7a) rather thin, wormlike nanostructures with size in the order of
10 nm are present at the sample surface. With increasing molar ratio, additional K4Ge9

is introduced into the casting solution. As a result, the size of nanostructures increases
while the average distance between structures remains constant (Figure 7.7a – e). This
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Figure 7.7: (a)–(e) Scanning electron microscopy images of nanoporous Ge-based thin films with
increasing molar mixing ratio (increasing amount of K4Ge9) from top to bottom as indicated in
the inset. (f)–(j) Respective 2D GISAXS images showing an enhancement of diffuse scattering.
The same units in x- and y-direction are used for all GISAXS images. Reproduced/adapted by
permission of The Royal Society of Chemistry [37].
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Figure 7.8: (a) Horizontal line cuts of 2D GISAXS data at the materials specific Yoneda peak
position of Ge. The dotted arrow indicates the shift towards smaller qy values of the intensity
shoulder with increasing molar ratio. (b) Radii and (c) lateral distances as extracted through
the applied modeling (orange: R1/D1, red: R2/D2, blue: R3/D3). Guides to the eye are
drawn as a dotted line in the respective color. Through SEM image treatment the (d) surface
porosity is extracted for molar ratios up to 1/80. Reduction of surface porosity is explained as
a result of structural growth of radius R2 until a saturated regime is reached at a molar ratio of
approximately 1/45 as marked by the vertical, black dash-dotted line in (d). Reproduced/adapted
by permission of The Royal Society of Chemistry [37].

behavior can be summarized in general as densification with increasing precursor content.
Profilometry measurements confirm that the film thickness is increasing with molar ratio
(Figure 7.2a) until saturation is reached for ratios of approximately 1/45. Combining the
knowledge obtained from profilometry and SEM images, we conclude that nanostructures
grow vertically into a densified 3D nanostructure with increasing K4Ge9 content.

Inner film morphology characterization is carried out by grazing incidence small angle
X-ray scattering (GISAXS) measurements [63, 110]. Corresponding 2D GISAXS data
within a range of molar ratios from 1/10 to 1/50 are presented in the right column of
Figure 7.7. The most prominent difference between the 2D GISAXS images is the higher
amount of diffuse scattering intensity with increasing molar ratio due to the formation
of a 3D porous network of higher thickness as proven by profilometry. As a result, more
scattering centers contribute to the final observed diffuse scattering intensity.

For a quantitative analysis of the 2D GISAXS data, horizontal line cuts are performed
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at the material specific Yoneda peak position of Ge [54]. The cuts are modeled based on
the Distorted Wave Born Approximation (DWBA) using the Effective Interface Approx-
imation (EIA) [55]. Accordingly, cylindrical and spherical form factors distributed over
1D-paracrystal lattices are employed for data modeling [111]. Within this frame, the form
factors Ri relate to the Fourier transform of the electron density of Ge scattering centers.
Center-to-center inter-domain distances Di (structure factors) of neighboring Ge domains
are mapped through the 1D-paracrystal lattices. In Figure 7.8a, the best obtained model-
ing to the horizontal line cuts is shown as a red solid line for molar ratios up to 1/50. As
labeled by the black dashed line, the position of the first shoulder (in between 0.08 nm−1

and 0.2 nm−1) shifts towards smaller qy values for increasing molar ratios. Converting
this reciprocal space behavior into a real space interpretation, a first indication is found
that lateral structures within the buried bulk of the thin films are growing in size with
increasing molar ratio [54]. Thus, structural changes of surface and bulk appear to follow
the same trend. At closer look, an additional shoulder appears for all molar ratios for the
higher qy region in between 0.2 nm−1 and 0.4 nm−1. This shoulder is modeled through
the smallest size R1 and distance D1 (orange data points in Figure 7.8b and c). Within
that frame, no significant structural change as function of molar ratio is visible. The size
R1 and distance D1 stay constant at approx. 3.7 nm and 11.9 nm, respectively. However,
referring to the larger size R2 and distance D2 (red data points in Figure 7.8b and c),
which are related to the shoulder in the lower qy region (dashed line in Figure 7.8a), an
increase in the size of scattering centers is quantified through the applied model. For the
smallest molar ratio of 1/10, a size R2 of (6.7± 0.2) nm is found. Up to a molar ratio of
1/40, the size R2 further increases and finally stays constant at an almost doubled size
of (12.7 ± 0.5) nm for a molar ratio of 1/50. Again, the corresponding distance D2 is
found unaltered (approx. 20 nm) within the accuracy of the applied model. Note that an
additional feature for the lowest molar ratio can be found in a smaller qy region between
0.05 nm−1 and 0.07 nm−1, which is identified through the less steep decay of scattering
intensity right after the resolution area (Figure 7.8a). This feature originates from an
additional larger structure (blue data points in Figure 7.8b and c), which could not be
observed with SEM.

Through binarization of SEM images and application of an Otsu algorithm [60], an
estimation for the local surface porosity is extracted (Figure 7.8d). For a molar ratio of
1/10, the estimation yields a surface porosity of approximately 50%. Further increase
of the molar ratio leads to a reduced surface porosity of approximately 19%, which is
first reached in between 1/40 and 1/50. For higher molar ratios no significant change is
observed and the polymer template is assumed to be K4Ge9-saturated. This observation is
in agreement with the behavior of size increase and saturation as extracted from GISAXS
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modeling as well as with the stagnation of thickness increase via profilometry for molar
ratios exceeding 1/40.

7.4.2 K4Ge9-saturated regime

For molar ratios higher than 1/50, the basic worm-like morphology does not appear to
significantly change anymore. Respective surface characterization via SEM for a molar
ratio range from 1/40 till 1/80 is depicted in Figure 7.9a - e. The foam-like nanostructure
is retained for all molar ratios. However, the formation of sphere-like aggregates can
be observed for the highest molar ratio of 1/80. A possible explanation is that the
polymer domain is saturated with the precursor K4Ge9. Consequently, the polymer has
no templating effect on the excess amount of precursor and an aggregate layer is formed
on top of the nanostructured bottom layer.

For the same molar ratio range, samples are investigated via GISAXS at the MiNaXS
beamline P03 of the PETRA III storage ring at DESY, Hamburg (λ = 0.94 Å, sample-
detector distance = 4.377 m, incident angle = 0.35◦, vertical beam size 12 µm, horizontal
beam size 24 µm). A Pilatus1M by Dectris Ltd. with a total of 981 x 1043 pixels
(172 µm x 172 µm) is used for data acquisition. Specular and direct beam are blocked by
two beamstops to prevent oversaturation of the detector. Acquired 2D GISAXS images
are shown in the right column of Figure 7.9. At first sight, no apparent change in the 2D
GISAXS images could be observed for different molar ratios.

For a quantitative analysis, horizontal line cuts are taken at the material specific Yoneda
peak position of Ge (Figure 7.10a). As described in section 7.4.1, data modeling is per-
formed and average radii and distances of scattering centers are extracted. In contrast to
the low molar ratio regime in between 1/10 – 1/40, no indication for a significant change
of radii and distances is found for the molar ratio range between 1/40 – 1/80 (Figure 7.10b
– c). Consequently, the polymeric domain is assumed to be saturated with the precursor
K4Ge9 and additional precursor either leads to the formation of a spherical aggregate
layer on top of the nanostructured bottom layer or is simply flung of the substrate during
the spin-coating process, since there is no further thickness increase detected. Note that
the horizontal line cut for the molar ratio of 1/50 exhibits a slightly more pronounced
shoulder-like feature, which might be an indication for an improved periodic structure
inside the thin film. Nevertheless, the qy position is not significantly altered.
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Figure 7.9: (a)–(e) Scanning electron microscopy images of nanoporous Ge-based thin films with
increasing molar mixing ratio from top to bottom as indicated in the inset. (f)–(j) Respective 2D
GISAXS data as obtained at the MiNaXS beamline P03 at the PETRA III storage ring at DESY,
Hamburg, is depicted on the right side showing no significant change for different molar ratios.
The same units in x- and y-direction are used for all GISAXS images. Reproduced/adapted by
permission of The Royal Society of Chemistry [37].
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Figure 7.10: (a) Horizontal line cuts obtained from 2D GISAXS images of nanoporous Ge-based
thin films at the material specific Yoneda peak position for different molar ratios as indicated
in the axis label. Through data modeling average predominant (b) radii and (c) distances of
scattering centers are derived. The system appears precursor-saturated and no further indication
for structural change is found. Reproduced/adapted by permission of The Royal Society of
Chemistry [37].

7.4.3 Summary

Based on the above described observations, Ge-based structure formation is expected to
follow a decoupled interplay of PS-b-PEO microphase separation and PEO block infil-
tration with the precursor K4Ge9. Due to the exposure to the azeotrope solvent post-
treatment with toluene and 1-butanol, the diblock copolymer phase-separates and micelles
are formed [42]. Since the extracted inter-domain distances are constant for all prepared
samples regardless of the molar ratio, this phase separation is probably only weakly in-
fluenced by the amount of K4Ge9 inside the casting solution. As the PEO block typically
forms the shell of micelles for the used material system of PS-b-PEO, toluene and 1-
butanol and as a nanoporous Ge-based network is obtained, the strongly polar precursor
K4Ge9 is assumed to be preferentially incorporated into the more polar PEO block of
the polymer template. Depending on the amount of K4Ge9 precursor, the mixing ratio
of Ge and PEO increases up to a saturation at a molar ratio of approximately 1/40 (or
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over-saturation for molar ratios larger than 1/40) without changing the distance between
neighboring PS cores. As a result, different structure sizes and porosities of Ge-based thin
films can be achieved through changing the precursor to polymer ratio in the reported
novel block copolymer assisted sol-gel synthesis route.

7.5 Conclusion

For the first time, wet-chemical synthesis of high surface-to-volume ratio, nanostructured
Ge-based thin films is achieved via exploitation of the Zintl precursor K4Ge9 and the
diblock copolymer template PS-b-PEO. Through sol-gel synthesis, structural control is
realized with respect to both surface and bulk morphology. Increasing the precursor-to-
polymer molar ratio allows to approximately double the size of predominant, foam-like
structure sizes inside the Ge-based thin film from an average radius of 6.7 nm up to
12.7 nm as proven by GISAXS measurements. Additionally, the inter-domain distance of
neighboring structures is kept constant, resulting in the respective reduction of the surface
porosity from up to 50% down to 19% with typical pore sizes smaller than 40 nm. Com-
bined with the insights from XRD measurements that crystalline α-Ge phases are as well
accessible, the presented preparation routine introduces novel pathways for nanoporous
Ge-based thin film fabrication. Future-oriented applications like hybrid photovoltaics or
batteries could tremendously profit from the outstanding properties of nanostructured
Ge.



8 Mesoporous Ge-based films as anode
material in Li ion batteries

The following chapter is based on the manuscript1: Mesoporous GeO2/Ge/C
as Highly Reversible Anode Material with High Specific Capacity for Lithium
Ion Batteries. Submission to the journal ”Nature Materials” is in prepara-
tion [162].

In chapter 7 the morphological tunability of spin-coated, mesoporous Ge-based thin
films was discussed. Within the present chapter mesoporous Ge-containing film synthesis
based on drop-casting as a deposition technique is presented. The change of the applied
deposition technique results in significantly thicker films which can be directly applied
as anode material in Li ion batteries. Morphological and compositional analysis of drop-
casted, mesoporous Ge-based films is carried out and the performance as anode material
is tested in half-cells. Furthermore, the impact of an azeotrope solvent post-treatment

1Parts of the results of the present chapter were obtained within the frame of a Bachelor’s and Master’s
thesis of David Müller and Andreas Hetzenecker [119,161].
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on film morphology and composition is investigated. A correlation to the performance of
respective mesoporous Ge-based anodes in Li ion batteries is found. Through alteration
of the polymer template removal conditions from Ar atmosphere to ambient atmosphere
it was additionally found that C residues in the case of Ar tempering are still present in
the mesoporous structure. Those C residues are assumed to have a beneficial impact on
the performance of Li ion batteries due to improved conductivity.

The present chapter starts with a summary of major scientific contributions in the
field of Li ion batteries and the respective employment of Ge-based nanostructures (sec-
tion 8.1). In the following, a short description of mesoporous Ge-based film synthesis
via drop-casting is given (section 8.2). In the first main section 8.3, the impact of an
azeotrope solvent post-treatment is investigated morphologically via SEM and GISAXS
and compositionally via EDX, XPS, XRD and FTIR. Respective correlation to the per-
formance of Li ion batteries is tested in half-cells. In the second main section 8.4, different
template removal atmospheres are investigated and consequential changes of morphology
and composition are analyzed via similar techniques as introduced for section 8.3.

8.1 Preface

Nowadays, the development of efficient energy storage devices is one of the key chal-
lenges in modern power generation, automotive industry and mobile phone technology.
Group IV semiconductors such as Si and Ge are promising anode materials for efficient
energy storage in Li ion batteries [15,163–167]. Main advantages of Ge anodes are a high
specific capacity of 1385 mAhg−1 for Li15Ge4 and 1564 mAhg−1 for Li17Ge4, 400 times
higher Li ion diffusivity than Si at room temperature and the highest known electron
mobility [16, 17]. However, devices typically suffer from capacity fading caused by high
volume expansion during lithiation and delithiation [168–170]. Tailoring of mechanically
flexible and structurally stable nanostructures is found to efficiently counteract negative
impacts of volume expansion [14, 171–173]. Additionally, nanostructured materials typ-
ically result in high surface-to-volume ratios with the advantage of an enhanced surface
capacity [174–178].

Pioneering work in the field of nanostructured group IV anode semiconductors for
Li ion batteries was primarily achieved on the basis of Si. Porous and nanostructured
morphologies of Si thin films have proven to significantly reduce capacity fading as induced
by the large volume expansion upon lithiation [179]. Most prominent morphologies are
nanoparticles, nanowires or porous thin films with pore sizes in the range from nano
to micrometers [180–183]. However, the above-mentioned advantages of Ge have led to
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an increased interest in similar Ge-based nanostructures. Within this frame, successful
fabrication of Ge-nanosheets, wires and particles has been reported [135,137,184]. While
methods based on chemical and electrochemical etching to obtain porous Ge thin films
are well-established, reports on synthesis of high surface-to-volume ratio, porous Ge thin
films through bottom-up approaches are rather scarce [138, 139]. For example, Armatas
and coworkers successfully investigated the formation of mesoporous Ge through self-
polymerization of Ge clusters [46]. Bentlohner et al. demonstrated the usage of PMMA
spheres and K4Ge9 Zintl clusters to manufacture inverse-opal structured, microporous Ge
thin films [41]. Also based on Zintl clusters, the macromolecular assisted self-assembly
of these precursors to fabricate mesoporous, size-tunable and oxidized Ge thin films was
recently demonstrated [37].

Due to the advantages of high surface-to-volume ratio thin films, various types of nanos-
tructured Ge were investigated with respect to their application as anode material in Li ion
batteries. For example, Cui et al. reported Ge nanospheres encapsulated in a C matrix
with a reversible specific capacity of 900 mAhg−1 after 50 cycles [185]. Good perfor-
mance was mainly ascribed to an improved Li intercalation due to the unique nanostruc-
ture in conjunction with an improved electrical contact trough the C matrix. Similarly,
solution-grown Ge nanowires have proven to yield excellent reversible capacities of up to
1248 mAhg−1 after 100 cycles [186]. Highly porous, inverse-opal structured Ge thin films
as fabricated by Fässler and coworkers exhibited capacities larger than 1300 mAhg−1 af-
ter 100 cycles. Good cycle stability and capacity are likely to be caused by the porous
and nanostructured nature of the exploited materials [16]. Apart from elemental Ge,
employment of GeO2/Ge/C composite structures has recently demonstrated capacities
larger than 1800 mAhg−1 after 50 cycles [52]. Again, good performance was explained
through an increased surface-to-volume ratio resulting in shorter Li reaction pathways
and enhanced reversibility of the conversion reaction of GeO2 in the presence of elemental
Ge nanostructures. The latter is assumed to lead to an increase of theoretically available
Li ions from 4.4 to 8.4 per GeO2. Thereby, an increased theoretical capacity limit for Li
storage of 2152 mAhg−1 is deduced [52,187].

In the present chapter the fabrication of mesoporous GeO2/Ge/O films via drop casting
on the basis of polystyrene-block-polyethylene oxide (PS-b-PEO) templating of K4Ge9

Zintl clusters used as Ge precursor is reported. The employment of K4Ge9 enables the wet-
chemical processing routine for the synthesis of mesoporous Ge thin films, which appears
especially interesting for potential large scale deposition techniques commonly used in
industry (e.g. spray coating or printing) [40, 188]. Application of an azeotrope solvent
mixture based on 1-butanol and toluene leads to an enhanced control over predominant
structures and overall smaller pores with higher number area density. A morphological
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and compositional comparison between samples with and without the above-mentioned
post-treatment is presented. As compared to the work presented in chapter 7, material
purity and crystallinity are improved through the novel fabrication routine used in the
present chapter. Excellent specific capacities of larger than 2000 mAhg−1 are observed for
post-treated, mesoporous Ge-based samples after 300 cycles. The high cycle stability in
conjunction with the outstanding specific capacity of larger than 2000 mAhg−1 is found
to be a new record in the field of Ge-based anode employment for Li ion batteries.

8.2 Experimental: Synthesis of mesoporous Ge thin films
via drop casting

A schematic representation of the fabrication process of mesoporous Ge-based films is
depicted in Figure 8.1. Initially, the polymer template (PS-b-PEO) and the Ge precursor
(K4Ge9) are separately dissolved in ethylenediamine (en). After stirring, a homogeneous
mixed solution with a molar mixing ratio of 50 (K4Ge9) : 1 (PS-b-PEO) is used for
solution casting. A post-treatment (PT) with an azeotrope solvent mixture of 1-butanol
and toluene is applied for samples referred to as ”Ar; with PT” (right branch of Figure 8.1).
No such PT was applied for samples referred to as ”Ar; no PT” (left branch of Figure 8.1).
Subsequently, both types of samples are annealed, and high-temperature template removal
is performed under Ar atmosphere. Note that all steps prior to template removal are
performed under N2 atmosphere. Additional information can be found in section 4.3.4.

8.3 Influence of azeotrope solvent treatment

Proof of a successful fabrication of foam-like Ge-based nanostructures is provided through
surface characterization via scanning electron microscopy (SEM) for samples with PT
(Figure 8.2a) and without PT (Figure 8.2b). Average pore sizes are found to significantly
shrink from ∼200 nm to ∼40 nm through application of the PT. Additionally, the number
area density of pores and homogeneity increase. This observation is ascribed to improved
phase separation of the diblock copolymer as induced by treatment with the poor-good
solvent pair.

With grazing incidence small angle X-ray scattering (GISAXS) measurements the inner
morphology of respective samples can be accessed [189, 190]. In Figure 8.3a and Fig-
ure 8.3b 2D GISAXS data are shown for mesoporous Ge-based samples with and without
application of post-treatment and tempered under Ar atmosphere. Most significantly the
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Figure 8.1: Schematic representation of the synthesis process of mesoporous Ge-based films
using PS-b-PEO templating in combination with K4Ge9 as a precursor. The left branch is
referred to as ”Ar; no PT”, while the right branch is referred to as ”Ar; with PT”. The only
difference is the additionally applied post-treatment with 1-butanol/toluene for samples denoted
”Ar; with PT”.

overall scattering intensity is increased for post-treated samples, which is likely to be the
result of increased porosity as induced by the post-treatment. Vertical line cuts from 2D
GISAXS data as reported in Figure 8.3c indicate a single Yoneda peak at an angle of
0.19◦ [54]. However, for post-treated samples two different Yoneda peaks are identified
at 0.1◦ and 0.27◦. The appearance of two different Yoneda peaks is caused by two layers
with different density. It is assumed that the post-treatment mainly affects the surface-
near layer, which leads to an increased porosity (lower density) with a Yoneda peak at
lower angles. However, a layer closer to the substrate appears not to be affected by the
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a) b)

c) d)

Ar; with PT Ar; no PT

Figure 8.2: Morphological and compositional analysis of mesoporous Ge-based films. Scanning
electron microscopy images of (a) ”Ar; with PT” (black) and (b) ”Ar; no PT” (red) samples. (c)
Respective horizontal line cuts of 2D GISAXS data with data modeling (orange line) and respec-
tive distances D1-D3 (dashed, black lines). (d) Energy-dispersive X-ray spectroscopy confirms
the presence of germanium.

post-treatment, which is why a second Yoneda peak appears at higher angles (higher
density).

Figure 8.2c shows horizontal line cuts as extracted from 2D GISAXS data at the ma-
terial specific Yoneda peak position. Data modeling is performed based on the Dis-
torted Wave Born Approximation (DWBA) using the Effective Interface Approximation
(EIA) [55,58]. Thereby, average center-to-center distances and cylindrical structure sizes
of scattering centers are determined [111]. Note that for the PT sample two specific
Yoneda peaks are identified, which is why in total three horizontal line cuts are depicted
in Figure 8.2c. Qualitatively it can be seen that the peak labeled with D1 is shifting
towards larger qy values for ”Ar, with PT” samples, which is an indication for smaller
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Figure 8.3: 2D GISAXS data of mesoporous Ge-based films tempered under Ar atmosphere
with (a) post-treatment and (b) without post-treatment. The range used for vertical line cuts is
indicated as red squares. (c) Extracted vertical line cuts for post-treated samples (black squares)
and not post-treated samples (red spheres). Yoneda peak positions are marked by respective
black arrows. (d) Intensity scale bar for (a) and (b).

sizes/distances in the low Yoneda region as compared to the high Yoneda region. Similarly,
the peak labeled D3 is found at smaller qy. Quantification is obtained in the following
section through data modeling.

Data modeling gives proof that large (D1) and medium (D2) extracted distances are
shrinking from (145± 5) nm and (50± 2) nm to (105± 5) nm and (35± 2) nm in the low-
density (highly porous) domains, respectively. This shrinkage is found in good agreement
with observations made via SEM. The smallest (D3) distance is found to slightly increase
from (6 ± 1) nm to (14 ± 1) nm. Thereby, the total spread of the smallest distance D3

compared to the large distance D1 and medium distance D2 is reduced upon PT. Thus, the
distribution of distances is narrower for PT samples at lower density surface-near regions
of the sample confirming the effect of improved control over predominant nanostructures
in PT samples. An overview of all extracted sizes/distances can be found in Table 8.1

The following scenario is concluded: Through application of the PT the phase sepa-
ration of near-surface areas is improved. As a result, the overall porosity is enhanced
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S1 S2 S3 D1 D2 D3

no PT 13.5± 2.1 3.5± 1.1 1.7± 0.3 145± 5 50± 2 6.4± 0.3
with PT; high Yoneda 13.5± 2.1 2.9± 0.9 2.0± 0.2 145± 5 50± 2 5.6± 0.2
with PT; low Yoneda 13.5± 1.2 4.1± 0.9 2.0± 0.3 105± 5 35± 2 13.5± 0.6

Table 8.1: Extracted sizes Sx [nm] and distances Dx [nm] as obtained from 2D GISAXS modeling
of drop-casted, mesoporous Ge-based films with and without the application of an azeotrope
solvent post-treatment.

through the PT, while the distribution of pores sizes is better controlled as proven by
GISAXS and SEM. The following section gives attention to the chemical composition of
the observed nanostructures.

Figure 8.2d reports the results of EDX measurements on foam-like nanostructures. For
samples without PT clear evidence for the presence of Ge and O is given (red line).
Additionally, traces of K from the precursor and C from the polymer template are found.
The most significant difference for the PT samples (black line) is seen in the increased
ratio O : Ge.

Through XRD measurements the presence of crystalline α-Ge (black vertical lines) is
furthermore confirmed for both types of samples (Figure 8.4a, PT samples: black line, no
PT samples: red line). Notably, for PT samples additional peaks are found as marked by
the vertical orange lines at the bottom of Figure 8.4a, which are ascribed to the formation
of CxHyKz1Oz2 compounds [191]. Additionally, a survey scan and the Ge 3p core level
region as obtained from XPS measurements for both types of samples on FTO substrates
are depicted in Figure 8.4b and c. Regardless of the applied PT, measurements are in
good agreement with EDX measurements and confirm the presence of Ge, O, C and K.
Note that traces of Sn and Si are as well detected, which are likely to originate from the
used FTO substrate. In the zoom-in spectrum shown in Figure 8.4c, four Gaussians curves
superimposed on a Shirley background are used to fit Ge 3p core level emission. According
to literature, Ge 3p core level emission is expected around 124.9 eV (3p1/2) and 120.9 eV
(3p3/2) [147]. Best fits to the data yield 125.6 eV and 121.2 eV as Gaussian centroid
position and are determined independent of the applied PT. Likewise, peaks ascribed
to GeOx are found at 127.8 eV and 123.6 eV [151]. Note that the ratio GeOx : Ge is
significantly increased under the influence of PT. This observation is in accordance with
observations made via EDX and leads to the conclusion that the PT is promoting the Ge
oxidation. Further evidence for C residues as well as for a promoted oxidation through
the PT can been seen in FTIR data (Figure 8.4d), as the doublet ascribed to GeOx at
765 cm−1 and 825 cm−1 is found to be more pronounced for PT samples [192].



8.3. Influence of azeotrope solvent treatment 119

c) d)

a) b)

Figure 8.4: Morphological and compositional analysis of mesoporous Ge-based films. (a) X-
ray diffraction measurements confirm the presence of crystalline α-Ge for both ”Ar; with PT”
(black line) and ”Ar; no PT” (red line) samples. Theoretical peak positions of α-Ge [31] and
CxHyKz1Oz2 compounds [191] are indicated by black and orange vertical lines, respectively.
Partial oxidation of germanium is confirmed through (b)-(c) X-ray photoelectron spectroscopy
with respective fits (black and red line) and (d) Fourier transform infrared spectroscopy data of
”Ar; with PT” (black) and ”Ar; no PT” (red) samples.

Thus, we find foam-like Ge-based nanostructures with enhanced porosity and higher
surface-to-volume ratio through the applied PT. Additionally, the applied PT promotes Ge
oxidation. High temperature treatment under Ar atmosphere cannot completely remove
the polymer template as C residues are detected in EDX, FTIR and XPS.

The above characterized mesoporous Ge-based films can be directly applied as anode
material for Li ion batteries through deposition on copper substrates without any further
need for binder materials or carbon black. Figure 8.5 reports the cycle stability of PT
(black circles) and no PT (red squares) based Ge anodes at a rate of 0.2 C. Comparison of
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Figure 8.5: Performance of Li ion
half-cells with mesoporous Ge-based
anode material. The specific capac-
ity is plotted against the cycle number
for ”Ar; no PT” (red spheres) and for
”Ar; with PT” (black spheres) anodes
during discharge (hollow symbols) and
charge (solid symbols).

the delithiation capacity of 447.5 mAhg−1 in the 100th cycle to the 300th cycle yields an
excellent capacity retention as high as 99.5% for no PT samples. Unlike for bulk material,
high volume expansion of Ge upon lithiation is not found to significantly decrease the
performance of the anode material, which is reasonably considered to be the result of
an increased mechanical flexibility in mesoporous Ge-based structures. For PT samples
the delithiation capacity in the 100th cycle of 1766.6 mAhg−1 is even further increased
up to 2091.9 mAhg−1 in the 300th cycle. This gradual capacity increase is ascribed
to surface adsorption type lithiation processes in conjunction with a gradual collapse of
the nanostructure upon lithiation. Notably, the measured specific capacity outperforms
reported literature champion values of 1564 mAhg−1 for the Li-richest phase Li17Ge4 in
bulk Ge anodes, which proofs the advantage of nanostructuring.

Findings from the morphological and compositional characterization give strong indi-
cation that the excellent specific capacity of over 2000 mAhg−1 is primarily cause by
two different influences: the enhanced mesoporous structure of Ge-based samples and
the increased oxidation induced through the applied PT. The mesoporous nature of the
samples immensely boosts the surface-to-volume ratio as compared to bulk materials.
Beside the typical lithiation through alloy reactions of Ge and Li, so called pseudocapac-
itive processes at the surface have a significantly increased influence on the amount of
stored lithium for mesoporous samples as compared to low surface-to-volume, bulk sam-
ples. From this point of view, it appears reasonable that the PT samples with enhanced
porosity and smaller pore size (increased surface-to-volume ratio) significantly outperform
the samples without PT. Additionally, Seng et al. recently reported that the presence of
elemental Ge nanoparticles in GeO2/Ge/C based anodes allows to overcome the typically
irreversible formation of LiO2 in the conversion reaction of GeO2 through catalytic activ-
ity of nanostructured Ge [52]. Rendering the formation of LiO2 reversible would allow for
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a) b)

Figure 8.6: Performance of Li ion half-cells with mesoporous Ge-based anode material. Charge
(dashed lines) and discharge (solid lines) characteristics are plotted for the 1st, 2nd 100th and
300th cycle of (a) ”Ar; with PT” and (b) ”Ar; no PT” anodes.

increasing the number of storable Li+ ions from 4.4 to 8.8 and thus boosting the capacity
limit up to 2152 mAhg−1. For both PT and no PT samples, strong indications from
the morphological and compositional characterization suggest that similar processes take
place in the here presented anodes. For all samples Ge, GeOx/GeO2 and C are found
as well as the formation of a mesoporous foam-like nanostructure. One major composi-
tional difference between PT samples with high specific capacity and no PT samples with
lower specific capacity is the decreased ratio of GeO2/GeOx to Ge. Thus, the explanation
appears likely that the increased relative amount of GeO2/GeOx as compared to Ge is
beneficial for the reversible conversion reaction of GeO2 as reported by Seng et al. Note
that the residual C found after template removal has a beneficial impact on the cycle sta-
bility, specific capacity, and accelerated electrochemical kinetics due to its good electron
conductivity [15].

Figure 8.6a and 8.6b show the voltage profiles for discharge (solid lines) and charge
(dashed lines) of the 1st, 2nd, 100th and 300th cycle as obtained from galvanostatic
testing at room temperature and between 0 V and 3 V versus Li/Li+ for PT samples
and no PT samples, respectively. For PT samples two small plateaus are most clearly
identified in the discharge curve of the 100th cycle occurring at a voltage of 0.9 V and
1.6 V, respectively. These plateaus are ascribed to delithiation reactions. However, for
no PT samples only one small plateau at 0.2 V can be clearly identified in the 100th
cycle. The reduced number of pronounced plateaus is considered as additional indication
for altered delithiation reactions of no PT samples in comparison to PT samples and
reversible LiO2 reaction behavior.
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Ar; with PT Ar; no PT air; with PT air; no PT none; with PT none; no PT
7.0± 0.3 2.2± 0.1 4.3± 1.0 6.9± 1.6 4.4± 0.4 9.7± 0.2

Table 8.2: Thickness [µm] as determined through profilometry measurements of PS-b-
PEO/K4Ge9 composite (”none”) and mesoporous Ge-based films tempered under Ar atmosphere
(”Ar”) and in air (”air”). Samples treated with a post-treatment are labeled ”with PT”, while
”no PT” indicates samples not treated with a post-treatment.

8.4 Influence of tempering atmosphere

In addition to samples described in section 8.3, which have exclusively been tempered
under Ar atmosphere (labeled as ”Ar”), the present section covers samples, which have
been tempered in air (labeled as ”air”) with an identical tempering protocol. Furthermore,
composite PS-b-PEO/K4Ge9 samples at a state prior to the high temperature template
removal are investigated (labeled as ”none”). Determined thicknesses as extracted via
profilometry are summarized in Table 8.2 for all investigated samples.

Optical microscopy images for Ar-tempered Ge-based films (Ar), air-tempered Ge-based
films (air) and not-tempered films (none) are depicted in Figure 8.7. Optical microscopy
images of samples with post-treatment (second column, with PT) appear more homoge-
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Figure 8.7: Optical microscopy im-
ages of Ar-tempered Ge-based films
(a,b), air-tempered Ge-based films
(c,d) and not-tempered composite
films (e,f). The first column (a,c,e)
refers to samples not treated with
any post-treatment (no PT), while the
second column (b,d,f) refers to sam-
ples, which have been post-treated
(with PT). Within this scope, post-
treated films appear more homoge-
neous.
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Ar; with PTAr; no PT air; with PTair; no PT

Figure 8.8: Surface and cross-section scanning electron microscopy images of mesoporous Ge-
based samples tempered in Ar atmosphere or air as indicated in the respective insets. Comparison
between the column labeled ”Ar; no PT” and ”Ar; with PT” yields that the PT enhances porosity.
Overall, the porosity appears increased for tempering in air (columns labeled ”air; no PT” and
”air; with PT”). Cross-section images confirm bulk porosity of all samples. The surface in
cross-section images is marked in light blue.

neous as compared to images of samples without post-treatment (first column, no PT).
This finding is interesting because the applied post-treatment not only appears to enhance
mesoscopic phase-separation as discussed in section 8.3, but also improves the homogene-
ity on a more macroscopic scale.

SEM surface and cross-section images of Ge-based films after tempering in Ar atmo-
sphere or air are reported in Figure 8.8. The surface in cross-section images is marked
in light blue. Notably, the mesoporous structure is found throughout the whole cross-
section of all investigated samples. Furthermore, improved homogeneity of pores and
smaller pore sizes / higher surface-to-volume ratios are achieved at the surface and in the
bulk for Ar tempered samples upon post-treatment. In comparison, air tempered meso-
porous Ge-based films, which have been exposed to the post-treatment, appear to have
increased pore sizes. This can be best seen trough comparison of the column labeled ”air;
with PT” to the column labeled ”Ar; with PT” in Figure 8.8. A reasonable explanation
consists in the incomplete template removal as found for Ar tempered samples through
EDX, FTIR and XPS shown in section 8.3. In case of air tempering, it is not surprising
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a) b)

d)c)

Figure 8.9: Normalized FTIR spectra of mesoporous Ge-based films. (a) An overview of all
samples. (b) Mesoporous films tempered in Ar atmosphere directly after synthesis (Ar, solid
lines) and after 2 weeks of exposure to air (Ar, dotted lines). (c) Not tempered composite
PS-b-PEO / K4Ge9 films directly after synthesis (solid lines) and after 2 weeks of exposure to
air (dotted lines). (d) Mesoporous Ge-based films tempered in air directly after synthesis (solid
lines).

that pores appear bigger, if the polymer template is completely removed. The hypothesis
of improved template removal is confirmed in the next section including FTIR analysis of
air tempered samples.

FTIR absorption spectra are depicted in Figure 8.9. An overview of all measured
samples can be seen in Figure 8.9a with the position of GeOx related absorption indicated
via a vertical, black dashed line. Ge oxidation behavior of mesoporous Ge-based samples
tempered under Ar atmosphere was studied in Figure 8.9b. Peaks assigned to GeOx

are found more pronounced after two weeks exposure to air. A similar behavior of Ge
oxidation can be observed for not tempered samples (Figure 8.9c). For air tempered
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Figure 8.10: Normalized EDX spec-
tra of mesoporous Ge-based films tem-
pered in Ar atmosphere (Ar), air (air)
and composite PS-b-PEO / K4Ge9

films not tempered (none). Addition-
ally, the effect of post-treatment (la-
beled as ”with PT”) was analyzed and
compared to samples without post-
treatment (”no PT”). Particularly,
the presence of air and post-treatment
clearly promotes oxidation.

samples the GeOx peak is most apparent (Figure 8.9d). Notably and in agreement with
the hypothesis of improved template removal for air tempered samples, almost no traces of
C can be identified in the typical range from 1100 to 2500 cm−1 for air tempered samples.

Normalized EDX spectra are shown in Figure 8.10 for Ar tempered, air tempered and
not tempered samples. The intensity ratio O : Ge is higher for air samples as compared to
Ar samples. Additionally, the post-treatment appears to promote oxidation (comparison
between ”Ar; with PT” and ”Ar; no PT”). The highest peak for not tempered samples
(none) is found in the energy range assigned to the polymer template (carbon atoms). This
is not surprising since the polymer template has not yet been exposed to high temperature
treatment and is therefore still residing inside the film for samples labeled as ”none”.
Additionally, a small shoulder to the left side of the carbon (C) peak might be originating
from potassium (K) residues of the K4Ge9 precursor.

Results of XPS survey scans for all samples are depicted in Figure 8.11a. Unlike for
Ar tempered samples, no contribution of the FTO substrate can be seen in the case of
not tempered samples (green and blue lines). However, air tempered samples (purple and
yellow lines) show peaks attributed to Sn and Si. This is not surprising as air tempered
samples also have a mesoporous structure and the likeliness of measuring the substrate
underneath the mesoporous Ge layer is increased as compared to a compact composite film
(none). Comparison of zoom-in spectra of Ar and air tempered samples in Figure 8.11b
reveals a more pronounced shoulder for Ar tempered samples near the literature value of
elemental Ge 3p3/2 emission. Calculated intensity ratios as obtained from fitting indicated
an increased ratio GeOx : Ge of 6.4 for air tempered samples as compared to 3.1 for Ar
tempered samples. Figure 8.11d shows that the post-treatment only has a major impact
on the degree of oxidation if tempering is performed in air. This finding appears reasonable
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a) b)

c) d)

Figure 8.11: X-ray photoelectron spectroscopy measurements of mesoprous and composite Ge
films. (a) Survey scans of mesoporous Ge-based films tempered in air (yellow and purple lines),
under Ar atmosphere (red and black lines) and composite, not tempered films (blue and green
lines). (b) Zoom-in spectra of Ge 3p core level emission of air (purple squares) and Ar (black
squares) tempered samples with respective GeOx / Ge intensity ratios as indicated in the insets.
(c) Example of C 1s calibration for not tempered samples (blue squares) and Ar tempered samples
(black squares). (d) Comparison of GeOx / Ge intensity ratios for all tempered samples.

as the post-treatment enhances phase separation and, thus, leads to increased surface-to-
volume ratios which in turn implies increased surface oxidation of Ge layers. An example
of calibration to C 1s emission is shown in Figure 8.11c. Notably, peaks in the case of
not tempered composite films could be attributed to C double bonds. For Ar tempered
samples these peaks are significantly reduced in intensity but still detectable.

UV/Vis absorption measurements are reported in Figure 8.12a. A comparison of air
tempered (Figure 8.12b), Ar tempered (Figure 8.12d) and not tempered (Figure 8.12e)
shows an increased scattering for all samples which have been post-treated with a mixture
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a) b)

c) d)

f)

Figure 8.12: UV/Vis absorption measurements of mesoporous and composite Ge films. (a)
Overview of Ar (black and red lines), air (blue and green lines) and not tempered (purple and
yellow lines) samples. (b), (d), (e) Impact of post-treatment on absorption behavior for Ar, air
and not tempered samples. (c) Comparison of Ar tempered sample to a reference measurement
of a glass substrate shows that on onset of absorption can be clearly seen around 0.7 eV. (f)
Tauc plots for Ar tempered mesoporous Ge-based films with background (dashed lines), data
(solid lines) and linear fitting (dotted lines).
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Figure 8.13: Atomic force microscopy combined with local infrared absorption (AFM-IR) mea-
surements of composite PS-b-PEO / K4Ge9 films (none; no PT) at (a) 1644 cm−1 and (b)
1492 cm−1, two times SEM image of Ar tempered mesoporous Ge-based samples (Ar; no PT)
and standard AFM microscopy images (none, no PT). Comparison of AFM-IR to SEM gives
the impression that Ge-based structures are preferentially formed in PS-rich domains. AFM-IR
measurements were performed at Physical Electronics GmbH (see footnote 2).

of 1-butanol/toluene. The increased scattering is seen as direct consequence of enhanced
phase separation and the resulting increased porosity. Furthermore, an absorption edge is
detected around 0.7 eV which is best seen in Figure 8.12c and roughly matches literature
values for polycrystalline α-Ge. Note that dynamic effects inside the film layer might as
well be a possible explanation for increased absorption in this range. Contributions of the
underlying glass substrate are excluded as shown in the zoom-in graph of the substrate
measurement in Figure 8.12c. Examples of Tauc plots to determine the optical bandgap
are reported in Figure 8.12f. A linear baseline (dashed line) is used to account for the high
scattering contributions of mesoporous samples and the intersection of baseline and linear
Tauc fit is defined as optical bandgap. Within this scope, a slightly increased optical
bandgap of 1.18 eV is extracted for post-treated, Ar tempered samples. Ar tempered
samples without post-treatment indicate a decreased bandgap of 1.06 eV. The increased
value of optical bandgap for post-treated Ge-based films might be correlated to a decreased
structure/pore size as observed for post-treated samples. According to literature smaller
nanostructures tend to result in larger optical bandgaps [193]. Note that the linear baseline
might not be sufficient to fully account for the increased scattering of mesoporous samples
and that the range used for the linear Tauc fit was not well-defined especially due to the
high amount of scattering.
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A comparison is depicted in Figure 8.13 which shows atomic force microscopy com-
bined with infrared absorption (AFM-IR)2 measurements of composite PS-b-PEO/K4Ge9

films (”none, no PT”) prior to polymer template removal and SEM images as obtained
from samples after PS-b-PEO template removal through Ar tempering. For the AFM-IR
measurements, detection of two different wavenumbers is selected for selective chemical
mapping of PS and PEO rich domains over a total AFM scan size of 1 µm x 1 µm. Chem-
ical mapping at 1644 cm−1 (PS sensitive, Figure 8.13a) exhibits an approximately inverse
structure as compared to chemical mapping performed at an excitation of 1492 cm−1

(PEO sensitive, Figure 8.13b). Thereby, the mesoscopic phase separation behavior of PS
and PEO is demonstrated. Comparison to simultaneously recorded standard AFM height
images at the bottom of Figure 8.13a illustrates the additional information as obtained
through AFM-IR. While through standard AFM no contrast between the two blocks of
the PS-b-PEO template is observed, AFM-IR clearly allows to identify two different ma-
terial phases, which are ascribed to PS and PEO. Moreover, SEM images as obtained from
samples after template removal (Ar; no PT) indicate through comparison with AFM-IR
measurements that Ge-based structures tend to be formed/remain in areas where PS was
detected prior to removal. Rather than observing an agglomeration of sphere-like struc-
tures, which appears likely if the precursor K4Ge9 would be incorporated into the PEO
structure of Figure 8.13b, an interconnected, slightly porous structure similar to the PS
structure in Figure 8.13a is observed. Thus, selective K4Ge9 incorporation into PS do-
mains of the diblock copolymer template PS-b-PEO appears also possible. Additionally,
moderate phase separation of the polymeric template even without the application of a
post-treatment is confirmed, which is in agreement with results as obtained from SEM for
”no PT” samples. Consequentially, the post-treatment is not exclusively responsible for
the phase separation of the polymer template but rather acts as an instrument to strongly
enhance phase separation, which also occurs without the post-treatment in a weakened
form. This information would not have been accessible through standard AFM as demon-
strated in the phase image in Figure 8.13b, where no significant difference between PS
and PEO was observed.

2Atomic force microscopy infrared absorption measurements of composite PS-b-PEO/K4Ge9 films were
performed by Miriam Unger within the frame of a demonstration series at Physical Electronics GmbH
(Ismaning, Germany). A nanoIR2 by Anasys Instruments was used to locally measure mid-infrared
absorption (MIR) in the range from 3600 – 1000 cm−1 (optical parametric oscillator (OPO)-laser
excitation). Chemical mapping at excitation wavelengths of 1644 cm−1 (PS sensitive) and 1492 cm−1

(PEO sensitive) was conducted over an AFM scan area of 1 µm x 1 µm.
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8.5 Conclusion

Mesoporous GeO2/GeOx/Ge/C films with crystalline α-Ge phases are synthesized based
on K4Ge9 Zintl clusters as a Ge precursor in combination with diblock copolymer tem-
plating. Notably, the simple and wet-chemical nature of the synthesis procedure appears
compatible with large scale deposition through e.g. spray-coating or printing. AFM-IR
measurements suggest that the K4Ge9 precursor might be incorporated into the PS do-
main of the polymer template prior to tempering. SEM and GISAXS measurements give
strong indication that the applied post-treatment with a poor-good azeotrope solvent
mixture of 1-butanol and toluene yields enhanced porosity and significantly increased
surface-to-volume ratios as compared to reference samples without post-treatment. Indi-
rect evidence of increased porosity/surface-to-volume ratio is provided through UV/Vis
measurements, where a decreased transmission intensity is ascribed to increased scatter-
ing losses for samples with post-treatment. Through EDX, XPS and FTIR measurements
the applied post-treatment is found to additionally promote Ge oxidation. Assembly of
half-cells demonstrates the promising potential of mesoporous Ge-based films as anode
material in Li ion batteries. The achieved outstanding specific capacity of larger than
2000 mAhg−1 is close to the expected theoretical limit of 2152 mAhg−1. Moreover, al-
most 100% capacity retention is reached over 300 cycles. The high specific capacity results
from an increased amount of pseudocapacitive processes in high surface-to-volume ratio
mesoporous Ge-based films and reversible LiO2 formation reactions due to the presence
of catalytically active Ge nanostructures.



9 Conclusion and outlook

In the present thesis, novel nanostructuring routines on the basis of titanium and germa-
nium with potential application in hybrid photovoltaics and lithium ion batteries are
introduced. Within this scope, the focus was set upon understanding morphological
changes, which were induced by altered processing conditions. Identified influences on
the structure formation process were exploited to systematically control the surface and
inner morphology of nanostructured and mesoporous thin films. Implications for per-
formance in photovoltaic devices were discussed and the advantages of nanostructured
material were directly proven in lithium ion battery half cells. In the following, key
questions raised in the introduction are addressed for each chapter.

In the first result chapter, a novel and readily available processing routine is intro-
duced to fabricate foam-like and mesoporous titania thin films. For this purpose, the
amphiphilic diblock copolymer template polystyrene-block-polyethylene oxide was com-
bined with sol-gel concepts and blade coating as a deposition technique. The introduced
routine is potentially up-scalable, as wet-chemical processing requirements are fulfilled
during all stages. For hybrid photovoltaic applications, precise control of pore sizes in the
range < 40 nm was achieved on the basis of titania nanostructures to especially tackle
the challenge of optimization between good backfilling conditions with an organic mate-
rial (larger pores with decreased number density) and reduction of recombination losses
through higher amounts of inorganic-organic interface (smaller pores with increased num-
ber density). As deduced from studies targeting altered good solvent and poor solvent
conditions, the mobility of the polymer template and the energetic incompatibility of both
polymer blocks were determined as key influences on the final film morphology. Addi-
tionally, a respective interplay of those influences is primarily found responsible for the
degree of order in formed structures. In general, the introduced routine is envisioned to
strongly boost the development of next generation solar devices through enabling precise
custom tailoring of titania nanostructures.

On the basis of an identical material system as mentioned above, spray deposition was
successfully proven to allow for large scale deposition of mesoporous titania thin films. The
role of the catalytic additive HCl was investigated in situ via X-ray scattering. Thereby,
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the presence of HCl was found to significantly alter the structure formation dynamics and
reactions. As a result, improved control over foam-like structures was obtained. Note
that especially under dry airbrush conditions, only small structural changes were found
to occur during the deposition process and post-deposition annealing. Major structure-
determining processes were deduced to be happening prior to deposition. Moreover and
through the obtained knowledge, potential industrial routines for photovoltaic device
production could be optimized in terms of processing time.

Beyond the proven potential of large scale deposition, the full versatility of diblock
copolymer templating is demonstrated via the transition to and introduction of a novel
germanium nanostructuring routine. Again, the identical fundamental idea of diblock
copolymer templating combined with a good-poor solvent pair was exploited to form
foam-like and size-controllable mesoporous Ge-based nanostructures via a Ge-Zintl pre-
cursor. To meet the special demands of the novel precursor, meticulous exclusion of air
and water during the processing steps had to be ensured and a different organic solvent
(ethylenediamine) as a stable transfer agent was required to prevent precursor oxidation
prior to deposition. A successive increase of the precursor to polymer template ratio was
found to enable precise structural control on a mesoscale. The development of the pre-
sented wet-chemical processing routine for controllable, Ge-based mesoporous structures
allows for all potential advantages of Ge-nanostructures to be combined with wet-chemical
manufacturing concepts of photovoltaic devices. New possibilities for the design of hybrid
solar cells are generated in terms of energy band level alignment, reduction of recombina-
tion losses through record electron mobilities and unique properties of germanium.

In the last result chapter, mesoporous Ge-based films were synthesized via drop casting
on the basis of an identical material system as described in the previous section. Fab-
ricated nanostructured films were applied as anode material in Li ion battery half cells.
Thereby, record specific capacities of over 2000 mAh g−1 were measured with high cycle
lifetimes (> 300), which was attributed to the inherent properties of germanium as an
element combined with a mesoporous structure. In detail, the nanostructure was found
to mainly increase the specific capacity through pseudocapacitive processes. Additionally,
high cycle lifetimes were achieved, as nanostructuring counteracts negative effects of high
volume expansion. Particularly, films with higher degree of porosity were found to heavily
outperform films with lower degree of porosity. Additionally and under specific annealing
conditions, the diblock copolymer approach was found to leave traces of carbon inside the
films, which is furthermore seen as beneficial for electrochemical kinetics.

In general, the immense versatility of diblock copolymer templating was proven in terms
of precise mesoscale structure control, compatibility with large scale deposition techniques,
availability of different suitable precursors and outstanding potential and performance of
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synthesized thin films in applications. Recommended future projects in the field of pho-
tovoltaics are the quantification of backfilling efficiencies in dependence on foam-like pore
sizes and correlation to the power conversion efficiency of photovoltaic devices. However
and due to the success in the field of battery application, future projects should primar-
ily focus on compositional and structural optimization of thin films for Li ion batteries.
Within this frame, in situ observation of structural changes during operation could al-
low to obtain additional information, which might further explain the structural origins
of the excellent cycle lifetime and specific capacity of manufactured devices. Notably, a
transition to mixed Ge/Si-Zintl precursors appears also promising due to several reasons.
Despite the porous structure of Ge-based thin films and an inherently reduced quantity
of needed material, introduction of abundant silicon with also excellent properties for
Li ion battery application would negate any concerns in terms of material availability.
Similarly as observed for nanostructured Ge-based films, mixed Ge/Si films would profit
from nanostructuring in terms of expected cycle lifetime and specific capacity. The intro-
duced diblock copolymer structuring routine has already proven to be compatible with
different precursors. Therefore, the introduction of a chemically similar mixed Ge/Si-
Zintl precursor also appears feasible. Last but not least, transition to a new precursor
might also enable the usage of a less toxic organic transfer agent as compared to the
employed ethylenediamine. In addition, investigation of alternative battery concepts such
as sodium ion batteries appears furthermore promising for Ge-based nanostructures to
reduce fabrication costs and to minimize supply risks.
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Mosegúı González, Dr. Claudia Maria Palumbiny, Dr. Christoph J. Schaffer, Dr. Bo Su,
Dr. Konstantinos N. Raftopoulos, Dr. Lin Song, Dr. Johannes Schlipf and Dr. Nitin Sax-
ena. I looked up to them and they were a constant source of scientific inspiration and
motivation during discussions. Within this frame, Martin even continued to help me
throughout my PhD student period as my mentor.

Mentoring a small group of students was one of the core elements to the success of the
present thesis. Therefore, a big thank you goes to Andreas Erich Hetzenecker [119], Stef-

161



fen Johannes Schlosser [76], Fabien Guelle [194], David Müller [161], Jonas Schmitt [195]
and Raphael Märkl [196]. All of you did an excellent job and I wish you all the best.

Many passionate and constructive discussions with Dr. Volker Körstgens, Lorenz Bieß-
mann, Sebastian Grott, Lucas Kreuzer, Franziska Löhrer, Shambhavi Pratap, Simon J.
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