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Abstract

The present work investigates the metal growth on diblock copolymer templates. It com-
pares the growth with that on corresponding homopolymers in order to reveal a deeper
understanding of the metal-polymer interaction between the first appearing metal clusters
and the polymer template and the chemical interactions. The focus is on in situ X-ray
scattering methods to follow the metal cluster formation during sputter deposition and
their size evolution to model the metal cluster growth on different copolymer films, namely
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and poly(methyl methacrylate)-
block-poly(3-hexylthiophene-2,5-diyl) (PMMA-b-P3HT). The formation, cluster sizes and
shapes are additionally confirmed by complementary microscopy methods. The chemi-
cal interaction of the metal-polymer interface defines the resulting nanostructure and the
later emerging nanogranular layer. The electrical and optical properties are followed dur-
ing the sputter deposition and are affected by different metal and polymer types and the
insular-to-metal transition, while showing plasmonic effects in the early stages of cluster
growth. The results will offer the possibility to tailor distinct metal cluster layers for sen-
sors, electrodes, organic photovoltaic applications and organic electronics using polymer
template-guided sputter deposition.

Zusammenfassung

Die vorliegende Arbeit untersucht das Metallwachstum auf Diblock Copolymer Tem-
platen. Das Wachstum wird mit den auf Homopolymeren in Beziehung gesetzt, um ein
tieferes Verständnis der Metall-Polymer-Wechselwirkung und des Metallwachstums zu
erlangen. Der Schwerpunkt liegt auf In situ Röntgenstreumethoden, um die Metallclus-
ter Bildung und deren Wachstumsentwicklung zu verfolgen. Dieses Wachstum wird auf
verschiedenen Copolymer Typen wie z.B. polystyrol-block-polymethylmethacrylat (PS-
b-PMMA) und polymethylmethacrylat-block-poly(3-hexylthiophene-2,5-diyl) (PMMA-b-
P3HT) untersucht und Wachstumsmodelle entwickelt. Die Anordnung der Cluster, die
Clustergrößen und -formen werden zusätzlich durch ergänzende mikroskopische Methoden
bestätigt. Die chemischen Spektren für die frühe Metall-Polymer-Wechselwirkung zeigt
einen hohen Einfluss der chemischen Verbindungen auf die resultierende Nanostruktur
und deren späteren entstehenden nanogranularen Schicht. Die elektrischen und optischen
Eigenschaften werden während der Sputterabscheidung verfolgt und zeigt für verschiedene
Metall- und Polymertypen eine Auswirkung des Übergangs von der Metallcluster Bildung
zum dünnen leitfähigen Metallfilm. Die optischen Eigenschaften während der Metallab-
scheidung zeigt für verschiedene Ag- und Al-Cluster in den frühen Wachstumsstadien
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plasmonische Effekte. Die Ergebnisse werden dazu beitragen, maßgeschneiderte Met-
allclusterschichten mithilfe der Sputterdeposition für Sensoren, Elektroden, organische
photovoltaische Anwendungen und organische Elektronik zu entwickeln.
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1. Introduction

Diblock copolymer (DBC) templates are used for a variety of applications e.g. nano-
lithography, drug delivery systems, templating of nanoparticles, photovoltaics, battery
applications and sensors. [1–16] Controlling the structure of the metal clusters, the poly-
mer template or both on the nanoscale allows for tailoring the optical and electrical
properties for the fabrication of more efficient organic electronics such as transistors, elec-
trodes or photovoltaics. [17–21] The metal nanostructures control the localized plasmonic
effects, where the incoming electromagnetic light excites plasmons, and therefore the con-
duction band electrons inside the metal nanoparticles oscillate coherently. [22, 23] The
sizes of the metal clusters must be smaller than the wavelength of the incoming light.
The importance of the nanoscale dimensions for optical and electronic devices is of high
interest for industry to fabricate more efficient and smaller devices in future with high
control of the resulting nanostructure of the metal, polymer and other inorganic layers.
This can be used e.g. for sensor applications and for the enhancement of the performance
of organic photovoltaics. [19, 24–26]

The devices consist of different layers stacked together: the layers may be organic,
inorganic or for most devices a mixture of organic and inorganic layers. The contact,
intermixing and therefore the interfaces between these layers, plays a crucial role for the
overall performance and stability of the device. [17,27–34] The influence of the interfaces
between the thin stacked films, which are prepared with different techniques e.g. lithogra-
phy, physical vapor deposition (PVD), chemical vapor deposition (CVD), electrochemical
deposition, evaporation, etching and further methods, need to be well understood. [35–40]
At the same time, thinking of scale-up, the limitations of lithography are the boundary
conditions concerning large-scale nanostructure fabrication and the production costs for
real-world applications. Self-assembly is an alternative method to save money and time
for the fabrication, and DBCs can help by their self-assembly ability for the preparation
of specific structures e.g. for interface control in the organic layers. [2, 6, 11,13,41–46]

The fabrication of nanostructured electrodes and thin layers needs to be precise in the
fabrication with minimal defects to reduce porous metal structures, foreign atoms from
the manufacturing process or the surrounding atmosphere. [47] Therefore, the chemical
interaction and morphological formation needs to be investigated for a better understand-
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2 Chapter 1. Introduction

ing and control of the thin layers. Hence, the metal-polymer interface plays a crucial role
for the optical and electrical properties of the prepared devices. [48]

The metal-polymer interface mostly depends on the surface tension differences between
the metal and the polymer, and Vollmer-Weber growth is the dominating growth process
for metal-polymer interfaces. [49] Thus, combined investigation of the growth morphology
at the polymer-metal interface on the nanoscale and its correlation to the resulting optical
and electronic properties during the metallization on the polymeric templates is necessary
to prepare devices with defined properties. The preparation of nanostructured polymer
thin films as templates for metallization can be used with microphase separated DBC
with subsequent thermal or solvent-vapor annealing (SVA). [50–52] A common method to
prepare the metallization is PVD, e.g. evaporation or sputter deposition, where sputter
deposition reflects the morphology of the template and creates a high nanoparticle density
on a macroscopic scale without a high amount of agglomerations and good adhesion
properties with compact layers. [27] The self-assembly of the metals on the polymers
can be influenced by the different metal and polymer types as e.g. Erb et al. have
shown by creating a variety of uniform metal nanostructures with long-range order using
sputter deposition. [5] The aim of this thesis is to develop a deeper understanding of the
early metal growth on polymers, especially on DBC templates. The first DBC template
for this thesis was chosen to be a model system for the metal growth on a well known
DBC template and is called polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA),
applied as lamellar type DBC and with a domain spacing (DL) of DL = 65 nm. The
second DBC template is poly(methyl methacrylate)-block-poly(3-hexylthiophene-2,5-diyl)
(PMMA-b-P3HT) with a domain spacing of DL = 43 nm. A hexagonal structure was used
to investigate the metal cluster growth on a semicrystalline polymer as P3HT, which is a
common polymer used for photovoltaics or organic electronics. The third DBC template is
polylactide-block-poly(3-hexylthiophene-2,5-diyl) (PLA-b-P3HT). It has a biodegradable
block PLA and is arranging in a lamellar type with a domain spacing of DL = 15 nm and
could be useful for photovoltaics applications as reported by the literature. [53]

Three different metals were used, namely Au, Ag and Al. The metal electrode for-
mation with minimal material usage on application-oriented polymers is of high interest
for industry and therefore requires deeper knowledge of the interactions with the poly-
mers and the metal formation. Löhrer et al. followed in situ the Au electrode sputter
deposition on low bandgap polymers used in OPV. [54] The use of Ag for organic elec-
tronics, sensors and photovoltaics as electrode material or for plasmonic effects is well
established. [22,26,55–58] The chemical interaction of Ag with several molecular compo-
nents, e.g. oxygen and sulfur, has been studied in the literature. [59, 60] However, the
correlation between chemical interaction, topographic and optical changes is yet missing.
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Al is a much cheaper material compared to Ag and Au and therefore a good candidate
to replace them as an electrode material. [61, 62] The drawback is the high reactivity to
molecular components of the polymers and the surrounding atmosphere. This interaction
with the molecular components needs to be investigated in detail to better understand
the Al interaction with the polymer. The better understanding could yield to an im-
proved nanostructuring of the metal clusters and layers, which could improve the device
performances of OPVs or organic electronics. The polymer metal interaction can lead
to a different selective wetting of the metal on the different polymer domains on a DBC
template. The selective wetting describes the visible metal content on one of the polymer
domains compared to the other domain of the DBC template. The embedding of the metal
clusters on different polymer types can additionally influence the metal size evolution on
the DBC template. In order to elaborate the selective wetting of a metal on the polymer
domains, a comparison between Ag and Au is demonstrated. Au is a metal, which tends
to be chemically more stable, inert and interacts less with the polymer compared to Ag
or Al. [63,64] In this study, I focus on the metal cluster to thin metal film formation and
nanostructuring by self-assembly during metal sputter deposition on the above mentioned
DBC templates both acting as model systems for the metal formation on common poly-
mers and on application-oriented polymers. The influence of the chemical interaction and
the diffusion coefficient of the metal clusters with and on the polymer leads to a specific
formation and shape structure of the thin metal films and the interface between metal
and polymer. These effects can change the optical, electrical and topological properties
of the resulting device. Conductive polymers with a π conjugated system are used for
OPV applications with a donor material and an acceptor material, which are then ar-
ranging in a bulk hetero-junction morphology. [65] A way to improve the OPV efficiency
is to nanostructure the polymer domains in such a way that the domain size is close to
the exciton diffusion length. Here, a more detailed understanding of the metal-polymer
interface could improve the long term stability and performance. [66–68]

In this thesis several methods were used to obtain an improved picture of the metal
growth on polymer templates by correlating the topographic, spectroscopic and scatter-
ing methods for distinct metal thicknesses: The correlation between the metal-polymer
interface-morphology and its optical, electronic and chemical properties are investigated
during the metal sputter deposition on different polymer thin films.

In detail, in situ measurements with different techniques e.g. grazing-incidence small-
angle X-ray scattering (GISAXS), ultraviolet-visible spectroscopy (UV-vis), grazing-incidence
wide-angle X-ray scattering (GIWAXS) and resistance measurements were correlated.
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These correlations help to reveal more information of the metal decoration for different
time stamps, yielding in different metal thickness, which is missing today. Additionally
chemical interactions of the metal and the polymer were investigated with X-ray pho-
toelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) and
have shown high chemical interactions of the metal (Ag, Al) with the polymer compounds,
especially the oxygen and sulfur interactions. This is further correlated to topological
measurements with atomic force microscopy (AFM) and field emission scanning electron
microscopy (FESEM), which supported the results from GISAXS, resistivity and XPS
very well. Hence, in this thesis the direct correlation of morphological, chemical, electri-
cal and optical properties of the metal formation on the DBC templates gives insights
into the early metal-polymer chemical interaction and allows for understanding the for-
mation and structure for large-scale fabrication of optical sensors and electrode materials
for organic solar cells.

After the introductory part, the theoretical background about polymers and DBCs
is explained, and fundamentals of sputter deposition and X-ray scattering are shown in
Chapter 2. Chapters 3 and 4 describe the characterization methods and sample prepa-
ration with measurement techniques for thin film investigations, used materials and the
thin film preparation. The scientific results are discussed in the Chapters 5 to 8. All
obtained findings are summarized in Chapter 9 and are answering the questions of the
introduction about the early cluster growth and the template effect of the polymers.

In more detail, chapter 5 investigates the model system PS-b-PMMA for DBC tem-
plates, which is decorated with Ag by sputter deposition. Especially, the decoration of
the Ag on the individual polymer domains for different Ag thicknesses is investigated.
In Chapter 6 and 7 the DBC template PMMA-b-P3HT is decorated with Ag and Al.
Clear differences between these metal interactions with the DBC template are shown. In
Chapter 8 the interactions of Au and Ag is compared on PLA-b-P3HT and indicates a
high selective decoration of Ag on the DBC template compared to Au. In general for
Chapters 5 to 7, the growth models were developed for the two DBC templates (PS-b-
PMMA, PMMA-b-P3HT) and the two metals (Ag, Al). For thicknesses δAg,Al = 0 nm to
20 nm the in situ deposition was measured, and the models describe the growth regimes
for these metal thicknesses. The metal cluster formation on the polymer and chemical
interaction of the metal with the polymer occurs mostly between δAg,Al = 0 nm to 10
nm. After 10 nm grain growth is dominant. Figure 1.1 schematically presents the metal
growth models on the DBC templates for the individual scientific projects in this thesis.
Figure 1.1a shows the sample preparation with spin-coating and the resulting DBC thin
films with AFM measurements. Figure 1.1b represents the sputter deposition process
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for the thin film metallization on the DBC thin films and PS-b-PMMA as the model
system to describe the metal cluster growth. Figure 1.1c displays the difference in the
metal growth on the same PMMA-b-P3HT DBC template. The growth regimes on the
DBC templates are described as follows: The zero region (0) describes the pristine poly-
mer without metal deposited. The first region (I) describes the nucleation and embedding
process, where metal clusters start to nucleate and embed on and in the polymer domains.
The second region (II) shows the diffusion-mediated cluster growth via coalescence and
selective wetting of metal on the polymer domain. The third region (III) can be described
as the reduced-selective adsorption-mediated growth, where the selective metal growth
is decreased and is mostly dominated by the immobilized cluster grow with absorbing
adatoms. The fourth region (IV) describes the percolation of the metal on one domain of
the DBC template. For Al, region III and IV are combined to region III because of the
specific Al growth, which will be shown in chapter 7. In the last region (V), (P), or IV
for Al, the metal clusters start to percolate on the whole DBC template.
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Figure 1.1.: a) Schematic description of the DBC thin film preparation with spin-coating and
exemplary images of the resulting DBC nanostructure from the pristine PS-b-PMMA and PMMA-
b-P3HT copolymers. b) Schematic description of the metal sputter deposition on the DBC
templates and the Ag growth model on PS-b-PMMA (Chapter 5). Reprinted with permission
from [69]. Copyright 2019 American Chemical Society. c) Ag and Al growth models on PMMA-
b-P3HT (Chapter 6 and 7). Reprinted with permission from [70, 71]. Copyright 2021 American
Chemical Society.



2. Theoretical aspects

A short summary of the basics of polymer physics for the work in this thesis is presented
in this chapter. The chapter introduces the general physics of polymers and is followed
by the more complex diblock copolymer templates. The principles of phase separation is
explained, and conjugated polymer systems are further presented. The fundamentals of
sputter deposition are shown in this thesis. The theoretical chapter is closing with the
X-ray scattering basics for the investigation of the surface, and interface morphology of
thin film systems.

2.1. Polymer Fundamentals

A more detailed understanding of the polymer basics can be found in the book by Strobl
et al.. [72] Large molecules with one or more identical units are known as polymers, where
the subunits are covalently bond to form a macromolecule with a repeating structure to
create a backbone. The subunits are known as monomers.

2.1.1. Polymer Principles

The polymers in this thesis can be classified as homopolymers and copolymers. [72] The
homopolymers have only one repeating monomer species, and the copolymers have differ-
ent monomers covalently bonded. A schematic overview of a homopolymer and copolymer
is shown in Figure 2.1. [72] The different monomer types are presented in the Figure in
blue and green and the polymer backbone in black. The copolymers can have different
arrangement of the monomer species, and therefore different types of copolymers exist.
The most common types of copolymers are statistical copolymers, alternating copolymers
or diblock copolymers. In the framework of this thesis, different diblock copolymers (PS-
b-PMMA, PMMA-b-P3HT and PLA-b-P3HT) and their corresponding homopolymers
(PMMA, PS and P3HT) are investigated. The polymers are polydisperse, since during
polymerization different chain lengths form. To characterize a polymer, the number of
total monomer units (N) is given. The different polymer chain lengths are described with
an index i, where each component consists of specific mol of chains with the degree of

7



8 Chapter 2. Theoretical aspects

Figure 2.1.: Different types of polymers with two types of monomers presented in blue and
green and the polymer backbone in black: a) homopolymer, b) alternating copolymer, c) block
copolymer, d) statistical copolymer.

polymerization Ni. Ni describes the number of monomers of molar mass Mi in a chain of
component. The total number of chains in this set is given by N. The number average
molar mass of such a polymer is defined as

MN =
∑
i niMi∑
i ni

, (2.1)

where ni defines the amount of substance i. The number average molar mass or the weight
average molar mass MW is given by

MW =
∑
i niM

2
i∑

i niMi

(2.2)

A further important characteristic of a polymer is its polydispersity index (PDI) which
provides a measure for the distribution width

PDI = MW

MN

= 1 + U (2.3)

with the inconsistency coefficient U which provides a measure of the distribution width. A
monodisperse polymer is described with a polydispersity PDI = 1, whereas higher values
correspond to a larger distribution.

2.1.2. Phase Separation

The Gibbs free energy describes the mixture of the polymers and therefore the phase
separation for mean field theory

∆G = ∆GAB −∆GA −∆GB, (2.4)
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where ∆GAB is the free energy of the mixture and ∆GA and ∆GB are the free energy of
the components A and B. The phase separation can be assumed with the minimization of
the free energy for the whole system. The Gibbs free energy of mixing for two polymers
is described by the Flory-Huggins theory [72]

∆G = nkbT ( φA
NA

ln(φA) + φB
NB

ln(φB) + χφAφB), (2.5)

where φA,B is the volume fraction, NA,B the degree of polymerization, which describes the
number of monomers connected together to a polymer chain, T the temperature, n the
number of molecules of the polymers in the mean field theory, kb the Boltzmann constant
and χ the Flory-Huggins interaction parameter, which can be written as

χ = χS + χH
T

(2.6)

The two constants χH and χS, are related to the entropic and enthalpic contributions.
The enthalpy term χH has a dependence on the temperature, while the empiric corrections
are included in the entropic parameter χS. χ includes information about the mixing of
the polymers and the repulsion of the polymers. For χ < 0, mixing of the polymers is
favoured. With a value of χ > 0, polymer mixing is reduced, and the polymers separate
from each other. However, for DBC systems the phase separation is more complex due
to the covalent bond and additional theoretical assumptions as e.g. the weak and strong
segregation need to be considered, which will be shown in the next section.

2.1.3. Diblock Copolymers

Diblock copolymers are two polymers covalently bond to each other. The covalent bond is
shown in the abbreviation of the diblock copolymer as A-b-B, where A and B corresponds
to the different homopolymers and b to the block for the covalent bond. The degree of
polymerization for the homopolymers (NA and NB) determine the thin morphology. The
block asymmetry of each block can be defined by a block ratio fA and fB as follows [72,73]

fA = NA

NA +NB

, (2.7)

where fA describes the ratio of polymerization compared to the block of the B homopoly-
mer. It defines further the ratio for the block of the B homopolymer

fB = NB

NA +NB

= 1− fA (2.8)
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Figure 2.2.: Schematic mean-field phase diagram for a DBC template. The ordered phases are
labeled as lamellar (L), cylindrical (C) and spherical (S). Below a critical χcN value the phase
is disordered. [74]

The incompatibility of the two blocks leads to a phase separation on the nanoscale.
Macro-phase separation is inhibited and instead a micro-phase separation takes place
for the block copolymers. The reason for the self-assembly process is the covalent bond
between the polymer blocks, which directs them in a nanostructure phase separation. The
resulting nanostructure highly depends on the fraction of the two blocks, the temperature
of the solvent and the solubility of the copolymer in the solvent or solvents as can be
seen in Figure 2.2. The fraction fA is the most important factor and defines the overall
structure in the copolymer, e.g. lamella, cylinder, sphere or gyroid. [75] The temperature
and solvent determine the order and disorder of the blocks in the solution. The copolymer
solution can be deposited with different techniques to create a thin film, e.g. spin-coating,
spray deposition, slot-die coating, or dip coating. [76–82] In this thesis, only spin-coating
is used to prepare smooth and homogeneous copolymer thin films and the film thickness
can be controlled very precisely with spin-coating. The film thickness is a crucial factor for
a diblock copolymer thin film, because the quality of the highest order of phase separation
occurs mostly for distinct film thickness for copolymer systems. The phase separation of
the copolymer thin film can be described by the Flory-Huggins parameter χc and the
weak and strong segregation. The symmetry of the blocks leads to a critical value for
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symmetric diblock copolymer systems χcN around 10.5. For χcN < 10.5 separation
is not reached. A mixed phase is established for low polymerization, when χcN is far
below 10.5. [74] When χcN is 10.5, the weak segregation limit (WSL) is reached, and
the repulsion between the two blocks is large enough to form the phase separation, which
is characterized by the Flory-Huggins parameter χc. [83–87] When the weak segregation
region is passed and the polymerization degree is high enough, the order-disorder phase
transition (ODT) is reached. With increasing polymerization, the strong segregation limit
(SSL) follows. The strong segregation leads to a high demixing. The interfaces of the
two blocks are well separated from each other, which results in a highly ordered phase
separation with a clear domain arrangement of the blocks. A schematic phase diagram of
the copolymer systems is shown in Figure 2.2, depending on χcN and fA. [73,74] The real
phase separation for copolymer systems is mostly more complicated. They often need to be
studied experimentally for many parameters, which include the film thickness, different
monomer structures, monomer properties, deposition technique, solution temperature,
solvent to solve the copolymer, annealing procedure and others. [88–90] Examples for
the film thickness dependence for the DBC phase separation were shown in previous
publications and show a strong correlation to the domain spacing. [91,92]

2.1.4. Semi-Conducting Polymers

The first highly semi-conductive polymer was discovered by Shirakawa, MacDiarmid and
Heeger in 1977 with the doping of polyacetylene (PA), which was rewarded with the
noble prize in chemistry in 2000. [93] The origin of the conductivity is based on the
delocalization of electrons by the overlapping of the atomic orbitals, which enables the
charge transport. [94] The orbitals can be described with quantum mechanics, where
wave functions characterize the probability density of the electrons. The overlap of the
orbitals form a bonding orbital interfere constructive or are anti-bonding for destructive
interference. This is described by the linear combination of atomic orbitals (LCAO).
[95–97] The delocalization of the electrons leads to a free movement of the electrons
along the backbone of the polymer. The backbone of the polymer consists of alternating
single and double bonds (conjugated double bonds). The changing formation of double
bonds and single bonds yield to the formation of π-π bonds, which are the origin of the
movement for the free electrons in the polymer. The π-π bonds result in the formation of
anti-bonding (highest occupied molecular orbital (HOMO), similar to the valence band)
π∗ bands and bonding π- bands (lowest unoccupied molecular orbital (LUMO), similar
to the conduction band). Figure 2.3 shows the HOMO and LUMO energy levels for a
π conjugated energy band with a high number of coupled monomers n to form a band
in contrary to distinct energy levels for a low number of monomers. [98, 99] Figure 2.3
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shows the LCAO structure as a function of the size of the monomers with the resulting
bandgap Egap, first ionization energy Ei for an electron to be released from the HOMO
to the vacuum energy Evac and the electron affinity Ea, which describes the ability of
a molecule or atom to take up an electron. In order to describe the band structure of

Figure 2.3.: Schematic description of the LCAO theory for molecules with conjugated π and
π∗ bonds to the energy band structure for large monomer n systems (n −→ ∞). The band
structure is defined by the bandgap Egap, the ionization energy Ei for an electron to be released
from the HOMO to the vacuum energy Evac and the electron affinity Ea, which describes the
ability of a molecule or atom to take up an electron.

these polymers with alternating single and double bonds, a model was assumed namely,
the Peierls instability. [100] The model describes a one-dimensional (1D) metal chain,
which is filled up to the Fermi energy, and the disturbance of the lattice is described by
a flexible lattice, see Figure 2.4a. The black line in Figure 2.4a describes the polymer
backbone, and the green spheres illustrate all the bonds in the polymer backbone with
distance a between them. A dimerization takes place during the disturbance of the lattice
and leads to a change in the band structure with a formation of a bandgap as can be seen
in Figure 2.4b. The formation of the bandgap is corresponding to π bonds for the lower
band and π∗ bonds for the low band. The lower band is completely filled with electrons,
while the upper band is empty. The Peierls instability for polymers changes the band gap
much more than in a 1D metal. The concept of charge carriers in conducting polymers
is different compared to metals or semiconductors. The quasiparticles include not only
the charge, but also the lattice distortion which is described by δ, see Figure 2.4b. The
lattice distortion is much higher compared to inorganic materials, because of the weaker
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binding compared to inorganic materials. The bandgap can be influenced by the degree
of polymerization, doping or the arrangement of the polymer backbones to each other
in the polymer (crystallinity). [101–109] The quasiparticles for conductive polymers are

Figure 2.4.: Schematic band structure of Peierls instability is shown a) for an one-dimensional
chain. b) The band structure in one Brioullin zone is shown after the dimerization. [100]

e.g. solitons, polarons, and bipolarons. A schematic description of the quasiparticles
can be seen in Figure 2.5 and a description is shown by Su et al., where solitons in PA
are explained with the quasiparticles located between the upper and lower band in the
bandgap. [110] A difference between electrons and quasiparticles is for example the spin
of the particles: While for electrons or holes the spin is 1/2, the spin for the before
mentioned quasiparticles can be different. In Figure 2.5 the quasiparticles as the solitons
can be neutral S0, positive S+ or negative S−. The S0 state is allowed due to the change
of the bondings from single to double bond leading to an unpaired electron. The charged
solitons S+ and S− can be created by either chemical doping or induced light, but carry no
spin. The polarons in turn have a spin 1/2 from the unpaired electron and a charge, which
can be positive P+ or negative P−. The bipolarons are again spin-less, but have doubled
the charged compared to polarons with B+ and B−. The combination of solitons can lead
to a polaron and can further be combined to bipolarons, but they can also annihilate each
other.
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P3HT is used in this thesis as a conductive polymer. Doping of the polymer can be
achieved by reduction or oxidation with a dopant and increase the number of bipolarons
in the polymer. The P3HT with regioregularity was used. The regioregularity describes
the probability with which a single monomer within the chain is oriented. The polymer
therefore forms highly crystalline P3HT arrangements.

Figure 2.5.: Schematic description of quasiparticles (QP) in conductive polymers. Solitons
(orange), polarons (green) and bipolarons (blue) define the state of the charge and spin of the
QPs. [110] Solitons (orange) are neutral or charged QPs. Polarons (green) and bipolarons (blue)
are charged QPs. The state of the QP is described by the charge and the spin ”S”. The HOMO
(π∗) and LUMO (π) define the conduction and valence band. In between them the energy states
of the QPs are located.

2.2. Sputter Deposition

Physical vapor deposition (PVD) techniques, such as sputter deposition, are common
deposition techniques for metal or polymer coatings. In this work, the nanostructural
evolution of metals on polymer templates is investigated. [111, 112] Thin metal films
are prepared by radio frequency (RF) and non-reactive direct current (DC) magnetron
sputtering from a pure metal target. In this section, the fundamental process of the
sputter process is described, and a brief introduction to the resulting thin film morphology
is given.
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2.2.1. Fundamentals

The sputter process takes place in a vacuum chamber. For simplicity, DC sputtering
is first explained. A high DC voltage is applied between the target (cathode), which is
connected to the source gun at the top of the chamber and the grounded substrate (anode)
located at the bottom of the chamber. This is schematically shown in Figure 2.6. The
inert sputtering gas Argon (Ar) is led into the chamber with a gas valve. The sputter
process is explained in three steps: 1.) ionization, 2.) interaction with the target, and 3.)
released atoms from the target: [113]

1.) The high voltage leads to the partial ionization of Ar atoms. As a consequence, the
Ar atoms release electrons. The free electrons collide with the neutral gas atoms if
the energy is high enough and continue to ionize Ar atoms. After the collision with
an Ar atom, an electron drifts to the anode (substrate). The electrons gain energy
from the high electric field. This leads to further ionization of Ar atoms, if the
energy is high enough when the electron collide with an Ar atom. For this process a
high argon flux is needed to enhance the probability of a collision of an electron with
an Ar atom. The plasma state is achieved when the ionization reaches an avalanche
effect, where the electrons gain enough energy on their way to the anode from the
electrical field to produce multiple electrons from the impact ionizations. If the
energy is not high enough, different interactions can take place such as excitation,
relaxation or recombination.

2.) The ionized Ar atoms bombard the target. Atoms from the target are ejected
(”sputtered”). The interactions between the ion and the target material can lead
to different effects: 1) Sputtering of target atoms, 2) secondary electrons can be
generated, 3) Ar ions can be implanted in the target material, 4) Ar ions can be
reflected by the target material, and 5) argon ions can lead to the displacement of
the atoms from the target material by collision. These interactions are schematically
shown in Figure 2.7. The sputtering yield defines the number of sputtered particles
per incident ion of the target material. Target atoms will be sputtered, if the
surface binding energy is reached by the kinetic energy of the atoms. In Figure 2.8
a schematic view of the sputter yield is shown for Au, Ag and Al. [114]

3.) The sputtered atoms from the target diffuse through the gas phase to the substrate.
When the atoms move through the gas phase, they collide with each other and
change their energetic and angular distribution. The sputtered atoms with enough
energy and the right direction reach the substrate and start the nucleation, otherwise
they will be lost by the walls of the chamber. The sputtered atoms can be adsorbed
or reflected from the substrate. On the substrate surface, the atoms can diffuse and
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the non-equilibrium sputtered atoms start the growth process, which will start the
film formation depending e.g. on as the sputter conditions (e.g. sputter rate, target
to sample distance, inert gas pressure), type of atoms and type of substrate material.

Figure 2.6.: Schematic drawing of sputter deposition. The inert gas (argon) will be let in the
vacuum chamber and ignites the plasma. The argon ions hit the target and release target atoms,
which travel to the substrate and start the nucleation process.

2.2.2. Radio frequency (RF) vs. Magnetron Sputtering

The two different sputter techniques, which are used in this thesis, are explained in more
detail:

Radio frequency (RF)

The Ar ionization is limited by the loss of electrons for the ionization process for the DC
sputter chamber. Therefore, the DC power supply can be be replaced by an alternating-
current radio frequency source. The alternating-current radio frequency device needs an
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Figure 2.7.: Schematic drawing shows the possibilities of the interactions of the argon ions
with the target. The possibilities can be implanting of the argon ions in the target, secondary
electrons ejecting from the target, the surface geometry can be changed by the displacement of
target atoms and ejecting of target atoms.

impedance-matching system to control the complex impedance. The general used ra-
dio frequency at the electrodes for a common RF sputter deposition device is 13.56 MHz,
which relates to industrial, scientific and medical services and is not interfering with other
services as telecommunications. The alternating RF power is adapted to the electron mo-
tion in the plasma. This leads to more collisional ionization, an increase of the plasma
density, and longer electron lifetimes in the plasma. RF enables high density plasma for
metals sputtering and further sputtering of insulating materials. [111,115,116]

Magnetron sputter deposition

Permanent magnets are positioned on the back side of the target. The ionization is
enhanced due to secondary electrons, which are are trapped in the magnetic field near the
target position. Therefore, the high argon flow for the plasma ignition, can be reduced.
The confinement of the electrons in the magnetic field leads to a track on the target
material in the shape of a gauss function, where the material is sputtered. [117–119]
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Figure 2.8.: Schematic representation of the sputter yield from Au, Ag and Al with Ar ions
adopted from Yamamura et al.. [114]

2.2.3. Thin Film Formation

The growth of thin films by sputter deposition can be described by a nucleation process,
surface-diffusion-controlled growth and the formation of an overlapping network structure
of the cluster-shaped structures to a closed film at the percolation threshold. For sputter
deposition most of the atoms coming from the vapor phase to the substrate start with
the nucleation process and diffusion and grow with incoming adatoms. The process takes
place at thermodynamic non-equilibrium conditions for sputter deposition. For this the
diffusion coefficient D can be described by [120,121]

D = a2

4 ν0exp(
−Ed
kBT

) (2.9)

where a is the minimum adatom translational hopping distance on the substrate surface,
ν0 is the attempt frequency for adatom migration, Ed surface diffusion energy for adatoms
against the potential barrier on the substrate surface, kB the Boltzmann constant and T

the absolute temperature. The sputtered atoms from the vapor phase condensate at
the substrate surface, and different processes can be described for the atoms: 1) atoms
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from the vapor phase to the substrate 2) diffusion, 3) clustering of atoms, 4) atoms can
leave the cluster by dissociation, 5) the atoms can re-evaporate from the substrate, 6)
direct adsorption of atoms from the vapor phase to growing clusters, 7) the atoms could
also be captured by defects or jump on steps, 8) the atoms can also diffuse into the
substrate and 9) atoms can do an inter-layer jump an then bind to a cluster. [122–126]
The possible processes are illustrated in Figure 2.9. Thornton described the sputtering

Figure 2.9.: Schematic description of the possible processes for sputtered atoms at the substrate
surface e.g. 1) atoms arrive from the vapor phase to the substrate 2) diffusion, 3) clustering
of atoms, 4) atoms can leave the cluster by dissociation, 5) atoms can re-evaporate from the
substrate, 6) direct adsorption of atoms from the vapor phase to growing clusters, 7) atoms can
also be captured by defects or jump on steps, 8) atoms can also diffuse into the substrate and
9) atoms can do an inter-layer jump an then bind to a cluster. [122–126]

process with a structure zone model, where the resulting microstructure is represented
depending on the substrate temperature and the argon pressure. [127] The argon pressure
represents the reference to the kinetic energy of the argon ions in the plasma. The zones
characterize different growth regions of the crystallites. In zone 1 tapered crystallites are
formed with many voids in between, which leads to a porous structure. Zone T contains
densely packed fibrous grains, while for zone 2 columnar grains are formed and in zone 3
a recrystallized grain structure appears. The Thorton model is in good agreement with
thick sputtered films, but thin films with only a few nanometers of the deposited material
arrange in special growth types. The growth types can be described as island type (cluster
formation of the target material), layer type or a mixed type depending on the material
type, substrate type and their resulting interface energies. The growth types are shown in
Figure 2.10, which are namely a) Frank-van der Merwe (layer type), b) Stranski-Krastanov
(mixed type) and c) Volmer-Weber (island type). [120] The start of the island or layer
like growth is by the adatoms, which are moving by Brownian motion on the surface and
can be described by the diffusion of the adatoms and later of the islands. The adatoms
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will be trapped at the beginning of the nucleation at a nucleation center, where the atoms
stick to the substrate and form nuclei with increasing size, as more and more adatoms
are absorbed to the nuclei. The type of growth is determined by the different surface
and interfacial energies as the surface energy γM of thin metal films and the polymer
substrates γP compared to the interfacial energy of the metal-polymer γMP . The Volmer-
Weber growth is predominate if the surface energy of the metal is higher compared to the
energy difference between the polymer substrate and the metal-polymer interfacial energy
γM > (γP - γMP ). The layer like growth appears to be dominate if the surface energy
difference compared to the metal-polymer interfacial energy is higher as the surface energy
of the metal γM < (γP - γMP ). More details about the thin film formation of the target
material (metals) from sputter deposition on polymer thin film substrates will be shown
in the introductions of the respective chapters. The used model for describing the cluster
growth is shown in the following section, where the scattering method is explained which
is used to reveal the growth regimes from nucleation to percolation region. The metal-
polymer introduction chapter 5 and the result chapters 6,7 will further investigate the
chemical interactions and embedding of the metal clusters with the polymer substrates,
which can influence the growth kinetics.

Figure 2.10.: Different growth mechanisms for the sputter deposition. Three possible growth
types are a) Frank-van der Merwe b) Stranski-Krastanov and c) Volmer-Weber.

2.3. Scattering Basics

The general theoretical basics of X-ray scattering are explained in this section, followed
by the basics of small-angle X-ray scattering for thin film investigation.
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2.3.1. X-ray Introduction

A scattering event can be described by the scattered intensity Isc, which is the number of
scattered photons, which are recorded per second on a detector under a solid angel ∆Ω.
The scattered intensity is further proportional to the number of particles in the sample
N per unit area, the intensity of the incoming X-ray beam I0 in photons per second and
the differential cross section (dσ/dΩ). When the sample is larger than the beam size, the
scattering intensity is then given by the following equation [128]

Isc = I0N ∆Ω dσ

dΩ . (2.10)

If the sample is smaller than the beam size the scattered intensity depends on the number
of photons passing through the unit area per second, which is described by the flux of the
incident beam Φ0. The differential cross-section measures the efficiency of the scattering
process for the experiment with known flux and detector size. The differential scattering
cross-section (dσ/dΩ) is then defined by the formula [128]

dσ

dΩ = Isc
Φ0 ∆Ω . (2.11)

The elastic scattering from an atom with Z electrons is depending on their electron
distribution, which is given by a number density ρe(~r). The phase shift of the incident
wave resulting from the scattering event of a volume element in the origin and in the
distance ~r is [128]

∆φ(~r) = (~ki − ~kf ) · ~r = ~q · ~r (2.12)

where ~ki is the incident wave vector and ~kf the outgoing wave vector. ~q = ~ki − ~kf is
the scattering vector. For a monochromatic X-ray beam assumed as plane wave, the
scattering geometry in transmission is illustrated in Figure 2.11 with the scattering at
two scattering center A and B in the sample. The distance between A and B is described
by ~r. For elastic scattering | ~ki | = | ~kf |, with the scattering is described by

~q = 2 | ~ki | sinθ = 4π
λ
sinθ, (2.13)

where θ is the incident angle and λ the wavelength. The total scattering length F (~q) of
the atom is then described by the volume element d~r at distance ~r with a contribution of
−re ρe(~r) d~r and a phase factor of ei~q·~r with the equation [128]

F (~q) = −ref 0(~q) = −re
∫
V
ρe(~r)ei~q·~rd3~r (2.14)
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Figure 2.11.: Schematic description of the scattering process. The incident plane wave with a
wave vector ki is scattered at two scattering center in the sample A and B with an angle 2θ
with a scattering wave vector kf .

where f 0(~q) is the atomic form factor and re is the classical electron radius with re =
e2

4πε0mc2 , where ε0 is the permittivity of the medium. The atomic form factor is depending
on the scattering vector, so if ~q −→ 0, the volume elements scatter in phase and the atomic
form factor would result as the number of electrons Z in the atom. In the other direction,
so if ~q −→ ∞, the atomic form factor would result in 0, because the scattering from
the volume elements are out of phase. The scattering length is described as shown in
equation 2.14 as a Fourier transform from the distribution of the electrons in the sample.
The scattering Intensity is further calculated with the equation 2.14 and their product
with the complex conjugated to | F (~q) |2. The scattering intensity can be written as [129]

I(~q) ∝ NP (~q)S(~q) (2.15)

where I(~q) ∝ | F (~q) |2 = | −ref 0(~q) |2, S(~q) is the structure factor which is described by
the electron density fluctuations of the particles to each other and thus their structural
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arrangement, while the form factor P (~q) describes the shape of the particles e.g. spherical,
cylindrical or hemispherical. The scattering length of an atom is moreover depending on
quantum mechanics in specific, the interaction of the X-ray beam with the discrete energy
levels of the electrons. The scattering length is therefore reduced by the interaction with
the less tightly bounded electrons in the atom. This results in correction factors for
the dispersion relation of the atomic form factor by f ′ for the real part and f ′′ for
the imaginary part of the dispersion corrections. The dispersion corrections are energy
dependent and the atomic form factor is written as follows [128]

f(~q, E) = f 0(~q) + f ′(E) + f ′′(E) (2.16)

The atomic scattering form factor f(~q, E) is element specific and depends on the momen-
tum transfer ~q and the energy E. It can be divided into three parts, where f 0(~q) describes
the in-phase superposition of the scattering amplitudes starting from the electron density
ρ(r) of the atom. The factors f ′(E) and f ′′(E) describe corrections for the phase and
magnitude to the form factor in the vicinity of absorption edges of the atom. The atomic
factor f(~q, E) depends on the wave vectors of the incident and exiting wave. If the energy
is far away from absorption edges, the atomic form factors depends only on the first term
f 0(~q) and the equations can be simplified as seen in the next section about the refractive
index. The form factor for crystalline materials is defined by their periodic structure,
which can be described by Bragg´s law.

The Bragg equation describes the interference effect of either constructive or destructive
interference depending on the incident angle of the X-ray beam. The beam path length
difference (dhkl sin αi) lead to the interference phenomena of the scattered X-ray beam.
The relation of the lattice spacing dhkl, the incident angle αi and the wavelength describe
the Bragg conditions. The Bragg equation is defined as [128]

2dhklsinαi = nλ (2.17)

The construction of the interference can be described with Bragg´s law, but the scatter-
ing intensity has to be identified as before with the scattering amplitude of the crystal
structure. The crystalline structure can be investigated with X-ray diffraction, where a
monochromatic X-ray beam is scattered at different lattice planes (hkl) of the sample
as described by the theory of Bragg and Max van Laue. The periodic structure of the
crystals in the sample leads to interference, when the wavelength is in the order of the
lattice distance. If the reciprocal wave vector (~G) equals the scattered vector (~q) the Laue
conditions are fulfilled, which will be shown below. The Bragg conditions are shown in
Figure 2.12a. The conditions are visualized by the Ewald sphere for elastic scattering
events with the conserved momentum, where the reciprocal wave vector is equivalent to
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Figure 2.12.: a) Schematic description of the Bragg condition. The lattice planes are shown
by the blue horizontal lines and defined by dhkl. The X-ray beam is depicted by the blue arrows
that impinge the lattice planes under an angle Θ. Constructive interference of the X-ray beams
is accomplished, if the path length difference dhklsinΘ is an integer multiple of the wavelength
of the incident beam. b) The Ewald sphere shows the appearing constructive interference,
if the momentum transfer corresponds to a reciprocal lattice vector. The radius of the sphere
corresponds then to the wave vectors of the incident and the scattered X-ray beam. The observed
Bragg peaks can give information about the crystal size, orientation and lattice spacing.

the scattered vector. Diffraction pattern are visible, if a reciprocal lattice point intersects
the Ewald sphere as seen in Figure 2.12b.

The lattice points are defined for the crystal structure symmetry and the atoms are
associated with each lattice site in a unit cell. The lattice vectors Rn represent the lattice
and rj the position of the atoms with respect to the lattice site. The position of any atom
is then defines as Rn + rj. The equation for the scattering amplitude for a crystal writes
as follows [128]

FCrystal(~q) =
∑
j=1

f 0
j(~q)ei~qrj

∑
n=1

ei~qRn , (2.18)

where the first sum represents the units cell structure factor and the second term is the
sum from all lattice sites. The terms in the lattice sum are phase factors, which are
described by the complex plane. The lattice sum term can be described as follows [128]

~q · ~Rn = 2πN, (2.19)

where N corresponds to the number of unit cells and the lattice vectors ~Rn are defined as

~Rn = n1 ~a1 + n2 ~a2 + n3 ~a3, (2.20)
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where ~a1, ~a2, ~a3 are the basis vectors of the lattice and n1, n2, n3 are the integers. The
reciprocal lattice basis vectors are defined as

~a1
∗ = 2π ~a2 × ~a3

~a1(~a2 × ~a3) , ~a2
∗ = 2π ~a3 × ~a1

~a1(~a2 × ~a3) , ~a3
∗ = 2π ~a1 × ~a2

~a1(~a2 × ~a3) , (2.21)

which yields the lattice sites in the reciprocal space by

~G = h~a1
∗ + k ~a2

∗ + l ~a3
∗, (2.22)

where h,k,l are integers. Hence the product of the lattice vector in real space ~Rn and of
the lattice vector in reciprocal space ~G is

~G · ~Rn = 2π(hn1 + kn2 + ln3) = 2πN, (2.23)

if the a reciprocal lattice vector ~G corresponds to the scattering vector ~q, the scattering
amplitude is not vanishing and the Laue conditions are fulfilled corresponding to Bragg´s
law in scattering. The scattering occurs for distinct regions in the reciprocal space, which
are related to the crystalline structure. The use of this will be shown later in the GIWAXS
section 2.3.2.

The discussion above only showed the interaction of X-ray photons with matter at the
atomic level. The refraction behavoir of the X-rays with the interfaces of different media
is explained in this section. X-ray scattering can be described by an electromagnetic
wave which interacts with matter by scattering or absorption. The electromagnetic wave
interacts with the electrons in the sample medium, which is described by the refractive
index n(~r). [130] The wave is assumed as monochromatic and plane wave, and when it
scatters with the electron cloud in the medium, it results in a spherical wave, where the
time dependence of the normal electromagnetic field vector can be neglected for plane
waves. Therefore the electromagnetic wave can be described by a field vector [130]

~E = E0e
i~ki~r, (2.24)

E0 is amplitude of the electromagnetic wave. The wave vector is described by ~ki and ~r

is the vector of the position. The relation of the wave vector ~ki to the wavenumber and
wavelength can be outlined by the use of equation 2.13

| ~ki |=
2π
λ

(2.25)

An electric field penetrating a medium can be described by the Helmholtz equation, which
includes the refractive index n [130]

∆ ~E(~r) + k2 n2(~r) ~E(~r) = 0 (2.26)
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The refractive index is given by the following equation

n(~r) = 1− δ(~r) + i β(~r), (2.27)

where δ is the dispersion relation and β absorption relation. The dispersion relation is
given by

δ(~r) = ρe(~r) re
λ2

2π

N∑
j=1

f 0
j(~q) + f ′j(E)

Z
= ρere

λ2

2π (2.28)

The absorption relation is described by

β(~r) = ρe(~r) re
λ2

2π

N∑
j=1

f ′′j (E)
Z

= µ(~r) λ4π , (2.29)

where µ is the absorption coefficient. The grazing-incidence small-angle X-ray scattering
uses for typical experiments a very shallow angle below < 1◦ with respect to the surface
of the investigated sample, see Figure 2.13. The reflection mode in small-angle X-ray
scattering has the advantage of a large footprint over the sample surface and improves
the statistics of the scattering image, which is recorded with a 2D-detector. The recorded
intensities corresponds to a wave vector in reciprocal space ~q, defined by the incident
angle ~ki of the incoming X-ray beam and the diffuse scattering ~kf at the sample surface,
which describes the momentum transfer as described in equation 2.13 and seen in Figure
2.13a. [128]

The relation between the refractive index n , the incident angle αi and the refracted
grazing angle α′ is described by Snell´s Law.

cos α′ = n0

n
cos αi (2.30)

With the assumption of n0 = 1 for the refractive index of the air interface and the refracted
angle α′ = 0. The relation of the critical angle can be described as follows for αi = αc

αc ≈
√

2δ = λ

√
ρere
π

(2.31)

The relation shows a roughly estimation for the critical angle and the proportionality
to the dispersion of the material at a certain energy. The experiment from Yoneda was
the first experiment to show the relation of the material specific diffuse scattering at the
critical angle of the material. [131] The material scattering depth is depending on the
incident angle of the X-ray beam. If the incident angle is below the critical angle αi

< αc, total external reflection is appearing and leading to an evanescent wave, which is
propagating parallel to the interface in the medium. If the incident angle is larger than
the critical angle αi > αc the scattering depth is in the micrometer scale. The scattering
depth for which the scattered intensity is reduced by 1/e is described by Dosch et al. with
the equation [132]

Λ = λ√
2π(li + lf )

(2.32)
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Figure 2.13.: Schematic description of the different scattering geometries. The descriptions
show an incoming wave under an angle αi, which is reflected at the sample surface. The in
plane specular reflectance is shown in a) with the angle αf . In b) the diffuse out of plane
scattering is shown with the angle ψf .

where λ is the wavelength of the X-ray beam and with li,f as follows

li,f = [ (2δ − α2
i,f ) +

√
(α2

i,f − 2δ)2 + (2β)2 ]1/2. (2.33)

The equation for the scattering depth 2.32 shows the dependence for the critical angle
αc in the equation 2.33 with the use of equation 2.31. For αi << αc, the scattering
depth is very small in the range of 1 nm or smaller. When the incident angle αi = αc

the scattering depth rises exponentially and the scattering depth can range from some
nanometers to several micrometers. If the αi >> αc the scattering depth reaches a plateau
of normally some micrometers, depending on the set X-ray energy. If the incident angle
αi is very close to the critical angle αc the scattering depth can be set very precisely as
mentioned before from some nanometers to several micrometers. The different regions for
the scattering depth of the X-ray beam into the sample are illustrated in Figure 2.14 and
are schematically presented and are adapted from the scattering depth examples from
Tolan. [130]

2.3.2. Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

The position of the scattering on the 2D-detector (specific scattering pixel) can be at-
tributed to a vertical αf and horizontal ψf exit angle, corresponding to a fixed sample-
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Figure 2.14.: The description shows schematically the relation between the incident angle αi
and the critical angle αc on the scattering depth Λ of the X-ray beam (λ = 0.154 nm) into
the sample (silicon). [130] Two different ratios (β/δ = 1/10 and β/δ = 1/50) between the
absorption β and dispersion δ show the dependence on the scattering depth near and above the
critical angle. [130]

detector distance (SDD), as seen in Figure 2.13b. The angles can be described by the
following relation to the scattering vector ~q [133–135]

~q = 2π
λ


qx

qy

qz

 = 2π
λ


cos αf cos ψ − cos αi

cos αi sinψ

sinαi + sinαf

 (2.34)

The scattering at small incident angles is investigated by grazing-incidence small-angle
X-ray scattering (GISAXS), which is a powerful tool to investigate structures near surface
at the nanoscale e.g. polymer colloids, nanoparticles, domains of DBC templates. The
nanostructures can range up to several hundreds of nanometers. The method can be
used to investigate thin film morphology with high statistics, where the X-ray beam is
scattering in the vertical and horizontal scattering direction at the electron density of
the thin films. The scattering geometry leads to reflection and scattering events at the
surface of the thin film and the interfaces, depending on the scattering depth. These
events are considered in the distorted wave Born approximation (DWBA) as a first order
perturbation of an ideal system. [135] Figure 2.15 shows the possible first order DWBA
events. The reflected and scattered waves interfere in the exiting wave. The DWBA can be
analysed by simulation programs such as HipGISAXS, Bornagain and IsGISAXS, which
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can simulate a complete 2D scattering patterns. [136–138] However, information about
lateral and vertical structures can be analysed in the 2D-GISAXS data by the horizontal
line-cuts at the Yoneda position and vertical line-cuts. The information gathered from the
line-cuts of the GISAXS pattern with an appropriate model can give an average model
of the lateral and vertical size distributions from the scattering objects. The differential
cross section for diffuse scattering is given by [139,140]

dσ

dΩ = Aπ2

λ4 (1− n2) | Ti |2| Tf |2 Pdiff (~q) ∝ Pdiff (~q) (2.35)

with the Fresnel coefficients for the incident and outgoing beam for the transmission Ti,f ,
the area A which is illuminated and the diffuse scattering factor Pdiff for the scattered
intensity. The diffuse scattering factor Pdiff for the horizontal line profiles is proportional
to N identical objects of a certain spatial distribution and size. The size is given by
a form factor F, where the form factor is the Fourier transform of the electron density
distribution as described in the section before 2.15. [135, 140] The spatial distribution
is set by an interference function, which is described by a structure factor S. [135, 141]
The structure factor S is often described by a one-dimensional paracrystalline lattice. For
disordered systems the form factor F includes the contributions of the DWBA. The diffuse
scattering is then defined by [139]

Pdiff (~q) ∝ NS(~q)F (~q) (2.36)

Several form factors and their independent structure factors are used for the local monodis-
perse approximation (LMA). The LMA approximation includes only scattering with ob-
jects, which have the same form and structure factor and assumes that in the region of
the nanoparticles, nanoparticles of the similar size arrange next to each other. [135, 141]
The resulting intensity is then the sum of the intensities for each contributing with their
respective form and structure factor. The model in this thesis uses a geometrical estima-
tion to help to describe the metal growth on polymers, which is normally more complex
modelled with the before mentioned form and structure factors but can be simplified with
the geometrical estimation and yields good results, which are confirmed with electronic
and topological measurement methods. [63,69,70,142] The average distance between the
clusters (D) can be calculated with the following equation

D = 2π
q∗y
, (2.37)

where q∗y is the position of the maxima for the reciprocal space coordinates in lateral
direction. The cluster radii and percolation threshold is calculated using the geometrical
model, which was introduced by Schwartzkopf et al.. [142] The geometrical model uses a



30 Chapter 2. Theoretical aspects

Figure 2.15.: The contributions of the DWBA are shown in the schematic description. a) The
incoming beam is scattered directly to the outgoing wave. b) The incident wave is first reflected
then scattered and then the wave is outgoing. c) The incoming beam is scattered and reflected
before the wave is outgoing. d) Same as in b) followed by another reflection. [135]

volume relation between the volume of the triangle (A∆) and the volume of the intersecting
metal cluster shape (e.g. hemisphere, full sphere, cylinder) to extract the radii of the
clusters. In the example shown in Figure 2.16, a hemispherical cluster shape is assumed for
the metal clusters showing the relations between the distance, radii and metal thickness
(δMet.). In this thesis we used hemispherical and cylindrical cluster shape to the data
analysis of the metal growth. Therefore the following formulas were used

RHemi. = (33/2π
δMet.

q2
y,max

)1/3, (2.38)

RCyl. = (31/22π δMet.

q2
y,max

)1/3, (2.39)

where RHemi. is the radii for hemispherical clusters and RCyl. for cylindrical clusters.

2.3.3. Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

Grazing-incidence wide-angle X-ray scattering (GIWAXS) is used in this thesis to inves-
tigate the crystalline structure evolution in thin films. As for diffraction experiments
the intensity in GIWAXS measurements corresponds to the same scattering origins, as
described in the scattering section 2.3.1. GIWAXS measurements implies several correc-
tions for the detector e.g. the sensitivity and polarization effects from the synchrotron
radiation. The corrections are taken into account with the program used in this thesis
GIXSGUI. [143] With GIWAXS thin films can be investigated, which are either crystalline,
semi-crystalline or of amorphous nature. The molecular arrangement can be extracted by



2.3. Scattering Basics 31

Figure 2.16.: Description of the geometrical model. The geometrical model shows three clusters
in a triangle arrangement with a distinct cluster distance from each other (D) and a radii (R).
The effective metal thickness is shown by δMet.. The triangle area (blue) shows the volume
relation between the three clusters and the triangle.

the diffraction peaks, as can be seen in Figure 2.17. [134] The amount of crystals relates
to the amplitude of the peaks and the average distance of scattering planes to the position
of the peaks. The lower limit of the crystallite size Dhkl can be described by the Scherrer
equation [144]

Dhkl = Kλ

∆(2Θ)cos(Θ0) (2.40)

where λ is the wavelength of the X-rays and K the Scherrer constant, which value is most
often of around 0.93 as derived from the original publication [144]

K = 2
(

2ln(2)
π

)1
2 ≈ 0.93 (2.41)

Dhkl = 2πK
∆qhkl

(2.42)

The crystallite size calculated by the Scherrer equation is calculated in this thesis with
the corrections for the peak broadening due to instrumental settings. It is therefore a
good estimation of the lower limit of the crystal size.

The Bragg peaks can be further analysed with an extension of the Deybe-Scherrer
equation [144]

∆q = 4π
λ
cosΘB2 , (2.43)

B =
√
W 2
Exp −W 2

Ins, (2.44)



32 Chapter 2. Theoretical aspects

Figure 2.17.: Schematic crystal arrangement of the crystalline part of the polymers in GIWAXS
geometry. The lamellae stacking of the polymer backbone is respresented by the orange rectan-
gles for a thin film. a) Bragg peaks in the qz axis are measured, if the lamellae are well ordered
in the vertical direction. b) Bragg peaks can be seen in the qr axis, if the lamellae are ordered
in the horizontal direction. c) A broadening of the Bragg peaks is measured, if the lamellae
are stacked with rotational disorder. d) Scattering rings are seen, if a full rotational disorder is
occurs. [134]

where B is the difference in FWHM in radians from the experiment WExp and the instru-
mental resolution WIns. λ is the wavelength and Θ the corresponding Bragg peak angle
of the silver crystalline direction. Typically, in this thesis Bragg peaks in the (111)− and
(200)−direction are analysed.



3. Characterization methods

In this chapter the characterization methods used in this thesis are described. Firstly,
the imaging methods like atomic force microscopy (AFM) and field emission scanning
electron microscopy (FESEM) are introduced followed by the chemical and electronic
methods as X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spec-
troscopy (FTIR), ultraviolet-visible light spectroscopy and electronic resistance measure-
ments. The scattering methods as grazing incidence small and wide angle X-ray scattering
(GISAXS/GIWAXS) were used to correlate the findings from the topological, chemical
and electronic measurements.

3.1. Imaging Methods

3.1.1. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) images investigate the topography of sample surfaces
e.g. polymers, molecules and thin metal films in the µm and nm range. The sample
surface is scanned with a cantilever, which has a sharp tip at the end of the cantilever,
see Figure 3.1. [145] A laser is focused at the back side on the cantilever, in order to
follow the bending of the cantilever during scanning. The movement of the cantilever for
scanning can be precisely controlled with piezo motors. The sample is raster scanned in
defined areas line by line to produce a 2D and then 3D height image. The tip recognizes
small changes with respect to the sample surface and the bending of the cantilever, which
is monitored with the laser. The photodetector recognizes the small changes of the laser
position. A computer program calculates the signal changes into a height profile for every
measured line scan. The forces that describe the interaction between the tip and the
sample surface are derived from the Lenard-Jones Potential, where the potential contains
repulsive and attractive forces as the van der Waals force. [146–148] The AFM for this
thesis was used in tapping mode, where the tip distance to the sample changes with
the tip oscillations. The representative forces repulsive and attractive in tapping mode
are both competing with the distance between the tip and the sample surface. The
repulsive force function can be expressed as an exponential decay for this distance range

33
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(tapping mode) from the tip to the sample surface, while the attractive force function
has an exponential rise at this distance. The combination of both forces is expressed by
a minima in the Lenard-Jones Potential. [149] For tapping mode, the attractive force is
slightly more dominant compared to the repulsive force. The pristine polymer templates as
well as the metal deposited samples were investigated by AFM. The AFM measurements
were carried out in the semi-contact mode (tapping mode) with an NTEGRA probe
Nano-Laboratory (Russia) using ETALON cantilevers with a tip radius of 10 nm and a
resonant frequency of (120 ± 12) kHz (NT-MDT, Russia) for the PS-b-PMMA templates.
For the measurements with the smaller domain period e.g. PMMA-b-P3HT and PLA-
b-P3HT the NSG03 semi-contact (tapping mode) cantilevers were used. The tip radius
for NSG03 is 6 nm and the resonant frequency (90 ± 8) kHz (NT-MDT, Russia). For
each sample, surface topography images were taken at minimum three sample positions
and using different scan sizes. The line-cuts have a resolution of one data point per 7.8
nm in the lateral direction. The sputtered samples for the AFM images were prepared
by DC sputter deposition. The two-dimensional fast Fourier transformation (2D-FFT) of
the phase images from AFM were performed with azimuthal integration to determine the
domain period of the copolymer with the program Gwyddion (v2.53). [150] The program
Gwyddion was used to analyze the AFM data, e.g. to extract the root mean square (rms)
roughness values and domain period. The AFM images were visualized with WSxM
(WSxM software v5.0). [151]
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Figure 3.1.: Schematic description of an Atomic force microscopy (AFM). The sample is scanned
with a very sharp tip mounted on a cantilever. The cantilever is vibrating with a resonance
frequency, and a laser points on the cantilever and is reflected to a detector. If the tip experience
force changes during the scanning over the sample, the cantilever will change its frequency. This
frequency change is then detected by a deviation of the reflected laser beam on the cantilever
and measured at the detector. The signal on the detector is then converted to a height profile.
The example AFM height image shows a pristine PS-b-PMMA DBC template after solvent vapor
annealing with a fingerprint lamella domain structure.

3.1.2. Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is using focused electrons to measure the in-
teraction between the sample and the incoming electrons, see Figure 3.2. Several inter-
action events occur depending on the incoming photoelectron energy: Auger electrons,
secondary electrons, backscattering electrons, characteristic X-rays, continuum X-rays,
Cathodo-luminescence, X-ray fluorescence, transmitted electrons, diffracted electrons and
scattered electrons. For the measurements usually secondary (depicting the topography)
or backscattered (depicting the composition) electrons are detected and used to recon-
struct the sample surface depending on their different penetration depth. Backscattered
electrons have higher energies (>50 eV) compared to secondary electrons (<50 eV). A
SEM consists of an electron gun to produce the electron beam, condenser lenses to focus
the electron beam, deflection coils to move the electron beam over the sample and high
vacuum to reduce interactions of the electron beam with the atmosphere. The resolution
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of a SEM is given by the minimum spot size, which can be reduced with a field emission
gun.
For Ag, field emission scanning electron microscopy (FESEM) images were obtained with
a Zeiss Gemini NVision 40 (Carl Zeiss SMT, Germany) at a low working distance of 3.1
mm with an accelerating voltage of 1.5 kV. A secondary electron in-lens detector was
used to measure the secondary electron signal in beam direction without backscattering
electrons.
For Al, FESEM images were obtained using a Zeiss Ultra Plus (Carl Zeiss SMT, Ger-
many) at an aperture size of 10 µm with an accelerating voltage of 3 kV. The high voltage
3 kV is used for the aluminum coated samples to avoid accumulation of charges. A sec-
ondary electron in-lens detector was used to measure the secondary electron signal in
beam direction without backscattering electrons.

Figure 3.2.: Schematic description of an FESEM. An electron gun emits electrons, which are
accelerated towards the anode and guided by an objective lenses system. Before the beam
reaches the sample the beam is focused with deflection coils on the way to the sample. When
the beam hits the sample surface, electrons can be ejected. The mostly detected electron are
e.g. backscattered electrons or secondary electrons with their specific electron detector.
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3.2. Spectroscopic Methods

3.2.1. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) uses the photoelectric effect to reveal the chem-
istry of a material composition on a surface. [152] Typically Al Kα or Mg Kα sources are
used to produce X-rays, which are irradiating the sample surface with sufficient energy
to excite electrons from the core levels of the corresponding atoms in the materials, see
Figure 3.3. The XPS spectrum is received by measuring the kinetic energy of the escaping
electrons with an analyzer and calculate the binding energies with the use of the measured
kinetic energy by the following formula

Eb = hν − EKin − Φw, (3.1)

where Eb is the binding energy of the electrons, hν is the photon energy of the incoming
X-rays, EKin is the measured kinetic energy of the electrons and Φw is the work function
of a material. The distance between the analyzer and the sample is around 1 m, therefore
a high vacuum system is needed for the XPS analysis to obtain enough electron counts
during the measurement of the XPS spectra. XPS (Omicron Nano-Technology GmbH,
Germany) was applied to investigate the chemical environment of Ag and Al clusters on
the different polymer templates (PS, PMMA, PS-b-PMMA, P3HT and PMMA-b-P3HT)
before and directly after 1nm Ag and Al sputter deposition. The DC sputter chamber
was directly connected to the XPS device at the University of Kiel (CAU, Institut für
Materialwissenschaft). The XPS was operated with an Al anode at a power of 240W and
spectra were taken with a VSW 100 hemispherical analyser with pass energies of 100 eV
(survey) and 30 eV (high-resolution spectra). CasaXPS (version 2.3.19, Casa Software
Ltd) was used to charge reference the spectra using the carbon C 1s at 284.5 eV and the
oxygen O 1s at 532 eV to quantify the amount and chemical shifts of carbonyl moieties
before and after metal deposition.
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Figure 3.3.: Schematic description of a scanning electron microscope (XPS): a) An electron gun
emits electrons, which reach an aluminium anode. Electrons with specific electron energies in
the range around of 0.3 to 1.5 keV are produced and monochromatized with the help of a crystal
monochromator. The electrons reaching the sample can kick out electrons from the atoms of
the sample surface. The electrons in the analyzer are selected according to their kinetic energy
and measured at the detector. b) Schematic drawing of the XPS process with high eV incoming
X-ray beam (∼ 1.5 keV) interacting with the core electrons of the surface atoms of the sample.
Photoelectrons and Auger electrons can be measured with the hemispherical analyzer.

3.2.2. Fourier-transform infrared (FTIR) spectroscopy

The spectra of Fourier-transform infrared (FTIR) spectroscopy contain detailed informa-
tion about the chemical environment of the molecular structure in the sample, e.g. the
vibrational and rotational absorption bands of the molecules in the sample. [153] The IR
light Fourier-transform infrared (FTIR) spectroscopy uses a broadband infrared source to
guide IR light trough an interferometer with a fixed mirror and a movable mirror. The
IR light excite molecular vibrations and rotations in the molecule with a characteristic
chemical structure for the functional groups. The movable mirror creates a pathway dif-
ference δ = 2x of the light compared to the fixed mirror, see Figure 3.4, which results in
a interference signal and can be detected as the so called interferogram. The interfero-
gram is the recorded signal over the pathway difference δ. The FTIR set-up is used as a
Michelson interferometer, where the light beams split into two beams and one is reaching
the fixed mirror and the other one is reaching the mirror with a pathway difference δ, the
beams then transmit from the sample and reach the detector. A signal at the detector is
created depending on the constructive inference of the beams depending on the molecular
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vibrational and rotational states in the sample. For FTIR all frequencies are measured
at the same time and the interferogram I(x) is described by the superposition [154]

I(x) = I0[1 + cos(2πνx)dν] (3.2)

The intensity is dependent on the optical path length δ with

I(δ) =
∫ +∞

−∞
I(ν)cos(2πνδ)dν (3.3)

Then the complex Fourier-transformation can be written as

I(ν) =
∫ +∞

−∞
I(δ)D(ν)ei(2πνδ)dνdδ (3.4)

where I(ν) is the intensity of the light source with a frequency ν. The measured interfer-
ogram uses a Fourier transformation to convert the spectra into a spectra as a function
of the inverse wavelength. The spectra is then converted into an absorption spectrum

A(ν) = −log(I(ν)/I0) (3.5)

The spectral data has a high resolution over a wide spectral range, due to the measured
frequencies at the same time. The absorption spectra peaks represent the corresponding
molecular vibration and rotation states from the sample. The spectra is then specific
of the sample composition: The functional groups from polymers in the sample and the
spectra can be compared to literature values to identify the specific functional groups.
Fourier-transform infrared (FTIR) spectroscopy was performed on pristine polymer thin
films (PS, PMMA, PS-b-PMMA) on silicon substrates and sputter coated with 1 and 2 nm
effective deposited Ag. Further thin DBC films (PMMA-b-P3HT) on silicon substrates at
selected thickness of Ag (δAg = 1, 2 and 8 nm) were measured. The frequency range from
800 to 4000 cm−1 was measured using an Equinox 55 spectrometer (Bruker Optik GmbH,
Germany) with a resolution of 2 cm−1 and the signal averaging was done over 256 scans.
A custom made copper sample holder was used to place the specimen in transmission
in the setup. The FTIR instrument is purged with dry air and CO2 filtered air stream,
throughout all measurement for minimization of the concentration of IR active molecules.

3.2.3. Ultraviolet–visible (UV-vis) spectroscopy

Ultraviolet–visible (UV-vis) spectroscopy measures the absorption or reflection of a sam-
ple in the ultraviolet and visible wavelength regions. A schematic description of the used
UV-vis setup can be seen in Figure 3.5a. The incident light can interact with the sample
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Figure 3.4.: Schematic description of FTIR. A light source produces IR light and is guided
trough a Michelson interferometer. The beam is split into two beams and a movable mirror
produces different interference pattern. The pattern are hitting the sample and interact with
the samples molecular structure. The outcoming beam is measured by a detector and using a
Fourier Transformation the signal is calculated over the inverse frequency.

and endures to absorption effects of the atoms, molecules or clusters. Absorption effects
can be electronic transitions of the electrons from the ground state to the exited state,
e.g. in polymers, or plasmon absorption effects of metal nanoparticles or thin metal films.
Surface plasmon resonance of thin metal layers on top of a dielectric film and localized
plasmon resonance (LSPR) from metal clusters can be detected with UV-vis. The princi-
ple of the LSPR effect is described in Figure 3.5b. The LSPR effect is caused by incident
light shining on a metal nanoparticle, which leads to coherent oscillations of the conduc-
tion band electrons inside the metal nanoparticles. The oscillation induces a high electric
field at the particles surface and causes an absorption at the plasmon frequency. There-
fore, the sizes of the metal clusters must be smaller than the wavelength of the incoming
light. [22,23]
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For PS-b-PMMA, time-resolved UV-Vis measurements were performed in reflection
mode at 55◦ incident angle due to geometric constraints of the sputter chamber. The
wavelength range from 300-800 nm from a 75W Xenon lamp (LOT-Oriel, Germany) was
guided by fiber optics and focused by lenses (Thorlabs, USA) onto the center of the sample
surface. The focused spot size was (0.5 × 0.5) mm2. The reflected spectra were collected
by lenses and transmitted by a fiber optic to a Glacier X spectrometer (B&W TEK, USA)
with an acquisition time of 5 ms and averaged over 100 spectra in a period of 2 s. The
binning of the spectra for statistical improvement was done with a median over 5 data
points.

For PMMA-b-P3HT, time-resolved UV-Vis measurements were performed in the reflec-
tion mode at a 55◦ incident angle. An Ocean insight DH-2000a (Ocean Optics, USA) was
guided by fiber optics and onto the center of the sample surface. The focused spot size
was (0.5 × 0.5) mm2. The reflected spectra were collected and transmitted by a fiber
optic to an Ocean Optics spectrometer (STS-UV) for wavelength range from 250 to 650
nm with an integration time of 200 ms and average over 5 measurements.

The relative reflectance change was recorded by the ratio between the background
subtracted measured reflectance signal during the metal growth on the polymer sample
and the signal of the pristine polymer template. The formula for the measured specular
reflectance (SR) is given by the recorded spectra during sputter deposition (Rsd) reduced
by the dark spectra (Rd) and divided by the pristine polymer spectra (Rp) reduced by
the dark spectra (Rd) as follows

SR = (Rsd −Rd)
(Rp −Rd)

× 100% (3.6)

Due to technical restrictions of the sputter chambers, it was only possible to measure the
reflectivity change from the metal on the polymer compared to the pristine polymer. This
results in a relative reflectivity change starting at 100% for the bare polymer template
and then increasing reflectivity due to the metal deposition.
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Figure 3.5.: a) Schematic description of UV-vis. A white light source produces light in the
visible and ultraviolet range. The light is guided with optical fibers and focused with lenses on
the sample surface. The reflected beam from the sample is collected again by an optical fiber
and reaches a spectrometer. b) Schematic description of the oscillation from conduction band
electrons inside metal nanoparticles caused by incident light.

3.3. Electronic Methods

3.3.1. Resistance Measurements

During the sputter deposition experiment the surface resistance was measured in situ with
an acquisition time of 270 ms using a multimeter Keithley 2000 (Tektronix, Germany)
and a LabVIEW based software shown in Figure 3.6. The two-wire resistance measure-
ment setup consists of two coaxial cables insulated by shrinking tube separately fixed at
the sample holder, seen in Figure 3.7a. The sample substrate is insulated with 125 µm
Kapton foil (GoodFellow, U.S.A.) to the sample holder. Prior to evacuation the cables
are connected with 10 µL silver conductive lacquer (Silver DAG 1415, Plano GmbH, Ger-
many) onto the edges in 8 mm distance. The four-point resistance measurement setup
consists of four coaxial cables separately fixed and insulated at the sample holder, seen
in Figure 3.7b. Prior to evacuation the cables were connected with gold pins on the con-
tacts (3 × 15) mm2, which were placed onto the sample in 3 mm distance by applying
Ag conductive lacquer (Silver DAG 1415, Plano GmbH, Germany). For determination of
the insulator-to-metal transition (IMT), the in situ resistance curve was partially fitted
with a Boltzmann sigmoidal function using the program Igor Pro 6.37. [155] A current
is applied to the outer pins and the inner pins are measuring the resulting voltage. The
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sheet resistance Rsh is calculated by the measured resistance of the multimeter R and the
geometrical factors as the length from the sample (L) and the width of the sample (W):

Rsh = RW

L
(3.7)

Figure 3.6.: Schematic description of how to measure the resistance of thin films. The sheet
resistance of a thin film is measured using a multimeter. The four-point measurement is taken
with four gold pin contacts on silver lacquer contacts in the same distance from each other. The
gold pin contacts are connected with coaxial cables to the multimeter to measure the four-point
sheet resistance.
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Figure 3.7.: Schematic description of 2- and 4-point resistance measurements. a) 2-point in situ
measurement setup used for the Ag on PS-b-PMMA in situ samples. Reprinted with permission
from [69]. Copyright 2019 American Chemical Society. b) 4-point in in situ measurement
setup used for the Ag on PMMA-b-P3HT in situ samples. Reprinted with permission from [70].
Copyright 2021 American Chemical Society.

3.4. Scattering Methods

In this section the data analysis of the small angle scattering methods used in this thesis
are shown and explained using the example of the PMMA-b-P3HT DBC template with
Ag sputter deposition on the template.

3.4.1. GISAXS

To reveal the average morphology evolution of the metal clusters on the polymer templates
grazing incidence small angle scattering (GISAXS) is a powerful tool, due to the enlarged
footprint and high statistical information. The typical beam size of around 20 × 20 µm2

increases the gained information compared to local area methods such as AFM or SEM.
In Figure 3.8, a schematic description of the GISAXS setup is shown. In Figure 3.9 the
GISAXS data treatment for the analysis of the distances, radii for the metal clusters
on the polymers is shown, how it was performed in the framework of this thesis. The
corresponding line-cuts to analyse the specific regions of interests are marked in the 2D
GISAXS data. The GISAXS data in Figure 3.9a shows the DBC template PMMA-b-
P3HT and 1.5 nm of Ag sputtered on the DBC template. The Ag clusters can be seen by
the broad cluster peak on the left side of the GISAXS pattern in a light blue color. The
maximum of intensity can be seen around the Yoneda region of the metal and polymer.
During the metal deposition the Yoneda region shifts from the polymer region (lower
critical angle) to the metal region (higher critical angle), due to the change from lower
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Figure 3.8.: Description of the setup for simultaneous grazing incidence small and wide angle
scattering. The incoming X-ray beam (pink dashed line) encounters at a very small angle of
incidence on the sample surface (typically αi < 1◦). The exit angle αf (pink dashed line) defines
the angle for the specular beam in vertical direction and ψ (orange area) the angle for the lateral
direction. The scattering vectors kf shows the outgoing scattering event e.g. domain spacing for
the DBC template, average cluster distance or the metal crystal lattice. Two 2D-detector records
the scattered intensity for wide and small angle scattering in a sample to detector distance (SDD)
between SDDGIWAXS ≈ 100-300 mm and SDDGISAXS ≈ 2000-4000 mm.

electron density (polymer) to higher electron density (metal) αi =
√

2δ ∝ √ρ. The red
box marks the Yoneda region for the lateral line-cut to analyse the morphology evolution
of the metal cluster peak and the DBC domain peak. At δAg = 1.5 nm the domain peak
is shown by a broad pseudo Bragg peak in green color at a higher q value compared to the
Ag clusters. The domain peak yields information about the lateral ordering of the DBC
template (FWHM of the domain peak) and the average distance between the domains.
The yellow box shows the vertical line-cut at qy = 0 nm−1 and gives information about
the vertical arrangement (film thickness) of the polymer or metal-polymer compound.
In Figure 3.9b the lateral line-cut of the GISAXS data is shown with the characteristic
domain peak of the DBC template and the broad cluster peak. The data (black data
points) in Figure 3.9b was analysed using the DPDAK software package with fitting
three Lorentz functions (red line) for the polymer region at qy = 0 nm−1, for the domain
peak region at around qy = 0.15 nm−1 and the dynamic cluster region with changing qy
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Figure 3.9.: Description of the GISAXS analysis. a) 2D-GISAXS data of δAg = 1.5 nm Ag
sputter deposition with distinct scattering features (metal cluster peak, DBC pseudo Bragg
domain peak and polymer scattering in the yellow box). b) Lateral line-cut (Yoneda cut) with
the scattering features in the lateral direction. The features are fitted with three Lorentzian
functions. c) Vertical line-cut shows the Yoneda region going from the polymer Yoneda to the
metal Yoneda region during sputter deposition. From the bottom, the first gap is corresponding
to the beamstop to cover the specular beam and the second gap is corresponding to the gap of
the detector for the electronics.

value during the deposition. [156] The vertical cut at qy = 0 nm−1 is shown in Figure 3.9c
with the Yoneda peak, which is changing from the Yoneda peak position originating from
the polymer to the Yoneda peak position corresponding to Ag. The vertical cut is used
to calculate the final metal film thickness at the end of the deposition and to compare it
with the measured quartz crystal microbalance (QCM) value. [157] The film thickness for
all samples were in good agreement with the findings of the QCM values.

3.4.2. GIWAXS

In order to follow the crystallization of the metal clusters growing to thin metal films
GIWAXS is performed. GIWAXS was performed at the same time as the GISAXS mea-
surements and therefore can be correlated to the morphology evolution. In Figure 3.10 an
example is shown how the typical metal rings of the fcc crystalline arrangement are mea-
sured with GIWAXS. Figure 3.10a shows a measured GIWAXS pattern for δAg = 20 nm
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with the corresponding rings for the (111) and (200)-direction of the crystalline fcc lattice.
In Figure 3.10b the azimuthal cuts are shown and reveal the evolution of the (111)- and
(200)-direction of Ag during sputter deposition. The data was analysed with the GIXS-
GUI software to transform the GIWAXS data in the right format in q-space. [143] The in
situ samples were measured with a frame rate of 2 Hz and selective GIWAXS pattern at
δAg = 1, 2, 3, 5, 8, 10 and 12 nm were chosen to investigate the crystalline size evolution
with GIXSGUI. The scattered wave vector not only contains the qz-component but also
contributions from qx or qy, which cannot be neglected for small-angles in GIWAXS ge-
ometry. For qy = 0 in the specular plane as it can be seen in Figure 2.12b, the scattering
cannot be investigated by one scattering vector and has therefore a qx and qz-component.
This leads to a problem for 2D detectors, which show a projection of the allowed Bragg
reflexes of the Ewald sphere, where a certain scattering area cannot be represented. This
area is shown in Figure 3.10a with a reshaped 2D GIWAXS image and is called missing
wedge (qx 6= 0).

Figure 3.10.: Description of the GIWAXS analysis. a) 2D-GIWAXS data showing the Ag crys-
talline peaks of the (111) and (200) direction. b) The azimuthal integration shows the evolution
of the crystalline peak during the Ag deposition to the Ag bulk values with the data in blue (from
light to dark blue with increasing Ag thickness) and the fits for the (111) and (200) direction in
red. Reprinted with permission from [70]. Copyright 2021 American Chemical Society.





4. Sample preparation

In this chapter the materials and the thin film preparation is shown. The materials
are divided into three sections: The substrate material, the polymers on the substrate
and the metal, which is decorating the polymer thin films. In the thin film section the
substrate cleaning process is explained and the polymer deposition with the spin-coating
parameters is shown. For PS-b-PMMA and PLA-b-P3HT the solvent vapor annealing
technique is demonstrated. The last section explains the sputter deposition onto the
polymer templates with the different metal materials silver (Ag), aluminium (Al) and
gold (Au).

4.1. Materials

In this section the different materials are shown, which are used during the thesis project:
substrates, polymers and metals.

4.1.1. Substrate Materials

Glass
Microscope glass slides (Carl Roth GmbH, Germany) 76 × 26 mm2 were cut into (sample
size 20 × 15 mm2) pieces and used as substrates for the PS-b-PMMA templates. Mi-
croscope glass slides (Carl Roth GmbH, Germany) were used as substrates for 4-point
resistivity measurements (sample size 25 × 30 mm2) for the PMMA-b-P3HT templates.
The substrates are cleaned for 30 minutes in acetone using an ultrasonic bath and sub-
sequently rinsed with acetone, isopropanol and ultra-clean water (ELGA Purelab Ultra,
18.2 MΩcm) in order to remove all organic residuals, followed by the acid cleaning as
explained in the section 4.2.

Silicon
The substrates are cleaned for 30 minutes in acetone using an ultrasonic bath and subse-
quently rinsed with acetone, isopropanol and ultra-clean water (ELGA Purelab Ultra, 18.2
MΩcm) in order to remove all organic residuals, followed by the acid cleaning as explained
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in the section 4.2. One-side polished boron-doped silicon (100) (Si-Mat, Germany) were
used as substrates (sample size 12 × 15 mm2).

4.1.2. Polymers

The polymers were dissolved in a toluene solution (purity ≥ 99.5 %, Carl Roth GmbH,
Germany). The concentration of the polymers was chosen in such a way that the resulting
thin films have a film thickness of (55 ± 4) nm for PS-b-PMMA and the corresponding
homopolymers (PS and PMMA). For PMMA-b-P3HT the film thickness of (20 ± 5) nm
was used, same for the homopolymers P3HT and PMMA with the corresponding molecu-
lar weight. For PLA-b-P3HT the film thickness of (137 ± 7) nm was used. The thickness
of the polymers were determined with AFM measurements. First a cut was done as seen
in Figure A.1a, followed by line-cuts as in Figure A.1b (e.g. blue line) over the two areas
to see the homogeneity of the two areas. Then the black box was used to define an area
which counts the height values in this area. The results show two distinct peaks for the
two areas. The distance between the areas defines the thickness of the polymer films with
a higher statistics compared to several line-cuts. The results for the line-cuts are seen in
Figure A.2 and Gaussian fits are used to determine the peaks. The polymers used are
shown in Figure 4.1.

Polystyrene (PS)
Polystyrene is a commonly used polymer and is applied in different applications such as
packaging, insulating material, automotive and more [158–160]. The polymer is nowadays
further used in nanotechnology such as a flat polymer template, which is mostly chemical
inert compared to other polymers with the use for polymer composites [63,161]. Here PS
with a molecular weight of Mn = 68 kg/mol, Mw = 71 kg/mol and PDI = 1.04 is used for
the comparison of the first DBC template (Polymer Source Inc., Canada). The molecular
weight was chosen to be comparable with the molecular weight of the DBC template.

Polymethylmethacrylate (PMMA)
Polymethylmethacrylate is another common used polymer, which is often used e.g. in
prosthodontic and denture-based applications or as acrylic glass [162, 163]. In nanotech-
nology it is for e.g. used in polymer transistor devices, THz technology and photocatalysis
applications [164–167]. Here PMMA with a molecular weight of Mn = 70 kg/mol, Mw =
75 kg/mol and PDI = 1.07 is used for the comparison of the first DBC template. The
second molecular weight was Mn = 17 kg/mol, Mw = 22 kg/mol and PDI = 1.29 (Poly-
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Figure 4.1.: Chemical structure of the used polymers. a) polystyrene (PS), b) polymethyl-
methacrylate (PMMA), c) poly(3-hexylthiophen-2,5-diyl) (P3HT), d) PS-b-PMMA, e) PMMA-
b-P3HT, f) PLA-b-P3HT

mer Source Inc., Canada). The molecular weights were chosen to be comparable with the
molecular weights of the DBC´s templates.

PS-b-PMMA copolymer
The diblock PS-b-PMMA is used as a model system to investigate the Ag formation
on DBC templates with different measurement techniques at the same time e.g. UV-
vis, GISAXS and resistance. The fabrication of nanostructures on macroscopic scale
with desired properties are of huge interest in science and industry for the production
of sensors and circuit boards in the nanoscale. The deposition of thin metal layers on
microphase-separated polystyrene-b-polymethylmethacrylate (PS-b-PMMA) thin films is
one important example of using nanostructured polymer-templates to guide the metal
growth. [4, 5, 64] This so-called selective wetting describes the preferred growth of metal
particles on one polymer block, which can be due to different surface energies (mobility of
the clusters) on the polymer, embedding or chemical interaction, as three prominent driv-
ing forces. [69,168] The understanding of the nanostructure self-assembly could be useful
for thin film applications in organic photovoltaics and organic electronics. [53, 169, 170]
PS-b-PMMA is used with a molecular weight of Mn = 66-b-67 kg/mol and a polydispersity
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index of PDI = 1.1 with Mw = 70.5 kg/mol and PDI = 1.07 for the PS block (Polymer
Source Inc., Canada).

Poly(3-hexylthiophen-2,5-diyl) (P3HT)
P3HT is a conjugated polymer which is used e.g. in organic photovoltaics and tran-
sistor technology. Similar to semiconductors P3HT can be used to generate a current
under illumination. If the energy is higher then the band gap of the material, similar to
semiconductors, charges can be generated and travel along the polymer interfaces until
recombination or charge collection at the current collector (electrode), for this acceptor
and donor material is needed and P3HT is commonly used as the donor material. P3HT
is the working horse of the conjugated polymers, because it is investigated in a lot of sci-
entific studies for many applications such as OPV, organic transistor, organic electronics,
photocatalytic devices, organic light emitting diodes (OLEDS) and many more. [171–177]
P3HT with a molecular weight of Mn = 13.5 kg/mol, Mw = 17 kg/mol is used with a
polydispersity index of PDI = 1.25 and a regioregularity of 90% (H-T) (Polymer Source
Inc., Canada).

PMMA-b-P3HT copolymer
A conjugated polymer as P3HT can be used in various applications in organic photo-
voltaics and organic electronics as described above and the diblock can be used to nanos-
tructure the P3HT domain. The diblock copolymer yields the possibility to easily nanos-
tructure the P3HT. The PMMA can remain in the P3HT nanostructured network or can
be removed by e.g. acetic acid treatment and UV-light exposure. [178, 179] The diblock
PMMA-b-P3HT was used with Mn = 22-b-15 kg/mol and PDI = 2.3 with Mw = 17.2
kg/mol and PDI = 1.15 for the P3HT block and a regioregularity of 90% (H-T) (Polymer
Source Inc., Canada).

PLA-b-P3HT copolymer
PLA is a biocompatiple polymer, which can be removed easily from the DBC template by
UV light and a green solvent such as water or ethanol. [53] Therefore PLA-b-P3HT can
be used to create free standing nanostructure of the P3HT polymer domain by removing
the PLA domain. The free standing nanostructure can be used for nanoelectronic devices
or organic photovolatics. The diblock PLA-b-P3HT was used with Mn = 4.2-b-4 kg/mol,
PDI = 1.45 Mw = 5 kg/mol and PDI = 1.2 for the P3HT block and a regioregularity of
90% (H-T) (Polymer Source Inc., Canada).
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4.1.3. Metals

Silver (Ag)
For sputter deposition a 1- and 2-inch Ag target, which was plasma-cleaned (99.999 %)
from Kurt J. Lesker (USA) was used. Ag is a noble metal such as gold but has a higher
electrical conductivity and therefore is often used as an electrode material or as functional
material. [17, 58, 180–185] Silver is further often used in medical applications because of
it is antibacterial and disinfection functionality. [186,187] The selective decoration for Ag
on DBC templates was shown by Lopes et al. in previous publications and is therefore
a good model system to investigate the chemical and topological properties of thin Ag
films. [4]

Aluminium (Al)
For sputter deposition a 2-inch Al target, which was plasma-cleaned (99.999 %) from Kurt
J. Lesker (USA) was used. Al is used for many applications such as electrode materials,
ultraviolet absorption sensors or light weight metal compounds. [188–190] The advantage
of Al compared to Au or Ag is the better availability and lower price. The oxidation of Al
is a used often used as a protective layer for oxidation in applications. [191] The drawback
Al oxidation, if its used as a conductive material for a lot of applications, is therefore of
high interest to investigate the chemical properties and formation of thin Al films. [192]

Gold (Au)
For sputter deposition a 2-inch Au target, which was plasma-cleaned (99.999 %) from
Kurt J. Lesker (USA) was used. Au is a noble metal and is often used as an electrode
material because it is chemically inert compared to other metals and therefore does not
interact with the polymer template as Ag or Al. The Au metal growth was shown for
example by Roth & Schwartzkopf et al.. [63, 193, 194] Löhrer et al. have shown a slight
difference in the Au growth on different functional polymers, but the chemical interaction
is much lower compared to Ag or Al. [54] Here, it is used on PLA-b-P3HT to compare
the selective wetting differences of an inert metal on the DBC template to Ag.

4.2. Thin Film Preparation

In this section the thin film preparation is explained with substrate cleaning, spin-coating,
solvent vapor annealing and the metal sputter deposition. All organic solvents are pur-
chased by Carl Roth GmbH, Germany.
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4.2.1. Substrate Cleaning

The substrates were cleaned for 15 minutes at 70◦C in acid solution containing 190 mL
sulfuric acid (96%), 87.5 mL hydrogen peroxide (30%) and 37.5 mL ultra-clean water
(ELGA Purelab Ultra, 18.2 MΩcm) as it is shown in Figure 4.2 in order to remove all
in-/organic residuals. [195]

Figure 4.2.: Schematic drawing for acid cleaning of the wafers. A teflon sample holder (white)
with the upright standing samples (grey) was placed in a glass vessel with the acid solution (blue)
for 15 min. Afterwards the samples were rinsed in ultra-clean water and stored in ultra-clean
water.

4.2.2. Spin-Coating

Spin-coating is a common method to prepare smooth homogeneous polymer thin films
on substrate materials, which were e.g. silicon or glass substrates. [196,197] A schematic
drawing of the spin-coating technique is shown in Figure 4.3. A polymer solution of about
70 µL was used to cover the whole surface of a silicon substrate (12 × 15 mm2 sample
size) and around 100 µL for a glass substrate (20 × 15 mm2) or around 150 µL for a
glass substrate (25 × 30 mm2). The spin-coating parameters were chosen to prepare
thin polymer films with a thickness of around δt ∼ (55 ± 3) nm for PS-b-PMMA and
their corresponding homopolymers and δt ∼ (20 ± 3) nm for PMMA-b-P3HT and their
corresponding homopolymers. For PLA-b-P3HT a thickness of δt ∼ (137 ± 5 nm) was
used. This thickness of the DBC films revealed the best possible phase-separation for
this kind of DBC films after spin-coating. The spin-coater 6-RC from SÜSS Micro Tec
Lithography was used for spin-coating. The parameters for the PS-b-PMMA solution (c
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= 12 mg/mL) and their corresponding homopolymers were rotations per minute (rpm)
rpm = 3000, ramp = 9 and time = 30 s. The homopolymer coatings showed smooth
continuous thin film morphology. The diblock copolymer thin film templates already
show microphase-separation with a reduced long-range order directly after spin-coating.
The parameters for the PMMA-b-P3HT solution (c = 5 mg/mL) and their corresponding
homopolymers were rpm = 3000, ramp = 1, time = 30 s. The PMMA homopolymer
coatings showed smooth continuous thin film morphology and the P3HT homopolymer
thin films showed randomly orientated fibers along the thin film. The PMMA-b-P3HT
thin film templates showed a good microphase-separation directly after spin-coating and
yielded no improvement with solvent vapor annealing. The parameters for the PLA-b-
P3HT solution (c = 20 mg/mL) were rpm = 3000, ramp = 1, time = 30 s. The diblock
copolymer thin film templates showed no microphase-separation directly after spin-coating
but a smooth homogeneous thin film, which revealed a very good phase-separation after
solvent vapor annealing.

Figure 4.3.: Schematic drawing of the spin-coating technique. The substrate (Si or glass) is
placed on the rotational stage and the spin-coating parameters are set e.g. rotational speed,
ramp and spinning time. The polymer solution is deposited with an Eppendorf pipette on the
substrate and the spin-coating process is started. The solution is accelerated to the outside and
most of the solution is evaporating during the spinning process, the residual solution is forming
a smooth homogeneous thin polymer film on the substrate material.
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4.2.3. Solvent Vapor Annealing

Solvent-vapor annealing (SVA) is used to change the polymer film morphology after depo-
sition e.g. spin-coating on substrate materials. [52, 198–203] A schematic drawing of the
solvent vapor annealing technique is shown in Figure 4.4. This technique is often used for
DBC templates in order to selectively affect one domain of the copolymer. The solvent
swells the film and attracts primarily one of the blocks. Thus, the solvent increases the
chain mobility more than for the other block, which in turn induces a rearrangement of
the thin film morphology due to energy minimization. The parameter which describes
the morphology of copolymers depending on the physicochemical properties of polymer
and environment is the Flory-Huggins parameter χ. The morphology depends on the
coupling between the blocks, the surface energies of the substrate-to-polymer interface
and the polymer-to-air interface. This can lead to different morphologies of the polymer
thin film, whereby only lamellar arranged polymer blocks were considered as templates
in this work for PS-b-PMMA. The long-range order was increased by SVA on a sample
stage in a closed vessel, where the sample (PS-b-PMMA) was exposed for 2.5 hours to 50
mg/ml acetone (Carl Roth GmbH, Germany) in a desiccator with solvent vapor, being a
selective solvent for the PMMA domains. The PLA-b-P3HT copolymer was solvent-vapor
annealed with 50 mg/ml chloroform (Carl Roth GmbH, Germany) in a desiccator for 45
minutes. The difference between acetone annealing was the vapor pressure of chloroform.
Here, it is really important to have the right pressure in the desiccator. For acetone
directly after was put into the vessel the pressure of the vapor was enough to swell the
film. For chloroform the solvent was put in the desiccator, and waiting for 2 hours was
performed to have the right solvent-vapor pressure in the desiccator. The PLA-b-P3HT
thin film with initial blue color is then changing to a yellow color indicating the swelling
of the film. For solvent-vapor annealing a DURAN-Glas desiccator (DN 150, volume: 2.4
l, diameter inside: 172 mm, diameter outside: 215 mm, height: 154 mm) was used with
a desiccator plate as the sample stage (porcelain, diameter: 140 mm).

4.2.4. Metal Sputter Deposition

Two sputter chambers were used during this thesis. The first one is a dedicated chamber
for RF sputter deposition and has three sputter guns which can be used to sputter at
different angles and allows for sputtering of alloys. [204] The chamber was upgraded
during in the framework of this thesis with a 4-point resistance measurement set up.
The set up was built to measure the resistance change during sputter deposition and
can reveal the insulator-to-metal transition (IMT) for a specific target material and the
used template. The chamber setup can be seen in Figure 4.5. The first chamber was
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Figure 4.4.: Schematic drawing of the solvent vapor annealing technique. A solution of selective
solvent is placed on the bottom of the desiccator. Above the solvent a plate with holes is placed
as the sample stage. The holes allow the evaporating solution to spread in the desiccator and
form a uniform solvent vapor. The polymer film is swelling with the solvent and the polymer
self-assembly process is starting.

further integrated in the beamline P03 at PETRA III to observe the IMT during in
situ morphology investigations with GISAXS. The second chamber is a DC magnetron
chamber developed in a framework of a Deutsche Forschungsgemeinschaft (DFG) project
with collaborators from Kiel university for high throughput in situ experiments at the
beamline. [205] The second chamber setup can be seen in Figure 4.6. For the first chamber
for sputter deposition, a plasma-cleaned 1 inch Ag target with of purity of 99.999 % (Kurt
J. Lesker, USA) was used. For the XPS measurements a similar 2 inch target in a dedicated
chamber was used. Sputter deposition experiments in the RF chamber with Ag on polymer
templates was performed at an Ar working pressure of pAr = 2.5 × 10−2 mbar, power P
= 100 W, voltage U = 1200 V, deposition rate J = (0.42 ± 0.01) nm/min and the base
pressure pb ≈ 5 × 10−6 mbar. The sputter parameters for the in situ experiment as well as
for samples prepared with selected Ag film thicknesses used for FTIR, AFM and FESEM
were the same. The effective metal thickness of the sample was calculated by using a
quartz crystal micro balance (QCM, Inficon, Switzerland), which can be positioned above
the sample before and after the deposition, thus acting as a shutter system. For the second
chamber for sputter deposition, a plasma-cleaned 2 inch Ag, Al and Au target with a
purity of 99.999 % (Kurt J. Lesker, USA) was used. Sputter deposition parameters for the
experiments in the DC magnetron chamber with Ag on polymer templates was performed
at a power P = 5 W, voltage U = 276 V, deposition rate J = (0.066 ± 0.002) nm/s and
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Ar flow of pAr = 10 sccm. For the x-ray photoelectron spectroscopy (XPS) measurements,
the DC sputter source and QCM system the same equipment were connected to the XPS
chamber (Kiel university), yielding the same pressure and sputter conditions as for the
in situ measurements. Sputter deposition parameters for the experiments in the DC
magnetron chamber with Al on polymer templates was performed at a power P = 110
W, voltage U = 286 V, deposition rate J = (0.22 ± 0.02) nm/s and Ar flow of pAr =
10 sccm. The sputter parameters for the Al deposition were chosen to sputter metallic
Al. Sputter deposition parameters for the experiments in the DC magnetron chamber
with Au on polymer templates was performed at a power P = 7 W, voltage U = 334
V, deposition rate J = (0.22 ± 0.02) nm/s and Ar flow of p = 10 sccm. The sputter
rates are confirmed with AFM measurements of Au, Ag and Al on silicon and for the DC
magnetron sputtered targets further with vertical cuts from the last analysed GISAXS
image. The results are shown in Figure A.3 and A.4. The AFM images are analysed
the same way as explained in the polymer section. The GISAXS vertical cuts use the
following equation to determine the thickness of the metal film

t = 2π
∆qz

(4.1)

The metal layer thickness (t) is determined by the distance between the maxima ∆qz.
The first maxima and the third maxima are fitted with Gaussian and used to define
the thickness, because the second maxima lies in the detector gap. The vertical cuts
for Al did not show any height profile and rely therfore on the QCM values and AFM
measurements. The results for the metal thicknesses are shown in table A.1 and confirm
the rates measured by QCM very well.
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Figure 4.5.: DESY sputter chamber. Photograph of the RF sputter chamber equipped with a
UV-Vis setup in reflection mode (white), the rotatable QCM (brown), a resistance measurement
device (green) and the sputter source (red). Reprinted with permission from [69]. Copyright
2019 American Chemical Society.
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Figure 4.6.: Kiel sputter chamber. Photograph of the DC sputter chamber equipped with a
pneumatic QCM (blue, inside the chamber, not visible), a UV-Vis setup in reflection mode
(white), a sputter source (red), sample changer (yellow). The X-ray beam path trough the
chamber is shown (violet) and the GIWAXS detector (green). Reprinted with permission from
[70]. Copyright 2021 American Chemical Society.



5. Sputter Deposition of Nanogranular
Ag Layers during on PS-b-PMMA

In this chapter GISAXS, AFM, resistivity and in situ UV-Vis measurements for this sam-
ple type were adopted from my master thesis at the University of Hamburg. [206] The
detailed analysis was done in this PhD thesis for the in situ UV-Vis and GISAXS data,
the other measurement methods which were done in the framework of the PhD thesis
are XPS, FTIR and FESEM measurements. The chapter introduces the selective metal
growth on DBC templates and the therefore useful methods, in order to reveal the selec-
tive decoration in the following results chapters 6,7,8.

Most parts of the results shown in section 5 were published in the article: Correlating
Nanostructure, Optical and Electronic Properties of Nanogranular Silver Layers during
Polymer-Template-Assisted Sputter Deposition [69] (M. Gensch et al., ACS Appl. Mater.
Interfaces 2019, 11, 32, 29416–29426, DOI: 10.1021/acsami.9b08594)

The design of optical and electronic devices with dimensions in the nanoscale is determined
by the metal-polymer interface, as the electrical and optical properties are governed by
the polymer-metal interface morphology. Therefore, a combined investigation of growth
morphology at the polymer-metal interface on the nanoscale and its correlation to the re-
sulting optical and electronic properties during the metallization of polymeric templates
is necessary. Nanostructured polymer thin films as templates for metallization can be
prepared by the microphase separation of diblock copolymers with subsequent thermal or
solvent vapor annealing (SVA). Lithography is a well-established fabrication method to
produce devices with improved control on the nanoscale. [207] However, the limitations of
lithography methods will be reached in the coming years, and other methods for the im-
provement of nanostructure arrangement have to be developed. [208] Bottom-up routines
to fabricate nanostructures on macroscopic scale with desired properties are of huge inter-
est in science and industry. [16, 209–211] Self-assembled polymer-metal-nanocomposites
offer an excellent perspective by combining the wealth of polymer materials and mor-
phologies with the size- and shape-dependent optical and electronic properties of metals.

61
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Correlating the nanostructure, the optical and electronic properties of thin metal layers
during sputter deposition on homopolymer and DBC templates leads to a deeper under-
standing of the early metal formation for polymer-metal-composites. [27] Depending on
the physicochemical properties of the materials involved, morphologies on different length
scales can be addressed. [203, 212–214] The metal growth can be guided by the types of
polymers of the microphase-separated DBC thin films and can create unique nanostruc-
tured templates. [1, 4, 5, 215, 216] Polymer-template assisted sputter deposition of metal
on PS containing homopolymer and diblock copolymer thin film templates were investi-
gated in situ during sputter deposition, allowing for observing in real time the nanoparticle
growth on such complex templates. [63,205,217,218] A preferential accumulation of metal
on PS was reported and primarily attributed to the differences in surface interaction and
mobility of the metal adatoms with the PS domains. [4, 214] Furthermore, directional
hierarchically nanostructures with optical anisotropy were fabricated via glancing angle
sputter deposition on thermally annealed PS-b-PMMA templates. [64] Alternatively to
physical vapor deposition (PVD), diblock copolymer thin films can serve as a scaffold to
guide nanoparticles or metal precursors prior to synthesis to obtain mesoporous metal
nanostructures. [3, 219–221] However, comprehensive studies to unravel the origin of se-
lective wetting behavior and its impact on the optical and electronic properties are still
missing to date.
In order to preserve the template morphology and obtain high nanoparticle density on a
macroscopic scale without excessive agglomerations and better adhesion properties, the
metallization using PVD, e.g. evaporation or sputter deposition, is favorable.
In this chapter the correlation between the metal-polymer interface-morphology and its
optical and electronic properties are investigated during Ag sputter deposition on differ-
ent polymer thin films. Ag itself is a widely used metal in organic electronics, sensors
and photovoltaics. The focus is especially on the lamellar-type diblock copolymer PS-
b-PMMA thin films with improved long-range order by SVA for exploiting the selective
wetting of Ag on one of the polymer blocks. In order to unravel the fundamentals of
the wetting behavior, Ag growth on the respective homopolymer films is investigated. In
section 5.1 the topography of the DBC template and the resulting Ag nanostructure is
investigated with AFM, FESEM and ex-situ GISAXS measurements. In section 5.2 the
chemical interaction of Ag with the polymer template is revealed with XPS and FTIR
measurements. In section 5.3 the in situ GISAXS measurements are evaluated and the
correlation between the GISAXS measurements and the electronic properties is shown. In
section 5.4 the in situ UV-Vis measurements are correlated to the morphological findings
of the previous sections. Further the results from the master thesis, which showed the
correlation of the IMT to the morphology evolution are correlated in more detail to the Ag
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growth with the findings of the AFM, SEM, XPS and FTIR measurements. Correlating
all these measurements, a detailed model of the Ag growth on the polymer domains is
given in this thesis.

5.1. Microscopic analysis of polymer-template assisted
Ag growth

In this section the topography of the diblock copolymer template PS-b-PMMA and the
Ag cluster decoration on this diblock is shown. The results of the Ag metal formation on
PS-b-PMMA is compared with the formation on the homopolymers to identify differences
in the Ag cluster growth. For this different techniques were used: AFM, FESEM and
GISAXS. [4]

5.1.1. AFM, FESEM and ex-situ GISAXS analysis

The AFM height image in Figure 5.1a shows the as spun pristine PS-b-PMMA thin
film, which shows the typical randomly orientated DBC template after spin-coating. In
Figure 5.1b the solvent vapor annealed PS-b-PMMA is shown with curved lamellar diblock
morphology (finger-print morphology). The thin film was annealed with acetone vapor
for 2.5 hours in a closed vessel. The green circle marks the end of a lying cylinder of a
PS domain. In Figure 5.1c an AFM height image is shown with a solvent vapor annealed
PS-b-PMMA template after sputter deposition with an effective silver layer thickness
of δAg = (2.0 ± 0.1) nm. In Figure 5.1a,b,c the inset of the power spectral densities
(PSD) of a 2D-FFT is shown, where symmetries of the sample surface can be seen as
rings for this DBC template. The 2D-FFT shows the evolving rings for the non annealed
sample compared to the annealed sample and the influence of the Ag decoration for this
effective thickness. The distribution with increasing parallel lamellar ordering results in
a crescent-type pattern with a second order maximum for the 2D-FFT. The peak width
of the distribution decreases with increasing lamellar order. Thus, the improvement of
the long-range order is quantified by the change in the FWHM from the as-spun (see also
Figure 5.1a) polymer thin film (FWHM = (10 ± 2) nm−1, black line in Figure 5.2a) to
the solvent annealed template (FWHM = (5 ± 1) nm−1, blue line in Figure 5.2a) which is
decreasing by a factor of 2 and thus corresponds to the improved long range order of the
lamellar structure. The average lamellar distance for the as-spun sample is (55 ± 10) nm,
smaller than for the solvent annealed and subsequent Ag sputtered sample (65 ± 2) nm.
The domains of the DBC template show a different formation of the Ag on the surface.
The difference in the Ag cluster formation leads to a selectivity of the Ag growth and to
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a so-called selective wetting on one of the polymer domains of the DBC.

Figure 5.1.: a,b) AFM image of the PS-b-PMMA film before and after solvent vapor annealing
with acetone for 2.5 hours in a closed vessel. The green circle marks an ending of a PS block
having an ultrathin PMMA overlayer and hereafter denominated as “PMMA/PS”. c) Acetone
solvent annealed PS-b-PMMA copolymer thin film after Ag sputter deposition of δAg = (2.0
± 0.1) nm. The AFM image shows small clusters predominantly wetted on the protrusions,
i.e. the PMMA/PS domains of the copolymer thin film. The red line shows a line-cut over the
lamella structures, while the green line is a line-cut on the lamella. The Power spectral density
(PSD) is shown in the insets. The AFM data was adopted from the Master thesis [206], the
detailed analysis was done in the PhD thesis. Reprinted with permission from [69]. Copyright
2019 American Chemical Society.

In order to quantify this, two line-cuts are performed in the AFM topography images.
The line-cuts are indicated in Figure 5.1c by a red line for the perpendicular line-cuts and
green for the line-cuts on the PS domain of the DBC. The perpendicular line-cut is done
for 3 lamellae for δAg = 0, 2 and 4 nm to have a higher statistic relevance to show the
relative domain height differences induced by selective metal decoration of the different
polymer domains (Figure 5.1c). The line-cuts on the lamellae show the Ag cluster growth
behaviour on the domain for different δAg thickness, for this 3 line-cuts were taken for each
Ag thickness to have a reasonable statistic relevance. The perpendicular line-cuts can give
a tendency of the decoration of Ag clusters on the different polymer type domains with
the change of the peak-to-valley distance (Dptv). For the SVA DBC thin films the AFM
height images show a uniform peak-to-valley distance of Dptv = (1.3 ± 0.3) nm between
the two blocks. Zhang et al. described these distances between the polymer domains as
the height of protrusions resulting from the selective SVA process. [200]
As PS-b-PMMA is one of the most common DBC templates and mostly investigated
DBCs, e.g. Xuan et al. showed for these templates that a few PMMA chains form an
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ultrathin overlayer covering the PS domains, I refer to this here in the chapter as the
PMMA/PS domain. [201] The PMMA/PS domain can be seen in a later section for the
growth model in Figure 5.11 for δAg = 0 nm with a thin PMMA overlayer on the PS
domains.
Figure 5.2a reveals the change of lateral order of the DBC formation from the as-spun

Figure 5.2.: a) Power spectral density (PSD) from the Figures 5.1a-c) for pristine PS-b-PMMA
(black), SVA PS-b-PMMA (blue) and with δAg = 2 nm (red) b) Comparison of AFM line-cuts
perpendicular across 5 lamellas (red line in Figure 5.1c) from pristine PS-b-PMMA film without
silver sputtered (red), and sputter-coated with 2 nm (blue) and 4 nm of silver (black). The
peak-to-valley distance (Dptv) increases with silver thickness. c) Comparison of AFM line-cuts
along one PMMA/PS lamella (green line in Figure 5.1c) of the pristine PS-b-PMMA (red), and
sputter-coated with 2 nm (blue) and 4 nm Ag (black). The AFM data was adopted from the
Master thesis [206], the detailed analysis was done in the PhD thesis. Reprinted with permission
from [69]. Copyright 2019 American Chemical Society.

PS-b-PMMA template to the annealed template. The massive decreased FWHM in the
power spectral density shows the change from the solvent vapor annealing and stays
constant after sputter deposition of δAg = 2 nm on the DBC template, which means the
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metal is replicating the surface of the DBC template for the first nanometers. Figure 5.2b
shows the selective wetting behavior by the before mentioned Dptv with a deposited Ag
thickness of 2 nm, the Dptv is increased by 1.7 nm to Dptv = (3 ± 0.3) nm compared to
the pristine SVA DBC. Figure 5.2b shows the evolution of the selective wetting of Ag
on the PS/PMMA domain with different amount of Ag. The Dptv increases drastically
for δAg = 2 nm and then reduces slowly and remains nearly constant during the further
deposition of Ag, as seen in Figure 5.2b. Figure 5.2c shows the Ag deposition on the
lamellae for different Ag thickness δAg = 0, 2 and 4 nm and reveals the homogeneous
growth of Ag clusters on the domain at the beginning of Ag cluster growth until δAg =
2 nm. After δAg = 2 nm the Ag clusters seem to growth not only on the PS/PMMA
domain preferential but also on the Ag clusters itself. This leads to an inhomogeneous
Ag cluster height formation for the further Ag deposition. The result also shows an
initial preferential Ag cluster growth on top of the PMMA/PS blocks due to surface
energy respectively mobility differences of the metal adatoms and clusters on the polymer
domains: A difference in diffusion coefficients of sputtered gold on PS and PMMA was
reported by Ruffino et al., and Lopes et al. modelled a mobility difference of Ag on PS-b-
PMMA. [4, 214,215] The diffusion coefficient can be one explanation for the different Ag
growth on PS and PMMA and therefore a selective growth of Ag on the different domains
of the diblock copolymer with Ag preferring the PMMA/PS block. Another explanation
could be a decoration effect, but here this plays a minor role because of the vertical
position of the sputter source compared to the polymer surface. [64] Figure 5.2b shows
the peak-to-valley distance for a deposited Ag thickness of 0, 2 and 4 nm; a decoration
effect would change the peak-to-valley distance leading to an asymmetric Ag decoration
on the boundaries of the polymer domains. The selective wetting will be further shown in
more detail for different Ag thickness in the X-ray section. The AFM analysis will focus
on the embedding of Ag into the polymer films, which will be further demonstrated by
the analysis of the Ag deposition on the homopolymer thin films.

Ag PS PMMA
δAg / [nm] σrms / [nm] D / [nm] R / [nm] σrms / [nm] D / [nm] R / [nm]

0 0.23 ± 0.05 - - 0.25 ± 0.05 - -
1.0 ± 0.1 0.47 ± 0.05 17.7 ± 0.4 5.1 ± 0.2 0.27 ± 0.05 3.4 ± 1.0 1.7 ± 1.0
4.0 ± 0.1 0.79 ± 0.05 19.5 ± 0.6 8.6 ± 0.3 0.62 ± 0.05 17.7 ± 0.03 8.0 ± 0.2

Table 5.1.: Root mean square value of the surface roughness σrms, the average Ag cluster radii
R and the average distances D on PS and PMMA homopolymer thin films with different amount
of sputtered Ag thickness.
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Figure 5.3.: Comparison of 1 nm Ag-coated PMMA (a-c) and PS (d-f) homopolymer thin films
using a) AFM, b) FESEM and c) ex-situ GISAXS. The different cluster growth morphologies
are indicated by the out-of-plane scattering intensity distribution (red boxes). The AFM and
GISAXS data was adopted from the Master thesis [206], the correlation between AFM, GISAXS
and FESEM was done in the framework of the PhD thesis. Reprinted with permission from [69].
Copyright 2019 American Chemical Society.

The peak-to-valley distance Dptv is increasing fast as described in Figure 5.2b after Ag
deposition (δAg = 2 nm) and seems to appear constant until δAg = 4 nm, this indicates
a strong influence from embedding and subsurface growth of Ag in the investigated poly-
mers. In Figure 5.3a comparison of the homopolymers of the DBC template are shown.
Three techniques (AFM, FESEM, GISAXS) reveal the differences of the Ag growth on
the homopolymer templates, due to the influences of surface diffusion, embedding and
sub-surface growth of adatoms and clusters at the different polymer domains. Figure 5.3
a and d show AFM height images of deposited Ag with a thickness of 1 nm on PMMA and
PS. The Ag clusters cannot be seen on the surface of the PMMA film but are clearly visi-
ble on the PS template, which is a first indication of a different growth on the templates.
Further, the comparison of the roughness in Table 5.1 of the pristine PMMA and PS tem-
plates to the Ag decorated ones, reveals a different roughness value for PS but a similar
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value for PMMA, indicating that the Ag clusters grow differently due to e.g. different
chemical interactions and embedding. The AFM images of the pristine homopolymer thin
films have similar roughness. A clear difference resulting from the higher embedding and
subsurface growth in the PMMA film are the smaller and darker Ag clusters compared to
the Ag clusters on PS with the same Ag material content. This is shown in the FESEM
measurements in Figure 5.3 b and e for PMMA and PS thin films with δAg = 1 nm. The
same amount of Ag material proportion is sputtered on PMMA and PS thin films but the
contrast on PMMA is much lower, which suggests a higher embedding and much smaller
Ag cluster sizes on PMMA. The same tendency was shown by Ruffino et al. for embed-
ding with thermal annealing of the films. Here the Ag and Au clusters embed more in the
PMMA compared to PS thin films. [168] In order to identify the cluster size differences
between Ag on PMMA and PS homopolymer thin films, GISAXS was used to determine
the radii and the average center-to-center distance of the Ag clusters. Ex-situ GISAXS
was performed with samples covered with δAg = 1 nm and δAg = 4 nm on PMMA and
PS, which can be seen in Figure B.1c,f as an example for δAg = 1 nm. Ex-situ GISAXS
here means that the samples were sputtered for the specific δAg thickness at the same
time in the HASE sputter chamber (PMMA and PS with δAg = 1,4 nm) and one day
later measured with GISAXS. Both sample types (PMMA and PS with δAg = 1,4 nm)
age for the same time to ensure the same conditions for the metal-polymer samples. The
out-of-plane peak position marked with the red boxes in Figure B.1c,f can be considered
as a Pseudo-Bragg peak, which is correlated to the average interparticle distance D of
the clusters arrangement. Schwartzkopf et al. have shown to calculate the clusters radii
R from the effective metal layer thickness and the interparticle distance, which is used
here to calculate the radii of PMMA and PS for 1 and 4 nm Ag thicknesses, following the
local monodisperse hemispherical model approach. [142] The results shown in Table 5.1
confirm the tendency of increased Ag sub-surface cluster growth and embedding in the
PMMA thin film compared to the PS thin films. The lower cluster radius R on PMMA
can be correlated to σrms. The changes of the root mean square roughness rms values
from the homopolymer samples at different Ag thicknesses (Table 5.1) quantify the ratio
between Ag surface and sub-surface cluster growth. With a pronounced Ag embedding
and sub-surface cluster growth the roughness will be less affected at identical deposited
thicknesses δAg. The roughness analysis from the AFM images indicates for δAg = 0 nm
and 1 nm no significant change on the PMMA film, whereas the rms on PS is twice as
large.

Regarding the growth of Ag on PS-b-PMMA templates, apparently the clusters grow in
the beginning preferentially on the PMMA/PS domains as they are more embedded and
separated in the pure PMMA domains, thus the diffusion of the Ag metal atoms seems
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to be higher on the PS domain. This explains the difference of the R values of Ag on PS
and PMMA.

The ex-situ GISAXS measurements in Figure B.1 showed similar growth behaviour of
Ag with smaller clusters for the first nanometers on PMMA as the AFM and FESEM
measurements. With further deposition the Ag cluster size distribution on PMMA adjusts
to the growth of Ag clusters on PS (δAg = 4 nm). The radii of the Ag clusters in Figure
B.1 is calculated with the before mentioned geometrical model, assuming a hemispherical
cluster shape. [142] When the film thickness of Ag is around δAg = 4 nm, the differences
of the Ag cluster sizes and distances on PMMA and PS thin films is not seen any more.
The results of the homopolymer investigations show a higher tendency of Ag adatoms
to migrate into the sub-surface regime of PMMA in the early stages due to differences
in chemical and mechanical properties of the macromolecular thin film, e.g. differences
in the mobility of the Ag clusters. [214] The target-to-sample distance is considerably
large in the utilized HASE sputter chamber (10 cm). Therefore the sticking coefficient
for sputter deposition is nearly one and the amount of Ag on the polymer templates
is the same. [222–224] In order to investigate the chemical interaction of Ag with the
molecular components of the polymers, chemical measurements will be shown in the next
section. The embedding of Ag in PMMA and therefore the mechanical properties on
the sample surface were revealed with AFM and GISAXS measurements. The as-spun
DBC template in Figure 5.4a show the fingerprint like morphology of the DBC template
as seen also by the AFM measurements with the PS/PMMA domain (lighter lamella
region) and the PMMA domain (darker lamella region). Additional FESEM with δAg =
1 nm measurements seen in Figure 5.4b show similar Ag formation on the corresponding
domains of the DBC, where bigger Ag clusters arrange on the PS/PMMA domain (lighter
lamella region) and smaller clusters on the PMMA domain (darker lamella region). The
Ag clusters follow this fingerprint morphology, which shows the selective decoration of the
Ag clusters on the different polymer domains on the DBC. A higher Ag thickness on the
homopolymers thin films (δAg = 2 nm) in Figure 5.5 confirms the still smaller clusters on
the PMMA thin films, but show also the size increase and reduced embedding for ongoing
Ag deposition on PMMA.
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Figure 5.4.: FESEM of a) pristine PS-b-PMMA and with b) δAg = 1nm. Reprinted with
permission from [69]. Copyright 2019 American Chemical Society.

Figure 5.5.: FESEM comparison of a) PMMA and b) PS with δAg = 2nm. Reprinted with
permission from [69]. Copyright 2019 American Chemical Society.

5.2. Chemical interaction of the metal with the polymer

5.2.1. XPS and FTIR analysis

The difference in Ag cluster growth on PMMA and PS can be explained with different in-
teractions such as the mobilities, embedding and chemical interaction. Here, the chemical
interaction is investigated for the early cluster growth in order to reveal the Ag interac-
tion differences between PMMA and PS. XPS is therefore one of the most useful methods
because it shows the binding of the metal with the molecules of the polymer. In Figure
5.6a an XPS spectra of the C 1s peak from the pristine PS-b-PMMA is shown. The spec-
tra reveals different bonding components of carbon e.g. C-C, C-H, C-O and C=O. The



5.2. Chemical interaction of the metal with the polymer 71

Figure 5.6.: XPS spectra at C 1s edge of pristine PS-b-PMMA (δAg = 0 nm) and b) of sputter-
coated PS-b-PMMA with δAg = 1 nm. c) XPS spectra at O 1s edge of pristine PS-b-PMMA
(δAg = 0 nm) and d) of sputter-coated PS-b-PMMA with δAg = 1 nm. C-O bonding (blue),
C=O bonding (green), C-C and C-H bonding (pink), Ag-O (grey), the envelope (red) and the
background (brown) are shown in the XPS spectra. The intensity of C=O, C–O and O=C, O–C
bonds is decreasing after sputtering of 1 nm Ag for the C 1s and O 1s electrons in PS-b-PMMA.
Furthermore, an AgO bonding is arising with Ag deposition for PS-b-PMMA. Reprinted with
permission from [69]. Copyright 2019 American Chemical Society.

bindings after coating with δAg = 1 nm can be affected by the chemical metal-polymer
interaction such as the reduction of the component proportions, due to breaking or estab-
lishment of bondings. The reduction of the component proportions can be seen in Figure
5.6b, especially for the C-O and C=O components. This is a first indication of a high
bonding of Ag clusters to the PMMA domain and also to the small layer of PMMA on
the PS domain (PS/PMMA domain in the DBC template). On PMMA, the Ag adatoms
might move to the carbonyl moieties of acrylate side chains and thus not contribute to
Ag cluster coalescence and growth. The phenyl side chains of PS are more chemical inert
to Ag, leading to a more pronounced surface cluster growth via diffusion-mediated coales-
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cence. This could be one explanation for the above mentioned morphological differences
of the Ag layer on the two homopolymer thin films. In Figure 5.6c,d the O 1s peak with
δAg = 0 nm and δAg = 1 nm is shown. The shape of the O 1s peak changes after Ag
deposition and an additional Ag-O contribution appearing at around 531 eV in the O 1s
spectra. Ag seems to chemically interact with oxygen of the acrylate side chains for the
PMMA and the PS-b-PMMA template in the early stages of sputter deposition. Figure
5.7a-d show the same tendency as the DBC template for PMMA. The intensity of the
C=O and C–O bonds are shrinking for PMMA and PS-b-PMMA, which implies that the
acrylate side chain interacts with the Ag clusters. For the PS template in Figure 5.7e,f
the spectra of the C 1s and O 1s peak are remaining the same after sputtering, due to
the chemically inert phenyl side chains.
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Figure 5.7.: a) XPS spectra at C 1s edge of pristine PMMA (δAg = 0 nm) and b) of sputter-
coated PMMA with δAg = 1 nm. c) XPS spectra at O 1s edge of pristine PMMA (δAg = 0 nm)
and d) of sputter-coated PMMA with δAg = 1 nm. C-O bonding (blue), C=O bonding (green),
C-C and C-H bonding (pink), Ag-O (grey), the envelope (red) and the background (brown) are
shown in the XPS spectra. The intensity of C=O, C–O and O=C, O–C bonds is decreasing
after sputtering of 1 nm Ag for the C 1s and O 1s electrons in PMMA. Furthermore, an AgO
bonding is arising with Ag deposition for PMMA. e) XPS spectra at C 1S edge of pristine PS
(blue) and of sputter-coated PS (black) show no significant changes and with the background
in yellow and red. f) XPS spectra at O 1S edge of pristine PS (blue) and of sputter-coated
PS (black) with negligible changes and with the background in yellow and red. Reprinted with
permission from [69]. Copyright 2019 American Chemical Society.
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The acrylate side chain of the PMMA seems to be the potential interaction point with
the Ag atoms, therefore further investigations with FTIR measurements were done to
reveal the oxygen interaction at this bonding. [225] The spectra in Figure 5.8 show the
presence of the C=O carbonyl stretching vibrations at a wavenumber of around 1735 cm−1

for the pristine PMMA (turquoise) and PS-b-PMMA (red) thin film. The PS (light green)
thin film does not show a peak at a wavenumber of around 1735 cm−1. When the films
are covered with δAg = 1 nm the peak related to carbonyl stretching vibrations is strongly
reduced for PMMA (blue) and PS-b-PMMA (orange) and for PS (green) still nothing
is changing. With further deposition δAg = 2 nm the peak at PS-b-PMMA (brown) is
vanishing and for PMMA (dark blue) the peak is highly reduced, while for PS (dark
green) no change appears. These results supports the strong interaction of the acrylate
side chain with the sputter deposited Ag.

Figure 5.8.: FTIR spectra of pristine PS-b-PMMA (red), PS (light green), PMMA (light blue)
and sputter-coated with 1 nm Ag PS-b-PMMA (orange), PS (dark green) and PMMA (dark
blue) and 2 nm Ag PS-b-PMMA (brown), PS (darkest green) and PMMA (darkest blue). The
intensity of C=O carbonyl stretching vibrations at a wavelength of 1733 cm−1 changes for
all templates from 0 nm to 2 nm Ag. Reprinted with permission from [69]. Copyright 2019
American Chemical Society.
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5.3. In situ GISAXS and resistivity measurements on
different polymer templates

AFM and FESEM measurements showed first indications how the Ag growth on the
PMMA and PS homopolymer thin films and the corresponding DBC template takes
place. In order to get a more detailed understanding of the Ag growth on the poly-
mer templates, combined in situ measurements are performed with GISAXS, resistance
and UV-Vis. A sputter deposition chamber Figure 4.5 was integrated in a GISAXS set-up
at the P03/MiNaXS beamline of the PETRA III storage ring at DESY (Hamburg, Ger-
many). [204] An incident photon energy of 13 keV was used with a beam size of (31 × 24)
µm2 at the sample position. The sample-to-detector distance was set at SDD1 = (4163
± 2) mm for in situ GISAXS using a Pilatus 1M (Dectris Ltd., Switzerland; pixel size of
172 µm) and SDD2 = (3410 ± 2) mm using a Pilatus 300K (Dectris Ltd., Switzerland;
pixel size of 172 µm) for ex-situ measurements in two experimental runs at the beamline
P03. The direct and specular beams were both shielded by two separate beam stops to
avoid saturation or damage to the detector. In order to achieve a good separation between
the polymer and Ag Yoneda peaks, an incident angle of αi = 0.45 ◦ was selected during
the in situ experiments and an incident angle of αi = 0.36 ◦ was selected for the ex-situ
experiments. In order to prove macroscopic homogeneity of the nanoscale morphology
and to avoid possible X-ray beam effects during the in situ GISAXS experiments, the
sample was laterally moved over several millimeter distances during the experiment. [57]
Meanwhile, the scattering patterns were continuously recorded at a frame rate of 5 images
per second. The GISAXS data were analyzed using the DPDAK software package. [156]
In the first part of this section the GISAXS measurements are discussed, which are then
followed by the in situ resistance measurements and their correlation to the morphological
data. In the next section, the in situ UV-Vis data is discussed in relation to the found
results. In Figure 5.9 typical 2D-GISAXS data are shown, which contain lateral and ver-
tical information of the thin film and metal layer, depending on the sample-to-detector
distance and the incident angle. A closer look to Figure 5.9 with δAg = 0.5 nm shows out-
of-plane intensity corresponding to Ag cluster formation and pseudo Bragg rods, which
are related to lateral symmetries on the sample surface. The lateral symmetries describe
the distance of the domain peaks, which was also shown before by AFM measurements.
More than one pseudo Bragg rod is seen in this GISAXS data, which is an indication for a
very good long range ordering of the domain peaks to each other. The selection in Figure
5.9 shows the sputter deposition of Ag with increasing thickness δAg = [0.5; 1; 2; 3; 4; 8;
10; 13; 15; 20] nm. For the analysis of the sequence of GISAXS data, horizontal line
integrations (Yoneda cuts, red box) are made along an integrated qz region (qz = 0.5-0.6
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Figure 5.9.: Evolution of selected in situ 2D GISAXS data with increasing Ag thickness deposited
on PS-b-PMMA ( δAg = 0.5, 1, 2, 3, 4, 8, 10, 13, 15 and 20 nm). The GISAXS data was
adopted from the Master thesis [206], the interpretation was done in the PhD thesis. Reprinted
with permission from [69]. Copyright 2019 American Chemical Society.

nm−1), near to the critical angle of the polymer. This horizontal line integrations allow to
identify and follow the peak positions of the Ag cluster peak and the DBC domain peak
during the sputter deposition. The position can be used to calculate the average distance
between the Ag clusters and the radii with the before described geometrical model in the
theory chapter 2.3.2. Further the DBC domain peak position can be correlated to the
domain spacing found by AFM and to follow the intensity changes of the domain peak
during Ag deposition. From δAg = 0.5 nm to 20 nm the cluster peak position is shifting
to lower qy values indicating the Ag cluster growth on the DBC template. At the same
time the domain peak intensity is changing related to the selective Ag cluster decoration
on the lamellae domains of the DBC template, with the domain peak position remaining
constant. At around δAg = 13 nm the cluster peak is overlapping with the domain peak,
seen by the increasing domain peak intensity in Figure 5.9. Higher order peaks of the
domain peak are arising in the beginning of the Ag deposition by the selective wetting
and gradually disappear the more both domains are decorated with Ag.
The analysis of the evolution of the Ag cluster formation and DBC domain peak from
the 2D-GISAXS data is shown in a contour plot with lateral cuts at the Yoneda region
of the polymer types with increasing Ag thickness. The contour plot is shown in Figure
5.10a as a function of effective Ag thickness. The clear changes of the key features e.g.
Ag cluster peak (black dashed arrow in Figure 5.10a) and DBC domain peak (marked by
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Figure 5.10.: a) Contour plot of Yoneda cuts from the in situ GISAXS data during sputter
deposition on PS-b-PMMA as a function of effective deposited Ag thickness. The cluster peak
(black dashed arrow) and the lamellar 1st and 2nd order peak (blue dashed lines) at qy =
0.096 nm−1 (1st) and qy = 0.192 nm−1 (2nd) change due to the Ag deposition. The black
dashed vertical lines indicate different growth regions: Nucleation and embedding (I), selective
diffusion-mediated cluster growth via coalescence (II), non-selective adsorption-mediated growth
(III), partially interconnection between the domains (IV), and percolated regime (V). b) Evolution
of the amplitude of the domain peak of PS-b-PMMA during the Ag sputter deposition. The
black dashed vertical lines mark the as before mentioned growth regions; the intensity contrast
in regions (I) and (II) is increasing due to the selective wetting and decreasing in region (III) due
to the limited embedding of Ag clusters in the polymer and the sub-surface growth. c) Evolution
of the mean interparticle distance (D, dark green) and the cluster radius (R, bright green) in
the different growth regions. The GISAXS data was adopted from the Master thesis [206], the
interpretation was done in the PhD thesis. Reprinted with permission from [69]. Copyright 2019
American Chemical Society.

1st and 2nd in Figure 5.10a for the first and second order domain peak) can be identified
in this contour plot. Further five general growth regimes (I-V) are marked and separated
with black dashed line in the contour plot, the origin of the growth regions will be ex-
plained later in detail. In the contour plot the strong intensity peak located at qy = 0
nm−1 (Yoneda peak) is caused by unresolved large scale structures in the sample. [131]
The additional equidistant peaks at higher qy values originate from the microphase sep-
aration in the PS-b-PMMA template and represent the average interdomain distances of
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the lamella (domain spacing, blue dashed lines, at qy = 0.096 nm−1 (1st) and qy = 0.192
nm−1 (2nd) order). [135, 140, 216] From the contour plot the change of the intensity of
the interdomain distance during Ag sputter deposition can be clearly seen and will be
later analysed in more detail. The Ag cluster peak is appearing after around δAg = 0.4
nm of Ag deposition, the broad side peak (dashed black arrow) in Figure 5.10a primary
originates from the interference of the growing Ag clusters assembly and appears at high
qy values. A delayed appearance of the cluster peak was already observed for Al sputter
deposition on Alq3 and related to embedding and chemical interaction between metal and
template. [226] The region until δAg = 0.4 nm marks the first region, where nucleation
and embedding starts and defining regime I. The selective embedding is consistent with
the findings of Ruffino et al. and the analysis of the AFM image. [168] In Figure 5.10b the
intensity of the domain peak is shown for ongoing Ag deposition. The selective wetting of
Ag clusters on the different domains is followed in situ by the evolution of the amplitude
of the domain peak and can be correlated to peak-to-valley distances from the ex situ
AFM analysis and can be used to identify different growth regimes. The change of the
amplitude of the domain peak is a result of the change in selective wetting, due to the
changing electron contrast on the domains by the selective Ag deposition and therefore
an indicator how the Ag growth takes place on the DBC template. With the onset of Ag
deposition, the amplitude increases and higher orders of the peak turn visible, which can
be seen in Figure 5.10a by the appearing 2nd and 3rd domain peak in the contour plot at
around qy = 0.192 nm−1 (2nd) and at around qy = 0.29 nm−1. The domain peak of the
copolymer is not shifting in qy-position during deposition, meaning that the deposition
process does not change the periodicity nor the morphology of the DBC template. The so-
called cluster peak in Figure 5.10a is shifting from high qy values at around qy = 1 nm−1 to
smaller qy values during sputter deposition indicating a simultaneous increase of average
interparticle distance and size consistent with a coalescence-driven cluster growth. The
coalescence-driven cluster growth can be correlated to the intensity of the lamella peak,
which is enhancing up to δAg = 2.9 nm, due to an increase of the electron density contrast
in the near surface regime, as the scattered intensity is roughly proportional to the square
of the density difference of the two differently coated blocks. The second regime is defined
up to δAg = 2.9 nm by the coalescence and the therefore selective wetting on the polymer
domains indicated by the domain intensity. The embedding and sub-surface growth of
Ag clusters in the PMMA domains can explain this behaviour, when at the same time
the Ag cluster grow takes place on top of the PS/PMMA lamellas. This growth differ-
ence on the polymer domains clearly indicates the initial selective wetting in the early
stages. The electron density contrast between surface-coated PMMA/PS-domains and
sub-surface implanted pure PMMA domains can be explained by this growth differences.



5.3. In situ GISAXS and resistivity measurements on different polymer templates 79

In regime II the selective diffusion-mediated cluster growth via coalescence is the main
growth mechanism. After δAg = 2.9 nm, the intensity signal of the domain peak starts to
decrease, indicating that the electron density contrast between the domains is reduced,
which can be seen in Figure 5.10b. At this point the embedding and sub-surface growth at
the pure PMMA lamellae is saturated, and the Ag clusters grow on top of both domains
introducing the end of the selective wetting behaviour. After δAg = 2.9 nm the clusters
now grow arbitrarily on both domains and the growth is described now by a non-selective
adsorption-mediated growth (regime III). This can be seen by e.g. the homopolymer
GISAXS measurements, where at δAg = 4 nm deposition, the Ag cluster radii are similar
(see Table 5.1 and Figure B.1). The adsorption-mediated growth can be followed by the
domain peak intensity in Figure 5.10b until δAg = 7.8 nm. The 1st order lamella peak
intensity starts to increase again at δAg = 7.8 nm, while the intensity of the 2nd order is
shadowed by the overlapping of the shifting cluster peak. This means that the average
interparticle distance of the Ag clusters reaches half of the interdomain distance of the
polymer template (Figure 5.10c). Now the limit is reached, where the polymer-assisted
sputter deposition of the Ag clusters grown on the different domains tend to partially in-
terconnect and defining regime IV. With ongoing deposition, the average cluster distance
approaches the interdomain distance, leading to an independent Ag cluster growth. The
shift of the cluster peak significantly decreases at an effective thickness of δAg = 13 nm,
this is related interconnection of the Ag clusters between the domains and the percolation
of the metal layer resulting in a layer growth (regime V). In Figure 5.10c the interparticle
distance and the radii of the Ag clusters is shown in detail and correlated to the orders
of the lamella peak and the growth regimes. The slope of the interparticle distance curve
and the radii curve is changing trough the evolution of the Ag deposition, when reaching
another growth regime. This is indicated by a slow down of the size growth speed for the
interparicle distance and the radii and mostly pronounced by regime II to III for reduction
the selective wetting.
A schematic model of the Ag cluster growth morphology on PS-b-PMMA DBC template is
sketched in Figure 5.11 showing a visualization of the five growth regimes. The growth of
Ag clusters on PS thin films and especially on PS-b-PMMA DBC shows distinct differences
compared to gold clusters on PS templates during sputter deposition, as it was described
by Kaune and Schwartzkopf et al. in previous publications. [48, 63] The Au growth on
PS homopolymer thin films showed four distinct growth regions: nucleation, diffusion-
mediated growth until a partial cluster coalescence, adsorption-mediated growth with
cluster branching and layer growth after percolation. The DBC template assisted sputter
deposition revealed a different metal-polymer interaction and the interface morphology
disturbs the growth regimes as described with Au and alter their thresholds. [48,63] The



80 Chapter 5. Sputter Deposition of Nanogranular Ag Layers during on PS-b-PMMA

Ag clusters start to grow on top of the PMMA/PS block (green) and sub-surface growth
preferentially on the pure PMMA block (yellow). Schematically, two polymer chains are
shown at δAg = 0 nm (PS in green, PMMA in brown). Then the clusters start to grow
mostly on the lamella block as height differences. At first, the nucleation and selective
embedding (I) is the predominant process for δAg < 0.4 nm. Afterwards, a selective
diffusion-mediated cluster growth via coalescence (II) sets in. At a thickness of around
δAg = 2.9 nm, a non-selective adsorption-driven growth of immobilized clusters on both
diblock copolymer domains occurs (III). After δAg = 7.8 nm, a partially interconnection
of Ag clusters in between the domains occurs (IV). After δAg = 13 nm a fully percolated
metal film grows (V). The clusters in IV and V are merged to big cluster aggregates
on the domains (grey circle), which visualize the interconnection between the domains.
Figure B.2 shows the results of the measured radii and interparticle distance of Ag on
PS-b-PMMA compared to their corresponding homopolymers PMMA and PS. The Ag
cluster growth on the DBC template in the beginning until around δAg = 7-8 nm seem
to grow with the same size as Ag on the PS thin film. This is a further indication of
the selective growth on the PS/PMMA domain in the early Ag growth and the therefore
similar growth compared to the PS polymer template. The growth is dominated by the
larger Ag clusters on the PS/PMMA domain, which the FESEM image in Figure 5.4
confirmed. Below δAg = 7-8 nm, the embedding and sub-surface growth is dominant on
the PMMA domain. The Ag cluster growth on the surface of the PMMA domain just
started and is then rapidly reaching the Ag cluster sizes as on PS. Afterwards the Ag
cluster growth on the DBC template follows the Ag cluster growth on the PMMA thin
film and shows even bigger cluster sizes. This might originate from the higher roughness
on the DBC template compared to the smooth PMMA homopolymer thin films and the
therefore reduced mobility. The correlation of the Ag morphology evolution on the poly-
mer templates compared to their measured electronic properties of the in situ experiment
results are shown in Figure B.3. Figure B.3a shows the ratio of the average diameter
2R of the clusters compared to the interparticle distance D between the clusters. The
aforementioned geometrical model was used to determine the radii and the interparticle
distance of the Ag clusters. [142] The ratio 2R/D with the geometrical model can give
a theoretical value for the percolation, which means that the metal clusters start to in-
terconnect. The majority of clusters starts to interconnect, when the ratio 2R/D equals
one. When the clusters start to interconnect, the percolation threshold is reached, which
is depending on specific parameter related to sputter deposition conditions (e.g. sputter
rate, argon pressure, target to sample distance) and the target material. At percolation
(2R/D = 1) the metal clusters start to form a conductive pathway over a macroscopic
sample area. In Figure B.3a three curves are shown from the different polymer tem-
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Figure 5.11.: General growth of Ag on PS-b-PMMA copolymer templates. The Ag clusters
start to grow on top of the PMMA/PS block (green) and sub-surface growth preferentially
on the pure PMMA block. Schematically, two polymer chains are shown at δAg = 0 nm (PS
in green, PMMA in brown). Then the clusters start to grow mostly on the lamellar block
as height differences. Growth regions: Nucleation and selective embedding (I) for δAg < 0.4
nm. Selective diffusion-mediated cluster growth via coalescence (II) between δAg > 0.4 nm and
δAg < 2.9 nm. Non-selective adsorption-driven growth of immobilized clusters on both diblock
copolymer domains (III) at δAg = 2.9 nm. Partially interconnection of Ag clusters in between
the domains occurs (IV) after δAg = 7.8 nm. Fully percolated metal film grows (V) after δAg
= 13 nm. The clusters in IV and V are merged to big cluster aggregates on the domains (grey
circle), which visualize the interconnection between the domains. Reprinted with permission
from [69]. Copyright 2019 American Chemical Society.

plates and the percolation threshold is compared to determine their differences. PMMA
can be seen by the black crosses and seems to percolate at first (less points are shown
here for PMMA, to include only data of the center of the sample and to neglect sample
inhomogeneity and sample edge effects for the in situ experiment of PMMA). PMMA
is followed by PS with the blue crosses, and at last PS-b-PMMA is percolating. The
shape of the 2R/D curve is different compared to before shown results with Au on PS
thin films. [63] The Ag cluster growth on PS homopolymer thin films, showed no dis-
tinct partial coalescence, which would result in a local maximum in the curve 2R/D as
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a function of δAg, as it was shown by the previous study. The shape of the 2R/D curve
indicates different coalescence kinetics and reduced cluster branching by the protrusions
and the finite lamellar size of the PS-b-PMMA template. It seems the Ag clusters tend
to grow in size and distance along one lamella without pronounced branching. For de-
position on PMMA, the Ag clusters seem to percolate at smaller deposited Ag thickness
(approximately 1 nm smaller) than on PS and PS-b-PMMA. The percolation threshold
of the Ag layer grown on PS-b-PMMA occurs at much higher film thicknesses than for
the homopolymer templates. This behavior can be related to the finite lamella length of
the polymer, as it can be seen by the green circle in Figure 5.1. The results presented
here show that a variation of the polymer surface at constant sputtering conditions is af-
fecting this threshold, as well. In order to correlate the Ag layer growth morphology with
the resulting electronic properties, in situ GISAXS is combined with in situ two point
resistivity measurements, simultaneously during sputter deposition on PS-b-PMMA and
compared to the deposition on the corresponding homopolymer thin films. The in situ
resistance measurements directly confirm the growth behaviour derived from Figure B.3a
the in situ GISAXS measurements. In Figure B.3b the Ag layers on all polymers expose
high electrical sheet resistance up to 8 nm effective layer thickness. Then, a steep decrease
of the sheet resistance by more than 4 orders of magnitude occurs, which is attributed
to the insulator-to-metal transition (IMT). The first small decrease in resistivity occurs
for every polymer thin film before the IMT. This could be a hint for electron tunneling
effects. The percolation thresholds extracted from the in situ GISAXS measurements
and resistance measurements are in good agreement, seen in Figure B.3c. The effective
Ag thicknesses for IMT: δIMT,PMMA = (10.6 ± 0.5) nm < δIMT,PS = (11.6 ± 0.4) nm <

δIMT,PS−b−PMMA = (12.7 ± 0.4) nm. The percolation thresholds determined by GISAXS:
δp,PMMA = (10.5 ± 0.5) nm < δp,PS = (11.2 ± 0.5) nm < δp,PS−b−PMMA= (13 ± 0.5) nm.
Thus, the more pronounced embedding and sub-surface growth on PMMA thin films in
the early stages directly affects the metal layer percolation and therefore the IMT in the
later stages. This observation is in good agreement with the formation of smaller clus-
ters in smaller distances due to the stronger interaction of deposited Ag with the oxygen
in PMMA and thus an earlier percolation. In general, a shift of percolation thresholds
to larger values is directly connected to faster cluster surface diffusion and coalescence
kinetics.
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Figure 5.12.: a) Selection of UV-Vis spectra, where the appearing minima is related to the
LSPR of Ag clusters on PS-b-PMMA template for 0.1 nm 6 δAg 6 4.1 nm. The first minimum
is at around 320 nm (3.87 eV) and the second minimum around 444 nm (2.79 eV). The second
minimum shows a small red shift with the first few nm Ag deposition and then changes to
a small blue shift until it stays constant around δAg = 4 nm. b) Average reflectance of the
whole spectrum for 0.1 nm 6 δAg 6 14 nm. The UV-Vis data was adopted from the Master
thesis [206], the interpretation was done in the PhD thesis. Reprinted with permission from [69].
Copyright 2019 American Chemical Society.

5.4. Correlation of the optical relative reflectance change
and Ag growth on PS-b-PMMA

The Ag morphology evolution on the PS-b-PMMA DBC template during the Ag sputter
deposition is correlated to the electronic properties and further correlated to in situ UV-
Vis surface differential reflectance spectroscopy, which are measured at the same time.
A part of the results of the in situ measured spectra can be seen in Figure 5.12a from
0.1 nm δAg to 4.1 nm δAg. Here, the relative reflectance change during the growth of
Ag clusters on the DBC template is shown for the early cluster growth. The first black
arrow indicates a first minimum at around 320 nm (3.87 eV), which might origin from the
transverse polarized LSPR of Ag clusters on the polymer template. On the other hand,
the optical dielectric function of silver (bulk) has an interband transition near to the
observed minimum. The second LSPR minimum (longitudinal polarization) appears at
around 444 nm (2.79 eV) and shows a small red shift with the first few nm Ag deposition
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and then changing to a very small blue shift until it stays constant around δAg = 4 nm.
Similar UV-Vis spectra were found by Grachev et al., where they showed the appearing
LSPR during Ag sputter deposition on a sapphire substrate. [227] The lamellae structure
forces the clusters into elongated cluster arrays, which might result in this polarization
effect. Only the relative specular reflectance is measured here, which could result in a
different position of the minima in the reflectance spectra compared to the position of the
LSPR absorption spectra, but it can be regarded as an indicator for the presence of LSPR.
Figure 5.12b shows the integral relative reflectance change, which increases gradually. A
slight bump is observed in between 2 nm < δAg < 4 nm, which might be an indication of
the embedding of Ag in PMMA. Afterwards the reflectance increases linearly indicating
the formation of a metal film. The increasing reflectance after λ = 500 nm, goes in the
direction of the Ag bulk value with ongoing Ag deposition.
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5.5. Summary

A detailed GISAXS analysis of the data taken in the master thesis was based on the
model in this thesis. The polymer-template assisted growth of sputter-deposited Ag clus-
ters on PS, PMMA, and PS-b-PMMA was demonstrated. The early metal cluster growth
on the individual blocks determines the later stages and strongly influences the resulting
nanogranular metal layer. The above results show that both, the difference in surface
energy (mobility) of the clusters on the domains as well as the specific chemical interac-
tion play a major role in the growth of the clusters on the polymers. Correlating the in
situ relative reflectance change to the IMT and the embedding, which showed at these
Ag thicknesses a higher increase in the optical response. This hints to the fact, that
only electrons confined to the clusters contribute to localized plasmon activity. Once the
clusters are interconnected, electrons can move freely through the film and can no more
contribute to the localized plasmon absorption phenomena. Thus, the study enables a
deeper understanding of the origin of the selective wetting behavior in template-assisted
sputter deposition. The localized plasmon activity is important for sensor applications,
whereas the electrical conductivity is important for electrodes and electronic devices. The
electrical conductivity can be adjusted by the polymer template and the metal layer thick-
ness. The embedding is beneficial for tailoring metal contacts for an enhanced extraction
of charge carriers in conductive polymers.





6. Selective Ag Nanocluster
Metallization on Partially
Conjugated PMMA-b-P3HT
Templates

The most parts of the results shown in chapter 6 were published in the article: Selective
Silver Nanocluster Metallization on Conjugated Diblock Copolymer Templates for Sensing
and Photovoltaic Applications [70] (M. Gensch et al., ACS Appl. Nano Mater. 2021, 4, 4,
4245–4255, DOI: 10.1021/acsanm.1c00829)

In this chapter the topography and chemical interaction of the diblock copolymer tem-
plate PMMA-b-P3HT with a Ag cluster decoration is shown. The results of the Ag cluster
formation on PMMA-b-P3HT is compared with the formation on the corresponding ho-
mopolymers to identify differences in Ag cluster growth. To reach this goal different
techniques were used such as e.g. AFM, FESEM, GISAXS, GIWAXS, FTIR and XPS.

Functional polymers are becoming more and more interesting for industrial applications
such as photovoltaics, organics electronics, transistor and medical applications. [228–234]
Electronic and optical performances of functional polymers can be improved by adding
nanoparticles in the polymer solution or by the embbeding of metals in the polymer
matrix. The structure formation of the metal component in the composites at the in-
terface needs a better understanding for the future to influence the metal formation and
therefore the optical and electronic properties to tune the metal-polymer composite for
applications. [19, 26, 59, 207, 235–237] The metal electrode formation with minimal ma-
terial usage on application-oriented polymers is of huge interest for nowadays sensors,
batteries and photovolatics industry to a faster transformation in a more sustainable in-
dustry. [54, 238, 239] The deposition of metal clusters on polymer surfaces is a common
method to prepare electrodes, contacts or multilayer structures. Several studies investi-
gated nanoparticle-polymer compounds in this regard. For example Löhrer et al. followed
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in situ the gold electrode sputter deposition on low bandgap polymers used in OPV. [54]
Growth regimes were discovered for example by Kaune et al. with Au on such polymer
types. [48] In this study, I focus on the cluster formation by self-assembly during metal
sputter deposition on application-oriented polymers. The self-assembly process of the
metal clusters can be guided by diblock copolymer (DBC) templates to make use of the
nanostructure for nanoelectronics or sensing applications. [4, 169, 170] The advantage is
the easy tuning ability towards the application by creating hierarchical materials by ex-
ploiting the phase-separated polymer structure and the nanocluster length scales. [57,64]
In general, many OPV applications use conductive polymers as a donor material and ar-
range donor and acceptor in a so-called bulk hetero-junction morphology. [65] The OPV
efficiency can be improved with nanostructured polymer domains if the domain size is
close to the exciton diffusion length. [66–68] The growth behavior and so-called selective
wetting for model systems Ag on PS-b-PMMA is described in the previous chapter and
other DBC systems with different metal materials is further known from literature. [4,5,64]
The growth of metals on more complex polymers e.g. semi-crystalline polymers is still
not fully understood and therefore is important for the understanding of e.g. electrodes,
organic electronics and photovoltaics.
In this chapter the selective Ag wetting is shown on microphase separated polymer do-
mains with an application-oriented polymer as a template. One polymer component of
the DBC used for this templating is PMMA. PMMA is chosen as it can be dissolved easily
from the surface with acetic acid rinsing. This can be used for further processing. For the
second block of the DBC, I selected the model polymer from the field of OPVs, poly(3-
hexylthiophen-2,5-diyl) (P3HT). P3HT is semi-crystalline and a widely used p-type or-
ganic semiconductor material. In the first section 6.1 the AFM, SAXS, WAXS and static
GISAXS measurements are shown, revealing the Ag formation on the polymer domains
and the DBC properties. Further FESEM measurements reveal the selective Ag growth
on the polymer domains. In the second section 6.2 the chemical interaction is investigated
with XPS and FTIR. In the third section 6.3 the in situ GISAXS and GIWAXS measure-
ments reveal the dynamics of Ag growth on the DBC template and are correlated with
the electronic behaviour, which was measured with resistance measurements. The wetting
of Ag on the conjugated DBC films shows different growth behavior than previous stud-
ies on amorphous DBCs. The direct correlation measuring electrical, morphological, and
chemical properties of the Ag formation on the DBC and the corresponding homopolymer
thin films yields to a more detailed understanding of the metal-polymer interaction and
formation towards the fabrication of electrode materials for sensors and organic solar cells.
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6.1. Topography characterization

In this section the topography of the diblock copolymer template PMMA-b-P3HT and
the Ag cluster decoration on this diblock is shown. The results of the Ag metal formation
on PMMA-b-P3HT is compared with the formation on the homopolymers to identify dif-
ferences in the Ag cluster growth. For this, AFM and FESEM were used.

6.1.1. AFM, SAXS, WAXS and static GISAXS analysis

The pristine PMMA-b-P3HT film is shown in Figure 6.1a with an AFM height image
of the surface. The topography shows a locally pronounced hexagonal cylindrical DBC
structure from an as-spun sample, as it was seen with this DBC type from Zenossi et al.
in previous publications. [240] The local hexagonal structure is shown in Figure 6.1a by
a zoom in (yellow box). The lighter color of the DBC matrix corresponds to the P3HT
domain and the darker color wells to the PMMA domain. This will be shown later by the
acetic acid treatment. A nanostructure with this DBC template is already accomplished
after spin-coating with this polymer thickness without further annealing. The DBC thin
films after spin-coating often have to be solvent vapor annealed in order to establish their
nanostructure. The solvent vapor annealing is normally done with the use of harmful
solvents depending on the polymer domain types. This makes the used DBC template
more environmentally friendly for the use of nanostructuring, even though it has to be
solved in toluene. Figure 6.1b shows a schematic drawing of the microphase separated
structure of the DBC, which we can assume from the acetic acid treatment results shown
later. Orange corresponds to the P3HT matrix as shown in 6.1a and black corresponds
to the PMMA domains in a local hexagonal arrangement. In the schematic drawing the
local hexagonal structure is replicated from the AFM height images. The green line marks
an example of a line-cut to determine the height variations from the AFM images and to
show the peak-to-valley distance Dptv of the pristine DBC template compared to the Ag
decorated DBC template. The corresponding line-cuts in Figure 6.1c show the pristine
DBC with a peak-to-valley distance of about Dptv = (0.6 ± 0.2) nm. Figure 6.1d shows an
exemplary schematic side view of the pristine PMMA-b-P3HT with a green line describing
an exemplary line-cut. In order to identify the corresponding domains of the DBC in the
AFM image (P3HT or PMMA), the DBC was immersed in an acetic acid bath for 10 or 15
min (see Figure 6.2a,b), as acetic acid dissolves preferentially the PMMA domain from the
DBC. The acetic acid does not break the covalent bonds of the DBC but partially dissolves
the PMMA from the valleys, and PMMA migrates to the surface on the P3HT domains.
Acetic acid treatment is not applied for the samples used for the sputter deposition and
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Figure 6.1.: a) AFM topography of the pristine PMMA-b-P3HT DBC thin film. The yellow
circle shows an example of the local hexagonal cylindrical DBC morphology (marked in red)
with a zoom-in. b) Schematic model of the pristine PMMA-b-P3HT film with PMMA (black)
and P3HT (orange) regions and an exemplary AFM line-cut (green line). c) Height profiles
extracted from the AFM images of the pristine PMMA-b-P3HT (green line) DBC thin film. d)
Schematic side view of pristine PMMA-b-P3HT. Reprinted with permission from [70]. Copyright
2021 American Chemical Society.

was only used to identify the specific domains on the DBC template. Acetic acid (100 % ,
Carl Roth GmbH, Germany) was used to dissolve the PMMA from the diblock copolymer
PMMA-b-P3HT. The samples were placed vertically in a sample holder and immersed in
an acetic acid bath for 10 and 15 minutes. Afterwards the samples were cleaned in an
ultra-clean water bath (ELGA Purelab Ultra, 18.2 MΩcm) for 10 minutes. After cleaning
the samples were dried on a hotplate at 40 ◦C for 1 minute. The AFM height images in
Figure 6.2a,b show the DBC rinsed for 10 min and 15 min, respectively, with the partially
dissolved PMMA in the wells. Figure 6.2c shows that the acetic acid rinsing increases the
well depth of the surface structure, resulting in a higher peak-to-valley distance Dptv(10
min) = (8.9 ± 0.3) nm, Dptv(15 min) = (17.6 ± 0.5) nm. These results show that the
PMMA domains are selectively dissolved from the wells to the surface of the polymer
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template. The reconstruction of the PMMA from acetic acid rinsing was already shown
by Gharbi et al. and Xu et al. in previous studies. [178, 179] The polymer domains have

Figure 6.2.: a) AFM height image for 10 min acetic acid rinsing. b) AFM height image for
15 min acetic acid rinsing. c) Line-cuts for pristine PMMA-b-P3HT (black), 10 min acetic
acid rinsing (blue) and 15 min acetic acid rinsing (red). Reprinted with permission from [70].
Copyright 2021 American Chemical Society.

been identified with the acetic acid treatment and can be now used to follow the selective
Ag growth on the specific domains of the DBC template. In Figure 6.3a,b line-cuts are
shown for different Ag thickness to determine the peak-to-valley distance (Dptv). Further
the domain peak distance LD can be seen by the pristine sample and followed for different
Ag thickness. Figure 6.3c shows the power spectral density (PSD) of the AFM images for
different Ag thickness. The PSD can follow the evolution of the domain peak and give us
information about the change of the selective wetting. Figure 6.3d-f shows AFM height
images for δAg = 1, 4 and 10 nm, with different Ag decoration on the DBC template,
which will be shown later as different growth regimes. The measured PSD is shown as an
inlet in Figure 6.3c-f.

Figure 6.4a shows an AFM height image of the DBC template, which is coated with
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Figure 6.3.: a), b) AFM height profiles of PMMA-b-P3HT with δAg = 0 nm (black), δAg =
1 nm (blue), δAg = 4 nm (green), δAg = 8 nm (brown), δAg = 10 nm (violet) and δAg = 14
nm (yellow) nm Ag thickness showing increasing peak-to-valley distance up to 10 nm. c) Power
spectral density (PSD) functions calculated from AFM images of Ag thickness of δAg = 0 nm
(black), 1 nm (blue), 2 nm (light blue), 4 nm (green), 8 nm (brown), 10 nm (violet) and 14
nm (yellow) on PMMA-b-P3HT, obtained by azimuthally integrating the Fourier transformed
images to enhance the statistical information. LD shows the domain period of the copolymer
structure. AFM topography of the PMMA-b-P3HT film sputter coated with an Ag thickness of
d) δAg = 1 nm, e) 4 nm and f) 10 nm, respectively. The insets show the Fourier transform (FT)
of the corresponding AFM images with the scale bar corresponding to 0.3 nm−1. Reprinted with
permission from [70]. Copyright 2021 American Chemical Society.

an effective Ag thickness of δAg = 1 nm. The local hexagonal arrangement is still visible
and more pronounced compared to the pristine sample. Ag clusters selectively decorate
the P3HT matrix of the DBC template in Figure 6.4a, seen by the small white clusters
on the matrix. The selective wetting of the Ag clusters on the P3HT matrix was further
derived by line-cuts for different effective Ag thickness (δAg) shown in Figure 6.4b. Here,
the peak-to-valley (Dptv) value is followed with AFM measurements to reveal the selective
wetting. In Figure 6.4b the increase of the Dptv between 1 nm 6 δAg 6 14 nm is shown.
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The Dptv would indicate here a selective wetting of Ag on the P3HT domains on the DBC
film until δAg = 14 nm.

However, the growth modes are more complex and need additional input to analyse
the selective wetting. In Figure 6.4b for δAg 6 4 nm, the increase of the peak-to-valley
distance follows a linear growth. The decoration until δAg = 4 nm could be regarded as
selective wetting of the Ag clusters on P3HT. After δAg = 4 nm, the growth phase is
changing indicating by a slowing-down of the Dptv until δAg = 8 nm. At δAg > 8 nm the
linear increase starts again with a different slope of the Dptv. The slowing-down compares
well to the AFM images seen in Figure 6.3f: More and more of the PMMA is covered with
Ag clusters, filling the PMMA wells. This can be seen in Figure 6.3d-f, by the reduction
of the black wells. The further increase for δAg > 8 nm could be related to the differ-
ent Ag cluster growth stages on both polymers, which will be shown later by GISAXS
and FESEM measurements. Reasons for this could be the previous embedding of Ag in
PMMA, different Ag cluster shapes and different Ag formation on the polymer domains
on the DBC. In addition, I analyzed in Figure 6.4c the power spectral density (PSD) of
the AFM images. Details about the PSD analysis can be found in Figure 6.3c. The PSD
function indicating a domain period of LD = (43 ± 5) nm for the pristine PMMA-b-P3HT
thin film, with ongoing Ag decoration the domain period slightly changes until δAg = 4
nm, which can be also seen as nearly constant in Figure 6.4c and indicates a selective
wetting until δAg = 4 nm. Above δAg = 4 nm, the periodic structure does not follow
the domain period of the DBC anymore, as shown in Figure 6.4c by a linear increase of
the domain period. At the same time, the peak-to-valley distance increase significantly,
but the increase of the domain period is indicating the loss of correlation of the lateral
structure between the DBC structure and the growing Ag layer.

Figure 6.5 presents AFM images of the surface of the pristine PMMA and P3HT ho-
mopolymer thin films. PMMA shows a smooth amorphous surface, while the surface
of the P3HT thin film is rougher due to the semi-crystalline fiber arrangement. The
crystallinity of the P3HT domain of the DBC template needs to be further understood
compared to the P3HT homopolymer. The surface morphology of the DBC is investigated
with GISAXS and the crystallinity with GIWAXS (Figure 6.6).
The size of the domain period of the pristine PMMA-b-P3HT was calculated from the

GISAXS data in Figure 6.6a. The domain peak is seen by the pseudo Bragg peak in the
out-of-plane direction in the GISAXS data. The peak is not as pronounced compared
to the PS-b-PMMA peak, because of the less-developed long range ordering compared to
the amorphous DBC. The domain period is LD = (42 ± 4) nm and in good agreement
with the findings of the AFM measurements above. In Figure 6.6b the semi-crystalline
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Figure 6.4.: AFM topography of the PMMA-b-P3HT film sputter coated with an Ag thickness
of a) δAg = 1 nm. b) Peak-to-valley distance (Dptv) derived from the line-cuts seen in Figure 6.3.
c) PMMA-b-P3HT DBC domain period (LD) derived from the power spectral density (PSD)
functions calculated from AFM images seen in Figure 6.3. Reprinted with permission from [70].
Copyright 2021 American Chemical Society.

Figure 6.5.: A comparison of AFM topography of the pristine homopolymer thin films: PMMA
and P3HT. Reprinted with permission from [70]. Copyright 2021 American Chemical Society.

structure of the PMMA-b-P3HT template is shown in comparison to their corresponding
homopolymer P3HT. The DBC template shows a less pronounced crystallinity compared
to P3HT but still has a some crystalline arrangement, seen by the fitted red bump for the
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100 direction of the blue curve.

Figure 6.6.: a) 2D-GISAXS data of a PMMA-b-P3HT thin film with a pseudo Bragg peak
(white arrow) at around LD = (42 ± 4) nm for the domain peak. b) GIWAXS line-cuts from
PMMA-b-P3HT (blue line) with a fit for only the (100) peak (2nd red line) and P3HT (red line)
thin films with 20 nm thickness showing three Bragg peaks. The characteristic P3HT peaks
(100), (200) and (300) are shown for the 20 nm P3HT thin film. For the PMMA-b-P3HT thin
film with a thickness of 20 nm only the (100) peak is seen and a small bump of the amorphous
PMMA-b-P3HT peak. Reprinted with permission from [70]. Copyright 2021 American Chemical
Society.

SAXS and WAXS was applied to a thick PMMA-b-P3HT film of around 2 µm to inves-
tigate the thermal stability of the crystallinity and DBC ordering. For the SAXS and
WAXS measurements a Pilatus 300k was used. The SDD for SAXS measurements was
SDD: 1051.35 mm and for WAXS: 101.35 mm. The wavelength was λ = 0.15418 nm. In
addition the morphology of the DBC template is investigated during heating and cooling
with SAXS in Figure 6.7. The DBC template is heated from T = 25◦C to 250◦C to see
changes of the domain peak during the heating. The temperatures were chosen to see
changes near to the glass temperature of PMMA (around T = 100◦C) and P3HT (around
T = 200◦C). The domain peak (LD) improved slightly for T = 100◦C and T = 110◦C
but after T = 160◦C the domain peak is clearly reduced. After T = 250◦C the domain
peak is vanishing, which results in the loss of the DBC nanostructure. The cooling did
not result in a reversible process, the domain peak did not reappear. In Figure 6.8 the



96
Chapter 6. Selective Ag Nanocluster Metallization on Partially Conjugated

PMMA-b-P3HT Templates

Figure 6.7.: SAXS line-cuts from a thick PMMA-b-P3HT polymer film treated with different
temperatures (25◦C, 100◦C, 110◦C, 160◦C, 250◦C and cooled down again to 25◦C). The domain
peak LD is increasing which results in a more arranged structure but with reaching the 160◦C the
arrangement gets irreversible destroyed. Cooling down does not result in the previous structure.
A domain period of LD = (41 ± 5) nm was obtained for 25◦C. Reprinted with permission
from [70]. Copyright 2021 American Chemical Society.

crystallinity of the DBC template is shown for heating from T = 25◦C to 250◦C. The
typical (100) peak of P3HT can be seen. The crystallinity of the DBC template is shown
to be improved during heating still until T = 250◦C. This is also seen by the (010) peak
of P3HT, which has a small appearance for T = 25◦C and is slightly improving until T
= 250◦C. Due to the DBC template an amorphous region between the (100) and (010)
peak is visible, which is growing during the heating process. The heating can improve the
crystallinity but the loss of the nanostructure between T = 110◦C and T = 160◦C leads
to a diffuse orientation of the DBC nanostructure.
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Figure 6.8.: WAXS line-cuts from a thick PMMA-b-P3HT polymer film treated with different
temperatures (25◦C, 80◦C, 100◦C, 110◦C, 250◦C). The typical P3HT crystalline structure with
the 100 direction is seen with an amorphous PMMA-b-P3HT peak overlapping the 200 and 300
peak of the P3HT. A face on (010) orientation can be seen at around 16 nm−1. Reprinted with
permission from [70]. Copyright 2021 American Chemical Society.

6.1.2. FESEM analysis

The early cluster growth on the DBC is further investigated by FESEM. The influence of
the semi-crystalline part of the P3HT can be seen especially for the early cluster stages.
The Ag clusters seem to arrange on the crystalline part of the ordered P3HT domain and
form small regions of cluster aggregation, see Figure 6.9a. The cluster aggregation regions
were identified with the program ImageJ, shown in Figure 6.9b by the red marked aggre-
gates. [241] The threshold (red) was set such as to match the cluster aggregation regions
with very little deviation to the original image in Figure 6.9a. The cluster aggregation
regions are clearly replicated by the threshold marked in red. In Figure 6.9c the outlines
of the cluster aggregation regions are then shown, which were found by the threshold from
Figure 6.9b. The contrast for analysis was guided by the contrast of the clusters similar
in Roth et al. in previous publication. [194] The size of these average cluster aggregation
regions is calculated by the histogram in Figure 6.9d as (46 ± 13) nm. The ongoing Ag
growth on the DBC template is further investigated with FESEM measurements, shown
in Figure 6.10. The FESEM images show the PMMA-b-P3HT templates with different Ag
thicknesses. In Figure 6.10a, for δAg = 1 nm the before mentioned formation of clusters
on the crystalline parts of the P3HT can be seen. In the red triangle, the estimated model
of Schwartzkopf et al. with three adjacent local monodisperse equidistant clusters can be
observed. [142] With ongoing deposition, it is observed that until an effective Ag thickness
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Figure 6.9.: a) A FESEM image of PMMA-b-P3HT with Ag thickness δAg = 1 nm. b) FESEM
edited with ImageJ (v1.51k) to mark the regions with parts of crystalline P3HT (red). c) A result
of the analyzed image in b) using ImageJ. One example of a line-cut for the image in c) shows
the size of one region with Ag cluster aggregation. In these regions individual clusters are visible
which stick to the crystalline part of the P3HT. The line-cuts indicate an average size (length)
of these regions of (46 ± 13) nm. d) A histogram image of the average size obtained from
the line-cuts as shown in c). Reprinted with permission from [70]. Copyright 2021 American
Chemical Society.

of 10 nm the clusters did not form a percolated network, see Figure 6.10a-c. The first
connected pathway can be found for δAg = 10 nm in Figure 6.10d. In Figure 6.10e for
δAg = 12 nm, even multiple connected pathways can be observed, the film seems to be
electrically conductive from that point on. In Figure 6.10f at δAg = 14 nm, the metal film
is nearly covering the whole polymer template and a fully connected metal film can be
seen. Eventually, in Figure 6.10f a nanostructured electrode layer can be found for around
δAg = 14 nm. The Ag cluster growth on the corresponding homopolymer thin films is
shown in Figure 6.11. The Ag growth on PMMA shows a more fractal like cluster growth
compared to more separated cylinders of Ag on P3HT, seen in Figure 6.11b,c for PMMA
and Figure 6.11e,f for P3HT. The cylindrical shape of Ag clusters on P3HT will be shown
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Figure 6.10.: FESEM images with different sputter-deposited Ag thickness δAg: a) δAg = 1
nm shows Ag cluster formation on the crystalline part of the P3HT domain. The clusters often
locally arrange in a triangular structure as described in the model of Schwartzkopf et al.. b), c)
δAg = 4 nm and 8 nm continuous cluster grow. d) δAg = 10 nm a possible single conductive
pathway arises (indicated as red line). e) δAg = 12 nm multiple conductive pathways arise
(indicated with red, blue, and green lines). f) δAg = 14 nm the metal film starts to completely
percolate the DBC surface. Reprinted with permission from [70]. Copyright 2021 American
Chemical Society.

later by the X-ray scattering results. From Figure 6.11e with δAg = 4 nm on P3HT, it is
not expected to percolate earlier than Ag on PMMA. But due to the crystalline fibers,
the Ag growth is directed on the fibers and leads to percolation on these fibers. This can
be seen very nicely in Figure 6.11f, where already a percolated pathway is visible for δAg
= 8 nm, while for PMMA in Figure 6.11c separated islands are visible.
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Figure 6.11.: a-c) FESEM images of PMMA with Ag thickness δAg = 1, 4 and 8 nm. d)-f)
P3HT with Ag thickness δAg = 1, 4 and 8 nm. The red line shows a potential conductive
pathway for P3HT with δAg = 8 nm. Reprinted with permission from [70]. Copyright 2021
American Chemical Society.

6.2. Surface chemistry characterization

6.2.1. XPS and FTIR analysis

In this section the interaction of the metal with the polymers is investigated in more
detail to reveal the selective wetting in the early stages of cluster growth. In Figure 6.12
the XPS data of the pristine (δAg = 0 nm) PMMA-b-P3HT film is compared to the Ag
decorated PMMA-b-P3HT film with δAg = 1 nm. The interaction between the Ag and the
polymer domains is seen by the oxygen and sulfur components of the polymers. Therefore
the S 2p and O 1s peak in the XPS spectra are investigated. Figure 6.12a shows the S
2p electron peak for sulfur in P3HT of the PMMA-b-P3HT DBC for δAg = 0 nm with
two bonding types (C-S-C, S-H). After δAg = 1 nm deposition a bump is appearing at
161.5 eV in Figure 6.12b. The bump is identified as chemical bonding of Ag with sulfur
to Ag sulfide. Figure 6.12c shows the pie chart of the atomic percentage relations of the
different bonds in the S 2p peak with δAg = 1 nm. After deposition of only δAg = 1
nm, the proportion of Ag sulfide is already very high, which shows the high interaction
of Ag with P3HT in the early Ag growth. The same behavior is observed at the O 1s
spectra, indicating a bonding of Ag with the oxygen in the PMMA block to silver oxide
(Figure 6.12d,e). Figure 6.12f shows the pie chart of the atomic percentage relations of
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Figure 6.12.: a) XPS spectra at S 2p edge of pristine PMMA-b-P3HT (δAg = 0 nm) and b)
sputter-coated PMMA-b-P3HT with δAg = 1 nm. c) Atomic percentage relation in the S 2p
peak on the bonds for PMMA-b-P3HT with δAg = 1 nm. d) XPS spectra at O 1s edge of
pristine PMMA-b-P3HT (δAg = 0 nm) and e) sputter-coated PMMA-b-P3HT with δAg = 1
nm. f) Atomic percentage relation in the O 1s peak on the bonds for PMMA-b-P3HT with δAg
= 1 nm. Reprinted with permission from [70]. Copyright 2021 American Chemical Society.

the different bonds in the O 1s peak at δAg = 1 nm. The exact values for the atomic
relations can be seen in Figure 6.13. The analysis of the O 1s and S 2p peak reveals that
the affinity of Ag to sulfur seems to be higher compared to oxygen (Ag-S: 20% compared
to Ag-O: 5%). The pie charts reveal a different chemical reaction of the Ag atoms with
the polymer domains. Ag binds at the components of the polymer domains and acts as a
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nucleation site during the metal growth. The XPS results for the C 1s peak of the DBC
can be seen in Figure 6.14 and confirm the lower interaction of the Ag with C=O bonds
compared to the results of Ag with PS-b-PMMA in the previous chapter.

Figure 6.13.: a) Atomic percentage relation (At) in the S 2p peak on the bindings for PMMA-
b-P3HT with δAg = 0 nm and with δAg = 1 nm. b) Atomic percentage relation (At) in the O
1s peak on the bindings for PMMA-b-P3HT with δAg = 0 nm and with δAg = 1 nm. Reprinted
with permission from [70]. Copyright 2021 American Chemical Society.

Figure 6.14.: XPS spectra at C 1s edge of a) sputter-coated PMMA-b-P3HT (δAg = 1 nm) and
b) pristine PMMA-b-P3HT with δAg = 0 nm. Reprinted with permission from [70]. Copyright
2021 American Chemical Society.

The XPS results for the homopolymer films can be seen in Figure 6.15 and Figure
6.16. The metal growth depends on the polymer environment and influences the different
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cluster morphologies. As described in the previous chapter, the Ag growth on PMMA
starts with embedding and subsurface growth. For Ag growth on the P3HT domain, this
does not seem to be the case. As it was seen in Figure 6.9 by the FESEM measurements
with the Ag clusters arranging on the P3HT crystalline structures. In Figure 6.17 the
XPS results for the homopolymer thin films show the same trend as the DBC template
for the affinity of Ag to sulfur and similar ratio for the components before and after Ag
deposition.
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Figure 6.15.: XPS spectra at C 1s edge of a) pristine P3HT (δAg = 0 nm) and b) sputter-coated
P3HT with δAg = 1 nm. XPS spectra at O 1s edge of c) pristine P3HT (δAg = 0 nm) and d)
sputter-coated P3HT with δAg = 1 nm. XPS spectra at S 2p edge of e) pristine P3HT (δAg
= 0 nm) and f) sputter-coated P3HT with δAg = 1 nm. Reprinted with permission from [70].
Copyright 2021 American Chemical Society.
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Figure 6.16.: XPS spectra at C 1s edge of a) pristine PMMA (δAg = 0 nm) and b) sputter-
coated PMMA with δAg = 1 nm. XPS spectra at O 1s edge of c) pristine PMMA (δAg = 0 nm)
and d) sputter-coated PMMA with δAg = 1 nm. Reprinted with permission from [70]. Copyright
2021 American Chemical Society.
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Figure 6.17.: a) Atomic percentage relation (At) in the S 2p peak on the bindings for P3HT
with δAg = 0 nm and with δAg = 1 nm. b) Atomic percentage relation (At) in the O 1s peak
on the bindings for PMMA with δAg = 0 nm and with δAg = 1 nm. Reprinted with permission
from [70]. Copyright 2021 American Chemical Society.

The FTIR measurements in Figure 6.18 show the spectra of δAg = 1 nm, δAg = 2 nm and
δAg = 8 nm on PMMA-b-P3HT. The intensity of the C=O carbonyl stretching vibrations
at a wavenumber of 1733 cm−1 decreases to 0% from δAg = 1 to δAg = 8 nm Ag. The
intensity of C-S stretching vibrations at a wavenumber of 1108 cm−1 decreases from δAg

= 1 to δAg = 8 nm Ag, as well. In addition, the higher Ag-S peak is consistent with
the finding from FESEM: Ag seems to interact first with the crystalline part of the semi-
crystalline P3HT domain during the nucleation stage. Later, Ag will reach the amorphous
part of P3HT. This in turn could increase the chemical interaction of Ag and sulfur of
the P3HT domain. The high decrease of the C=O carbonyl stretching vibrations shows
the fast Ag decoration of the PMMA wells on the surface after Ag embedding in PMMA.
From the peak-to-valley distance and the cluster aggregation analysis from the FESEM
image, I deduce that Ag seems to grow preferentially on the crystalline part of the P3HT
surface. The linear increase up to δAg = 4 nm of Dptv from AFM measurements indicates
reduced embedding of Ag inside the P3HT polymer domain. The FTIR measurements in
Figure 6.18 show a trend for the Ag reaction with oxygen and sulfur for even higher Ag
thicknesses.
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Figure 6.18.: FTIR spectra of 1 nm Ag on PMMA-b-P3HT (blue), 2 nm Ag on PMMA-b-P3HT
(light blue) and 8 nm Ag on PMMA-b-P3HT (dark yellow). The spectra are shifted along the
y-axis for clarity. The intensity of C=O carbonyl stretching vibrations at a wavenumber of 1733
cm−1 changes for all templates from 1 nm to 8 nm Ag (100 % to 0 %). The intensity of C-S
stretching vibrations at a wavenumber of 1108 cm−1 changes for all templates from 1 nm to
8 nm Ag (100 % to 65 %). Reprinted with permission from [70]. Copyright 2021 American
Chemical Society.

6.3. In situ GISAXS on different polymer templates

In this section the in situ morphological data is shown for GISAXS and GIWAXS and is
compared to resistance and simulations. The results are collected and a model is derived,
for Ag growth on the PMMA-b-P3HT DBC template. A sputter deposition chamber
(Figure 4.6) was integrated in a GISAXS set up at the P03/MiNaXS beamline of the
PETRA III storage ring at DESY (Hamburg, Germany). An incident photon energy of
13 keV was used with a beam size of (31 × 24)µm2 at the sample position. The sample-
to-detector distance was set at SDD3 = (2462 ± 2) mm for in situ GISAXS using a
Pilatus 300K (Dectris Ltd., Switzerland; pixel size of 172 µm) at the beamline P03. The
sample-to-detector distance for in situ GIWAXS was set at SDD4 = (178 ± 3) mm using
a LAMBDA 750k detector (X-Spectrum GmbH, Germany; pixel size of (55 × 55) µm2)
at the beamline P03. The direct and specular beams were both shielded by two separate
beam stops to avoid saturation or damage to the detector. In order to achieve a good



108
Chapter 6. Selective Ag Nanocluster Metallization on Partially Conjugated

PMMA-b-P3HT Templates
separation between the polymer and Ag Yoneda peaks, an incident angle of αi = 0.39 ◦

was selected during the in situ experiments. In order to prove macroscopic homogene-
ity of the nanoscale morphology and to avoid possible X-ray beam effects during the in
situ GISAXS experiments, the sample was laterally moved several millimeter distances
during the experiment. Meanwhile, the scattering data were continuously recorded at a
frame rate of 20 images per second for GISAXS and at a frame rate of 2 images per second
for GIWAXS. The GISAXS data were analyzed using the DPDAK software package. [156]

The Ag growth on the DBC template with partly semi-crystalline domains is compared
to the Ag growth on the corresponding homopolymers and investigated with GISAXS. In
Figure 6.19a-d 2D-GISAXS data of the DBC template are shown from δAg = 1 to 10 nm
Ag thickness. The characteristic cluster peak, as well as the DBC domain peak, are both
depicted by red arrows in Figure 6.19a. The domain peak for δAg = 1 nm directly shows the
selective wetting of Ag on the P3HT network by its increasing intensity due to the electron
contrast enhancement. The pseudo Bragg peak supports the before mentioned assumption
of the hexagonal structure of the DBC template. The shape and the length of the Bragg
rod are an indication for vertical arrangement of cylinders (PMMA) in a matrix (P3HT).
This is comparable to the results of Lupi and Li et al. shown in previous publications.
[80, 242] With ongoing sputter deposition, the cluster peak migrates to smaller qy values
corresponding to higher distances between the clusters and growing radii. At δAg = 5
nm and δAg = 10 nm in Figure 6.19c,d height oscillations are visible and have a certain
shape, which indicate a cylindrical cluster growth. The shape of the height oscillations
are more uniform and separated (not smeared out) compared to for example halfspheres
or spheres. [135, 194] In Figure 6.19e-h and 6.19i-l the Ag growth on the corresponding
homopolymers P3HT and PMMA is shown. The comparison to the DBC template shows
no pseudo Bragg peak for the homopolymers due to the missing arranged nanostructure.
The evolution of the Ag cluster peak shows a similar growth on P3HT with the DBC
template and a different growth on PMMA. The cluster peak position is very similar for
the DBC and P3HT, while for PMMA the position is at smaller qy values for the same δAg
(see in Figure 6.19a,e,i). From the AFM results in Figure 6.4 as well as from the XPS and
FTIR results in Figure 6.12 and 6.18, the selective growth of Ag on the P3HT domain was
already shown. The XPS results showed for the first nanometer a clear interaction of the
Ag and sulfur of the P3HT domain, which leads to selective wetting. Additionally, the
GISAXS data of PMMA-b-P3HT and P3HT on the one hand and PMMA on the other
hand show distinct differences in the cluster shapes. PMMA shows a more hemispherical
cluster shape by the out-of-plane scattering intensity, which is a fingerprint of the clusters
form factor as explained before for the cylindrical shape. [135, 194] It can be seen very
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Figure 6.19.: Selected 2D GISAXS data of Ag cluster growth on a-d) PMMA-b-P3HT, e-h)
P3HT, and i-l) PMMA for Ag thicknesses of δAg = 1, 2, 5 and 10 nm, respectively. The domain
peak and cluster peak are highlighted. The scattering data indicates a hemispherical shape of the
cluster for the PMMA and a more cylindrical shape for PMMA-b-P3HT and P3HT. Reprinted
with permission from [70]. Copyright 2021 American Chemical Society.

clearly for δAg = 5 and 10 nm of the 2D-GISAXS data in Figure 6.19 with a more tilted
and smeared out shape of the height oscillations. Following Schwartzkopf et al., I can
assume a cylindrical Ag cluster growth on PMMA-b-P3HT and P3HT compared to a
hemispherical Ag cluster growth on PMMA. [142]
The contour plot in Figure 6.20a shows the summarized results of all lateral cuts at the

Yoneda region (integrated qz region of qz = 0.5-0.7 nm−1, around the Yoneda peak) from
δAg = 0 to 12 nm. This map indicates four different growth regimes, which can be seen
in more detail in the schematic drawing in Figure 6.25. The first region describes the
nucleation and embedding process (I), where clusters of Ag start to nucleate at the P3HT
surface and embed in the P3HT and PMMA polymer domains. No out-of-plane scattering
is visible at large qy values, except for the DBC domain peak. The second region shows the
diffusion-mediated cluster growth via coalescence and selective wetting of Ag on P3HT
(II). The clusters start to form bigger aggregates on the P3HT, whereas an enhanced Ag
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Figure 6.20.: a) Contour plot of Yoneda cuts from the in situ GISAXS data during sputter
deposition on PMMA-b-P3HT as a function of effective Ag thickness δAg. The cluster peak
(black dashed arrow) and the 1st order domain peak (red dashed line) at qy = 0.15 nm−1 change
due to the Ag deposition. The white dashed vertical lines indicate different growth regions: (I)
Nucleation and embedding, (II) selective diffusion-mediated cluster growth via coalescence, (III)
reduced-selective adsorption-mediated growth and (IV) percolated regime on the P3HT domain.
b) Evolution of the amplitude of the domain peak of PMMA-b-P3HT during the Ag sputter
deposition. The black dashed vertical lines mark the before-mentioned growth regions; the
intensity contrast in region (II) is increasing due to the selective wetting and decreasing in
region (III) due to the limited selective growth. c) Evolution of the average interparticle distance
on PMMA (DPMMA, blue), PMMA-b-P3HT (DPMMA−b−P3HT , black), P3HT (DP3HT , red),
and the corresponding cluster radii (RPMMA (bright blue), RPMMA−b−P3HT (grey), RP3HT

(orange) in the different growth regions. Reprinted with permission from [70]. Copyright 2021
American Chemical Society.

sub-surface growth take place on PMMA domains. Region III can be described as the
reduced-selective adsorption-mediated growth. Here, the clusters on the P3HT domain
become more immobile and mainly grow by adsorbing adatoms. Furthermore, the growth
of Ag on the surface of PMMA decreases the scattering contrast between the two blocks
(see Figure 6.20b). In region IV – starting around δAg = 9.5 nm – the Ag metal clusters
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start to percolate on the P3HT network and form a conductive pathway, see also FESEM
images in the section above in Figure 6.10. In this region the Ag clusters still grow on
the PMMA until the whole film percolates. The clusters on the P3HT and PMMA region
start to touch each other and form a complete thin metal film on the DBC template. The
different growth of Ag on the homopolymer films can be seen in the FESEM images in
Figure 6.11. The four regions can be correlated with the amplitude of the domain peak
intensity in Figure 6.20b. The evolution of the amplitude of the domain peak (dashed red
line in Figure 6.20a) of PMMA-b-P3HT during the Ag sputter deposition is shown in order
to follow the selective Ag growth on the polymer domains. The black dashed vertical lines
mark the before-mentioned growth regions. Region (I), the nucleation regime, does not
show significant out-of-plane scattering. The intensity contrast in region (II) increases due
to the selective wetting and decreases in region (III) due to the limited selective growth
on the P3HT domain. In this region, the domain peak overlaps with the cluster peak,
whose amplitude increases with ongoing Ag deposition. The difference in cluster size (see
Figure 6.20c) and shape (see Figure 6.19) indicate the different growth behaviour of Ag
on PMMA and P3HT.
At the same time as in situ GISAXS measurements, in situ GIWAXS measurements were
taken to investigate the crystalline arrangement of Ag on the DBC template. In Figure
6.21a the reference measurement can be seen with LaB6 to determine the instrumental
resolution with the FWHM of the LaB6 rings. In Figure 6.21b-d the evolution of the
typical Ag rings can be seen for the (111) and (200) Bragg peaks. With ongoing Ag
deposition the intensity of the rings increases and the FWHM is shrinking. For δAg = 1
nm in Figure 6.21b only a slight intensity of the (111) peak can be seen. For δAg = 5 nm
in Figure 6.21c the (111) peak is much more pronounced, and the (200) peak is appearing.
At δAg = 12 nm the (200) peak is now clearly visible.
Further, the height of the Ag clusters will be investigated with the help of vertical cuts
of the GISAXS data and simulations. The crystalline size which is measured with the
GIWAXS measurements and compared to the height of the Ag clusters from GISAXS. The
height of the Ag clusters is firstly analysed in Figure 6.22a, which shows the off-centered
vertical line-cuts of the Ag sputter deposition on PMMA-b-P3HT obtained by in situ
GISAXS for different Ag thickness. The line-cuts are taken at a position related to the
cluster peak without the influence of the polymer template (polymer peak at qy = 0 nm−1)
e.g. without the domain peak region (domain peak at qy = 0.15 nm−1). Figure 6.22b shows
the respective in situ GIWAXS data as shown before in Figure 6.21 with the corresponding
(111) and (200) Bragg peaks of Ag derived with the software GIXSGUI. The crystallite size
is calculated using the modified Debye-Scherrer equation (see equations 2.43, 2.44) and
the instrumental resolution (Figure 6.21a). In order to receive the full information of the
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Figure 6.21.: Examples of the reshaped 2D-GIWAXS data by GIXSGUI. a) LaB6 for instrumental
resolution. b) GIWAXS data of PMMA-b-P3HT for δAg = 1 nm. c) GIWAXS data of PMMA-
b-P3HT for δAg = 5 nm. d) GIWAXS data of PMMA-b-P3HT for δAg = 12 nm. Reprinted
with permission from [70]. Copyright 2021 American Chemical Society.

Ag crystallite growth, the values from Figure 6.22b are interpolated in Figure 6.22c, seen
by the lines between the points. For comparison, Figure 6.22c shows also the temporal
evolution of the cluster height (green squares) as deduced from minima in the vertical
line-cuts. The detailed analysis of the height calculation is shown below in Figure 6.23.
Furthermore, the diameter of the clusters 2RPMMA−b−P3HT (black) is shown in Figure
6.22c. In Figure 6.22c the crystallite size evolution for the (111) peak and the (200) peak is
following nearly continuous linear growth laws during Ag sputter deposition. For the (111)
peak the size of crystallites increases between 1 6 δAg 6 3 nm linear with first a high slope,
before it levels off. The crystalline size of the Ag clusters shows an isotropic distribution
over the whole sample with no preferred crystallite orientation, seen in the Figure 6.21b-d.
The height of the clusters is calculated from the off vertical cut. Off vertical cut denotes the
whole qy region without the region around qy = 0-0.15 nm−1 in the GISAXS data. Here,
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Figure 6.22.: Sputter deposition of Ag on PMMA-b-P3HT followed in situ with GISAXS and
GIWAXS. a) Contour plot of off-center vertical line-cuts of the 2D GISAXS data plotted as
a function of the effective deposited Ag thickness δAg. The red arrows show the position of
minima between the height oscillations. b) Integrated 2D GIWAXS data (blue) with fits (red).
The (111) and (200) Bragg peak of Ag are illustrated. c) Comparison of the diameter of the
clusters 2RPMMA−b−P3HT (black), the height of the clusters (green) and the crystallite size in
111 direction (blue) and in 200 direction (red). Reprinted with permission from [70]. Copyright
2021 American Chemical Society.

the vertical electron density distribution is independent of the polymer template thickness
increase oscillations. Figure 6.23 shows the position of qz minima of the experimental
data and the simulations with IsGISAXS. [138] The simulations take into account the
distorted wave born approximation (DWBA). With the relation between the minima
of the experimental data and the simulation Schwartzkopf et al. offers a possibility to
calculate the average cluster height from the minima relation. [63] For the simulations the
same parameters as for the experiment were considered and for the diblock copolymer: A
50 % mixed scattering length density was used for PMMA and P3HT in order to simulate
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Figure 6.23.: First minima in qz for the experiment (black) and for the simulations (green), fitted
with an exponential function. Reprinted with permission from [70]. Copyright 2021 American
Chemical Society.

the diblock copolymer. For the simulation a percolated film (2R/D = 1) of Ag clusters
was considered for simplification. The resulting exponential functions from Figure 6.23
for the experiment and the simulations are

qzmin,sim(H) = 0.79808 + 4.6247exp(−0.40509H) (6.1)

qzmin,exp(δAg) = 0.79492 + 2.3641exp(−0.3428δAg) (6.2)

H(δAg) =
ln(−0.00316 + 2.3641exp( −0.3428δAg

4.6247 ))
−0.40509 (6.3)

The calculated height is shown in Figure 6.22c in green with a linear increase over the Ag
thickness.
Figure 6.24a shows the determined percolation threshold, obtained from in situ GISAXS
measurements. Therefore the lateral line-cuts enable the possibility to calculate the ratio
between the radii and the average cluster center-to-center distance. The percolation of
the metal network starts when the clusters start to touch each other. This is indicated
by the point, where the cluster diameter (2R) reaches the average cluster center-to-center
distance (D). This does not essentially predict that the entire metal network is macro-
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scopically high electrically conductive, but it is a hint when the metallic network begins
to be electrically conductive.

These morphological results are now correlated with the electrical properties. From
the resistance measurements shown in Figure 6.24b I obtained the insulator-to-metal
transition (IMT). The results for the percolation obtained by GISAXS are PMMA-b-
P3HT δAg = (10.2 ± 0.5) nm, PMMA δAg = (9.9 ± 0.5) nm, P3HT δAg = (7.8 ± 1.0) nm
and for the IMT are PMMA-b-P3HT δAg = (10.8 ± 0.6) nm, PMMA δAg = (10.5 ± 0.5)
nm and P3HT δAg = (8.3 ± 0.6) nm. Figure 6.24a,b show agreement between geometrical
determined percolation threshold and measured onset of conductivity. Further the 4-point
resistance measurements confirmed the above estimated cylindrical Ag cluster growth on
the P3HT domain of the DBC PMMA-b-P3HT, while the models for hemispherical or
spherical clusters would lead to a later percolation. The result for the homopolymers
support the percolation found by the above shown FESEM measurements in Figure 6.11.
The FESEM results for the DBC template are in good agreement with the previously
found percolation threshold and IMT. The general growth model of Ag on PMMA-b-P3HT
DBC templates is shown in Figure 6.25. The first model shows a side view of the pristine
PMMA-b-P3HT DBC thin film with the two polymer blocks P3HT (orange) and PMMA
(black) (0). At first, the nucleation and selective embedding (I) is the predominant process
for δAg < 1 nm. Afterwards, a selective diffusion-mediated cluster growth via coalescence
(II) sets in. The Ag clusters (grey) start to grow cylindrically on top of the P3HT
block (orange) (II). A sub-surface growth preferentially on the pure PMMA block starts
(hemispheres) (II). At a thickness of around δAg = 4.8 nm, a reduced-selective adsorption-
driven growth of immobilized clusters on the P3HT DBC domain occurs (III). Around δAg
= 10 nm a fully percolated network of metal film is grown on the nanostructured P3HT
film (IV). After δAg = 10 nm the whole polymer film starts to percolate (P).
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Figure 6.24.: a) Evolution of the average cluster diameter (2R) over the mean interparticle
distance (D) ratio for PMMA (blue), PMMA-b-P3HT (black), and P3HT (orange). When
2R/D equals one (red line) the majority of clusters tend to touch each other, which can result
in a macroscopic conductive path. b) In situ 4-point resistance measurements during sputter
deposition of Ag on PMMA-b-P3HT (black), PMMA (blue), and P3HT (orange) thin films. The
red line is a fit using the Boltzmann sigmoidal fit function in order to determine the insulator-to-
metal transition for all samples. Reprinted with permission from [70]. Copyright 2021 American
Chemical Society.
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Figure 6.25.: Sketch of the general growth model of Ag on PMMA-b-P3HT DBC templates.
Growth regimes: 0: initial state I: δAg < 1 nm, II: 1 nm < δAg < 4.8 nm, III: 4.8 nm < δAg

< 10 nm, IV: δAg > 10 nm, P: after percolation state. Reprinted with permission from [70].
Copyright 2021 American Chemical Society.
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6.4. Summary

The selective growth of Ag as a potential electrode was visualized on a conjugated DBC
template during sputter deposition. Clear differences are found for early stages and late
stages prior to the percolation threshold. During early growth stages Ag selectively wets
the P3HT domain. In addition, a completely different growth of Ag clusters in size and
shape on the corresponding P3HT and PMMA homopolymer thin films is found with a
cylindrical Ag cluster growth on the P3HT domain and a hemispherical cluster growth
on PMMA. This indicates a different growth behavior on the domains of the conjugated
DBC. The influence of the chemical interactions of the impinging atoms revealed by
XPS confirms an interaction of the Ag atoms with the sulfur and oxygen compounds of
the different polymer domains. On the DBC template, Ag tends to grow preferentially
on the P3HT domains at the beginning (low metal layer thickness) and to embed to a
larger extent into the PMMA domain. The growth models agree well with the insulator-
to-metal transition measurements. Direct observation of percolated pathways has been
achieved with FESEM. The results demonstrate a possible method for template-directed
nanogranular electrode preparation for sensing and photovoltaic applications by exploiting
the selective Ag growth. One can envisage that the domain period and found morphology
is suitable to produce an organic solar cell with the investigated DBC template. For
predictive material science ab initio, molecular dynamics would help in rational material
design for organic photovoltaics and electronics and by the correlation with experimental
results presented here. This study shows that the choice of polymer and metal influences
the wetting behavior and can be used to tailor the interface to the needs of future organic
electronic devices, which can be used e.g. to extend lithography schemes to the 10 nm
scale.



7. Aluminum Nanocluster Layers
Growing on Partially Conjugated
PMMA-b-P3HT Templates

Most parts of the results shown in chapter 7 were published in the article: Correlating
Optical Reflectance with the Topology of Aluminum Nanocluster Layers Growing on Par-
tially Conjugated Diblock Copolymer Templates [71] (M. Gensch et al., ACS Appl. Nano
Mater. 2021, 13, 47, 56663–56673, DOI: 10.1021/acsami.1c18324)

In this chapter the morphology and chemical interaction of the diblock copolymer tem-
plate PMMA-b-P3HT with Al cluster decoration is shown. The results of the Al metal
formation on PMMA-b-P3HT are compared with the formation on the homopolymers to
identify differences in the Al cluster growth. For this comparison different techniques were
used such as e.g. AFM, FESEM, GISAXS, GIWAXS and XPS.

The optoelectronic properties of nanostructures such as Al clusters can be influenced by
their self assembly and are of high interest for surface enhanced Raman scattering (SERS)
type sensors due to the high absorption in the ultraviolet (UV) spectral range and lower
material costs compared to, e.g., silver (Ag) or gold (Au). [188, 243–245] A broad range
of Al plasmon absorption from various Al nanoparticles obtained by chemical synthesis
or lithographic procedures were reported to be located in the UV-vis spectral region,
depending on the size, shape, amount of oxygen, local arrangement, and surrounding
medium. [243, 245–248] In addition Al is often used as an electrode material in organic
electronics such as in organic photovoltaics (OPVs). [61,249,250] Therefore, a comprehen-
sive investigation of tuning the morphology and collective optical reflectance of Al layers
sputter-deposited on nanostructured DBC and homopolymer thin films are still missing.
The intrinsic physicochemical and nonequilibrium processes during sputter deposition are
complex, in particular, when using reactive metals such as Al. [251] A profound view on
the interaction potentials of the Al with the template material on which sputter deposi-

119
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tion takes place is of importance to tailor morphology and optoelectronic properties for
OPV device fabrication. The tunability e.g. of plasmon resonance frequency in the ul-
traviolet visible (UV-vis) spectral range was shown by Knight et al. with the influence of
the oxidation of the Al disks for plasmonic applications. [243] Al2O3 was further used as
a buffer layer to increase the electrode stability in ambient air. [62,252,253] These studies
show the influence of the chemical interaction from Al with the template and the need to
be properly understood for the specific templates as for the used PMMA-b-P3HT DBC
template, which could be used as a candidate for a part of the OPV active layer. In the
previous chapter, I investigated the interaction of Ag on the same DBC template with
GISAXS and XPS to reveal the topological changes and chemical interactions. The chem-
ical interaction of noble metals such as Ag with several molecular components was proven,
e.g., oxygen and sulfur. [69, 70] Ag was reacting with different molecular components of
the polymer template (PMMA and P3HT), which lead to a cylindrical cluster growth on
P3HT and a hemispherical cluster growth on PMMA. Less noble metals as Al, change the
situation and become even more complex. In an earlier work, the Al formation on P3HT
and Alq3 during sputtering in an atmosphere with a high oxygen content, demonstrating
the complexity of Al growth on these different surfaces. [226,254]

In the present chapter, the focus is on correlating topological changes with optical
changes by combining in situ UV-vis spectroscopy and GISAXS during Al sputter depo-
sition at the same time. The respective homopolymers PMMA and P3HT are studied
for comparison as well. The specific DBC morphology offers the possibility to improve
devices from OPVs and optical sensor applications. In section 7.1 I monitor the optical
response by in situ surface differential reflectance spectroscopy (SDRS) in the specific UV
spectral range in comparison to the topological development of the Al decoration char-
acterized by AFM measurements. In section 7.2, XPS measurements are done at early
deposition states to show the high affinity of the Al clusters to the molecular components
of the DBC. In section 7.3, the in situ X-ray scattering data is showing the growth of Al
on the DBC template and can be compared to the previous chapter with Ag on the same
DBC template. In section 7.4, the growth of Al on the homopolymers is compared to the
growth on the DBC template and reveals information distinct difference of the cluster
arrangement. In section 7.5 a model of the Al decoration on the DBC template is derived
from the correlated results of the different measurements techniques.
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7.1. Optical reflectance and morphology change during
sputter deposition

The Al layer growth on the DBC template leads to a relative change in the UV-vis re-
flectance spectra. The reflectance was measured at an incident angle of 55◦, the pristine
20 nm PMMA-b P3HT thin film on a Si wafer was set as a reference to 100%. The surface
differential spectra from these measurements show the change from the pristine polymer
and Si wafer compared to the spectra of polymer, Si wafer and Al layer. Depending of the
metal nanoparticle/cluster distribution, size, shape and metal type, distinct minima can
be observed in these surface differential spectra for localized surface plasmon resonance
(LSPR). The position in the reflectance spectra does not necessarily show the exact po-
sition of the LSPR but provides an indication of an existing plasmon activity as it was
shown in my previous publications for Ag. [57,69] The correlation of the changing interface
morphology from the Al growing layer on the DBC template and the changing optical
spectra were simultaneously measured with UV-vis spectra and surface-sensitive X-ray
scattering pattern (GISAXS). The results of the UV-vis spectra can be seen in Figure
7.1a-b, which are compared to AFM measurements with the corresponding Al thickness
(Figure 7.1c-f). In Figure 7.1a the relative UV reflectivity is strongly reduced for δAl = 1
to 6 nm, which is located in the spectral region of absorption from Al due to LSPRs. In
order to understand the reflection behavior in more detail a sequential spectral simulation
based on the complex matrix form of the Fresnel equations of a compact (nongranular
and nonplasmonic) Al layer growing on top of a 20 nm PMMA/2 nm SiO2/Si template
was done with the help of Dr. Matthias Schwartzkopf (DESY) and can be seen in the
appendix in Figure C.1a. The detailed UV-vis spectra can be seen in Figure C.1b and
Figure C.1c in the appendix until δAl = 20 nm. The simulation shows that the distinct
reflection minima at approximately λ1 = (265 ± 3) nm and λ2 = (365 ± 2) nm become
suppressed by the Al layers on the topmost interface, as it is also seen by the UV-vis
measurements.
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Figure 7.1.: a) In situ UV-vis surface differential specular reflectance data from Al sputter
deposition on PMMA-b-P3HT, showing two peaks with antireflective behavior in the UV regime.
The first local minimum at λ1 = 265 nm (dashed gray arrow) and the second local minimum
at λ2 = 365 nm (dotted gray arrow) from template shadowing effects during Al layer growth
are both located in the region of Al plasmonic contributions. b) Specular reflectance intensity
changes at λ1 = 265 nm as an indicator of plasmon activity at different effective Al thicknesses
reveal a local minimum around δAl = 2 nm. The inset shows the redshift in λ1 minima position.
AFM topography of the PMMA-b-P3HT film sputter-coated with an Al thickness of c) δAl = 1
nm (wormlike Al layer), d) δAl = 2 nm (wormlike Al layer), e) δAl = 4 nm (nanogranular layer),
and f) δAl = 8 nm (nanogranular layer). Reprinted with permission from [71]. Copyright 2021
American Chemical Society.



7.1. Optical reflectance and morphology change during sputter deposition 123

However, the relative UV reflectivity below λ = 400 nm shows antireflective behavior
until δAl = 6 nm, this can not be covered by these simulations. This indicates the LSPR
activity as an additional source of absorption. At around δAl = 6 nm, the Al cluster layer
seems to reach its percolation threshold, and the LSPR activity is drastically decreasing
due to the more dense formation of the Al layer comapred to the previous isolated Al
clusters. The specular reflectance illustrates this high decrease in Figure 7.1b, where at
δAl = 1 nm the specular reflectance is reduced to around 78% of the original value of the
pristine DBC. The reduction of the specular reflectance stays below 100% until around
δAl = 6 nm for the spectral region below λ = 400 nm. The change is as explained above
due to gradual vanishing of the LSPR activity, the emerging normal surface plasmon
absorption, and additional thin-film interference effects, which become more significant in
the optical reflectance. The first minima of the plasmon activity is tracked and the change
of position of the minima is demonstrated in the inset of Figure 7.1b during the increase of
the Al thickness. The typical red-shift of the minima position is seen for the LSPR effect,
as the particle size of the Al clusters is increasing with higher Al thickness. [243, 251]
The use of sensors in applications is increasing from year to year, and the need of high
and pronounced antireflective specular reflectance in the UV range is of high interest
in this regard. The effective Al thicknesses shown here between δAl = 1 nm and 4 nm
could be interesting for further investigation of the optical properties by controlling the
interface morphology, e.g. size, shape, and distance of the Al clusters on various templates
depending on the sensor application. Bottom-up procedures for manufacturing thin Al
formation by sputter deposition on different polymer templates to prepare highly dense
and well-arranged Al nanostructures for high plasmonic active sensors is a major task for
future distinct sensor applications.

The formation of the Al cluster layers on the used DBC template (PMMA-b-P3HT)
surface was followed firstly by AFM measurements for selected Al thicknesses. The evo-
lution of the Al layer formation is shown in Figure 7.1c-f with the AFM height images
for different Al thicknesses (Al = 1, 2, 4, 8 nm). AFM images of thicker Al layers can be
seen in the appendix in Figure C.2 until δAl = 20 nm. A typical dense nanogranular Al
layer for sputter deposition can be seen in the later stages of Al thickness at around δAl

> 10 nm. The difference compared to Ag growth on the similar DBC template is mostly
in the beginning of the Al layer formation. An example for the different growth of Al on
PMMA-b-P3HT compared to Ag on the DBC template is the shape of metal clusters on
the P3HT domain. For Ag, cylindrically shaped Ag clusters on the P3HT domain of the
DBC template are present, while for Al the shape of the clusters will be revealed with
X-ray scattering measurements in a following section. In the early stages of Al sputter
deposition for δAl = 1 nm, Al forms small clusters on the P3HT domain, which are con-
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necting very fast to wormlike Al nanostructures growing in size (see Figure 7.1c). Figure
7.1c shows wormlike nanostructures on the P3HT domain and small isolated clusters next
to the P3HT domains. With increasing Al thickness in Figure 7.1d at around δAl = 2
nm, the clusters on the P3HT domains are already merged to wormlike nanostructures
of Al and cover the entire P3HT domains. At δAl = 2 nm the Al clusters on the PMMA
domains are still not appearing significantly. This results in a maximum of the selective
Al growth induced by the DBC template, seen by the minima in Figure 7.1b. The worm-
like Al growth on the DBC template continuous until around δAl = 2 nm and slightly
above as it can be seen in Figure 7.1d. In Figure 7.1e with ongoing Al deposition (δAl
= 4 nm), newly forming clusters start to grow on the wormlike structures on the P3HT
domains. In Figure 7.1f for δAl = 8 nm, the Al clusters seem to arrange on the complete
surface of the DBC template. This means that the Al clusters also appear more and more
on the PMMA domains, and nearly the whole DBC template is completely covered by a
percolated Al layer.

7.2. Chemical interaction of Al with the polymer
components

In order to understand the difference in the metal formation for Al compared to Ag on
the same DBC template, the chemical interaction for the early metal formation on the
polymer template has to be investigated. The chemical interaction could be a reason for
the different Al cluster size and shape compared to Ag on the same DBC template. This
assumption is verified by XPS measurements in Figure 7.2 for the DBC template and
compared to the metal interaction on the corresponding homopolymer thin films. Figure
7.2a shows the C 1s peak of PMMA-b-P3HT after deposition of δAl = 1 nm. A peak is
appearing at around 282.5 eV, which is an indication of a C-Al-O compound. [255,256] A
similar interaction with Ag to carbon was not seen for this DBC template in Figure 6.14
after Ag deposition. This indicates for an interaction of the Al with the carbon molecules
of the polymer. The shape of the O 1s peak shows a clear change after deposition of δAl
= 1 nm in Figure 7.2b compared to the pristine DBC sample and to the Ag deposited
sample in Figure 6.12d,e. The intensity ratio of the double peak did not change after Ag
deposition compared to the pristine sample: For both the double peak stays, while for
the δAl = 1 nm deposited sample the shape changed completely. In Figure 7.2c the Al 2p
peak is illustrated and shows a strong interaction of Al with the molecular components
of the polymer domains by the peaks appearing at around 74.3 eV (Al2O3) and 72.9 eV
(Al-O-C). A peak appearing at around 71.8 eV corresponds to the proportion of Al metal
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Figure 7.2.: XPS spectra of PMMA-b-P3HT with δAl = 1 nm at a) C 1s, b) O 1s, and c)
Al 2p edge. d) Elemental compositions as the atomic percentage of the corresponding polymer
template for δAl = 0 nm and δAl = 1 nm derived from the C 1s, O 1s, S 2p, and Al 2p spectra,
respectively. Reprinted with permission from [71]. Copyright 2021 American Chemical Society.

forming. The high proportion of the oxygen peak in Figure 7.2c for the Al 2p component
(Al2O3 and Al-O-C) compared to the metallic component (Almet) demonstrates the strong
interaction at the early stages of Al cluster formation, which is highly influenced by the
interaction of the Al with the molecular components of the polymer domains. The same
tendency of the Al interaction can be seen by the homopolymers P3HT and PMMA in
Figure 7.3 for the C 1s, O 1s and Al 2p peaks.

The strong interaction of Al with the molecular components of the polymers is sup-
ported by the formation of the wormlike shaped Al layer on the P3HT domains, which
was shown by the AFM measurements. The Al and the polymer are forming a mixed
Al/polymer compound, which tends to bound quickly together and to form the wormlike
structure. Zhao et al. showed that for Al nanoparticles, an Al2O3 shell formed around
the Al nanoparticles. [188] Such an oxide shell might be a reason for the fast formation



126
Chapter 7. Aluminum Nanocluster Layers Growing on Partially Conjugated

PMMA-b-P3HT Templates
of a wormlike mixed Al/polymer layer because the flat Al clusters with an Al2O3 shell
are connecting fast and interacting strongly with the molecular components of the P3HT
domain for the first two nanometers of Al deposited. The forming Al2O3 compositions
are seen in Figure 7.4 for the DBC template and the respective homopolymers P3HT
and PMMA. The thin P3HT domains on the DBC template could guide the Al to the
wormlike structure, while for the PMMA the embedding is strongly enhanced in the be-
ginning as it can be seen in Figure 7.4 with 64% Al2O3 for PMMA and <60% Al2O3 for
P3HT and the DBC. The embedding is further investigated and will be shown later in
section 7.4. With increasing Al thickness the interaction of the Al with the polymer is
strongly decreased as it was shown by Bou et al. [255] Here the metal peak, as seen in
Figure 7.2c, increased with further Al deposition, whereas the oxygen peak in the Al 2p
spectra was negligible for thicker Al thicknesses. Therefore, also the plasmon response
increases quickly until the percolation threshold, which will be confirmed later in sec-
tion 7.3 (GISAXS results). [255–257] Figure 7.2d compares the atomic proportions of the
molecular components with δAl = 0 nm to δAl = 1 nm for PMMA-b-P3HT, PMMA and
P3HT. For PMMA-b-P3HT after 1 nm Al deposition, the atomic proportions of the C
1s peak decreases significantly, while the O 1s peak increases and an Al 2p double peak
appears for the metal and the metal oxide. The decrease for the C1s peak shows a high
affinity of the Al to interact further with the carbon molecules of the polymer. The O
1s peak demonstrates the high interaction of the Al with oxygen in the beginning of the
Al deposition. The atomic proportions for PMMA show similar chemical interactions.
The P3HT atomic proportions in Figure 7.2d show an interesting increase in the O 1s
peak after 1 nm Al deposition, which indicates the high chemical interaction with the
surrounding oxygen from the atmosphere. Al seems to try to chemically interact with its
environment. After Al deposition, the O 1s peak in the P3HT spectra indicates a high
amount of Al2O3, which might result from the interactions with oxygen in the surrounding
atmosphere as seen in Figure 7.3. The Al 2p spectra shows the high interaction potential
of Al with the molecular components of the polymer and with oxygen by an appearing
oxygen compound peak. The interaction of Al with the components is highly dependent
on the oxygen content in the polymer, which is illustrated in Figure 7.5. The overall
proportions in the spectra of the O 1s peak are increasing after Al deposition (light blue).
This result can be explained by the appearance of the two components at the O-C peak
position after Al deposition. The signals of the appearing Al2O3 and O-Al-C peak are
overlapping with the O-C component. This demonstrates the high chemical interaction
between the Al and the oxygen and carbon molecules of the polymer template. The re-
lations between the Al metal peak and Al oxygen peak in the Al 2p spectra depend on
the reactive molecules in the polymer template, which is clarified in Figure 7.4 for the
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Figure 7.3.: XPS spectra of PMMA and P3HT with δAl = 1 nm at a),d) C 1s, b),e) O 1s,
and c),f) Al 2p edge. Reprinted with permission from [71]. Copyright 2021 American Chemical
Society.

different templates. The detailed chemical interaction of Al is depending on the oxygen
amount and molecular arrangement in the polymer. The appearance of the O-Al-C peak
in the C 1s spectra in Figure 7.6 shows the bonding of Al with carbon molecules on the
polymer template and is indicated by a decrease of the C=O peak. The spectra of the S
2p peak for sulfur did not indicate a significant change before and after Al deposition for
the DBC and only intensity reduction after deposition (mostly at the S-H compound) for
the P3HT homopolymer and the DBC, as shown in Figures C.3 and C.4. The intensity
reduction can be an indication for the formation of the mixed Al/polymer layer for the
DBC template. For Ag, the interaction at the S-H group with the sulfur to metal sulfide
was shown but for Al no significant peak is seen after deposition. The results match with
the chemistry of these two metals, where Ag has a high affinity to sulfur and a much
smaller affinity to oxygen, while for Al the opposite holds and a strong bonding with
oxygen is expected and a weak bonding to sulfur.



128
Chapter 7. Aluminum Nanocluster Layers Growing on Partially Conjugated

PMMA-b-P3HT Templates

Figure 7.4.: XPS spectra of PMMA-b-P3HT with δAl = 1 nm at a) Al 2p edge. Reprinted with
permission from [71]. Copyright 2021 American Chemical Society.



7.2. Chemical interaction of Al with the polymer components 129

Figure 7.5.: XPS spectra of PMMA-b-P3HT with δAl = 1 nm at a) O 1s edge. Reprinted with
permission from [71]. Copyright 2021 American Chemical Society.

Figure 7.6.: XPS spectra of PMMA-b-P3HT with δAl = 1 nm at a) C 1s edge. Reprinted with
permission from [71]. Copyright 2021 American Chemical Society.
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7.3. Scattering analysis

The same in situ GISAXS set up is used as in the previous chapter 6. 2D-GISAXS images
in Figure 7.7 illustrate the evolution of the Al sputter deposition from δAl = 2 to 14 nm
on the DBC template and their corresponding homopolymers PMMA and P3HT. The
typical features as the domain peak of the DBC and the metal cluster peak are marked
with a white arrow in Figure 7.7a and the corresponding horizontal line-cuts are marked
with a red box in Figure 7.7a,b. The growth of the cluster peak is quite similar for all
three templates and will be analysed in more detail later in the section. On PMMA it
seems that a second cluster peak is arising at around δAl = 5 nm, which will be explained
later by the AFM analysis of the homopolymers. From the shape difference of the Al
cluster peak, seen in Figure 7.7b,c,d for δAl = 5,10,14 nm compared to the Ag cluster
peak on the same DBC template, a hemispherical cluster growth is assumed. [135, 194]
The percolation threshold for cylindrical or spherical cluster would lead to a percolation
threshold, which would not match with the later shown AFM and FESEM data, while for
hemispherical clusters it matches well. In Figure 7.8a the contour plot of the horizontal
line-cuts from the in situ GISAXS data at the Yoneda peak position, which was marked
with the red box in Figure 7.7a. The Al cluster peak is marked in black and can be
followed by the black arrow in Figure 7.8a and the DBC domain peak is indicated by
a red arrow in Figure 7.8a. The different Al growth regimes on the DBC template are
displayed by Roman numbers and are separated with white dashed lines: (I) nucleation,
embedding, the point of first observation of the cluster peak and formation of the merged
cluster layer on P3HT; (II) selective diffusion-mediated cluster growth via coalescence
and cluster growth on the Al merged cluster layer; (III) reduced-selective adsorption-
mediated growth and percolated regime on the P3HT domain; (IV) percolated layers on
both polymer domains. In Figure 7.8b, the scattered intensity of the domain peak of
the DBC is followed during the Al deposition and indicates a selective wetting by an
increased scattering intensity at the domain peak of the DBC, which relates from the
increased electron density contrast on one domain of the DBC. A selective decoration of
Ag on the DBC template was shown in the previous chapter and seems to be present
also for Al but with a different selectivity. The selective wetting for Al can be seen until
around δAl = 2 nm in Figure 7.8b, which then turns into a reduced selective wetting on
the P3HT domain, seen by the change of the slope for the intensity of the domain peak.
From this thickness on the Al clusters start to grow on the merged Al layer on the P3HT
domain as it was shown by the AFM images in Figure 7.1d and the Al clusters start to
appear on the surface of the PMMA domain. The maximum at δAl = 5.2 nm indicates
the end of the selective wetting. Now the Al clusters starts to cover more and more of
the surface on both polymer domains of the DBC and the clusters tend to merge more
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Figure 7.7.: Selected 2D GISAXS data of Al cluster growth on a-d) PMMA-b-P3HT, e-h) P3HT,
and i-l) PMMA for Al thicknesses of δAl = 2 nm, 5 nm, 10 nm and 14 nm, respectively. The red
boxes show the Yoneda region for the lateral line cuts. The domain peak and cluster peaks are
highlighted. The scattering pattern indicate a hemispherical shape of the Al nanostructures for
all templates. Reprinted with permission from [71]. Copyright 2021 American Chemical Society.

often. At around δAl = 8 nm, the Al cluster peak starts to overlap with the DBC domain
peak, which leads to an increase in its intensity. This is indicative of the connecting
network of the merged Al cluster layers on both polymer domains, starting to close the Al
metal film on the DBC template. Figure 7.8c shows the average center-to-center distances
(D) and the cluster radii (R) of Al on PMMA-b-P3HT (red), PMMA (blue), and P3HT
(green). On all three polymer templates the Al growth seems to be homogeneous over
the deposition, illustrated by the linear growth of D. The radii R are calculated from
the geometrical model using the center-to-center distances and the film thickness on the
assumption of a hemispherical cluster shape. The growth on all templates with a constant
slope for R and D (in contrast, Ag showed different slopes in the different growth regions)
appears to be a hint for the reduced diffusion of atoms on the polymer surface. This
indicates a disturbed diffusion of the Al clusters/atoms on the DBC domains (PMMA
and P3HT), which might be due to the chemical interaction of the Al with the molecular
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Figure 7.8.: a) Contour plot of horizontal line-cuts from the in situ GISAXS data measured
during sputter deposition on PMMA-b-P3HT as a function of effective Al thickness δAl. The
position of the cluster peak (black dashed arrow) is changing due to the Al deposition and
the position of the first-order DBC domain peak (red dashed arrow) at qy = 0.15 nm−1 is
constant during Al deposition. The white dashed vertical lines indicate different growth regions
as explained in the text. b) Amplitude of the domain peak of PMMA-b-P3HT during Al sputter
deposition. c) Average Al interparticle distance on PMMA (DPMMA, blue), PMMA-b-P3HT
(DPMMA-b-P3HT , red), P3HT (DP3HT , green), and the corresponding cluster radii for the
different polymer films RPMMA (bright blue), RPMMA-b-P3HT (bright red), and RP3HT (bright
green). The radii calculated from FESEM images at δAl = 1 and 4 nm are shown as black
symbols. d) Ratio of the average cluster diameter (2R) and the average interparticle distance
(D) ratio for PMMA (blue), PMMA-b-P3HT (red), and P3HT (green). When 2R/D = 1
(magenta line), the clusters start to touch each other, resulting in a macroscopic conductive
path. The brown box covers the region, in which the Al reaches the percolation on the three
templates. Reprinted with permission from [71]. Copyright 2021 American Chemical Society.
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components of the polymer domains. In comparison to the typical metal formation for Au
or Ag on polymers, the interaction of Al with the polymer seems to be much stronger on
these polymer thin films hindering the diffusion of Al atoms and clusters. The increased
chemical interaction is demonstrated by the high interaction peak in the Al 2p spectra
(Al2O3 and O-Al-C compounds). The bonding of Al with the molecular components of
the polymers could be considered as defects on the polymer thin films and could hinder
the diffusion of the metal atoms on the films. The sizes (2R) of the clusters measured with
GISAXS are correlated with FESEM results in Figures 7.10c-e and 7.12a-c and can be
seen as black markers in Figure 7.8c, which reveal nearly the same cluster radii for δAl = 4
nm. A similar linear growth is found for the radii and center-to-center distances for both
homopolymers P3HT and PMMA, as it is seen by the GISAXS measurements in Figure
7.8c. The size distribution on the three polymers types reveal larger Al cluster sizes on
P3HT compared to PMMA and the DBC template, which is confirmed later by AFM
and FESEM measurements. The Al growth on the DBC template shows further a slight
difference compared to the growth on the homopolymers by a deviation in the slope from
a linear growth from the center-to-center distances in Figure 7.8c), which could be related
to the different Al growth on the polymer domains of the DBC and therefore resulting in
a later percolation. This can be seen in the region from δAl = 5-6 nm, where the linear
increase for the center-to-center distances slows down, which indicates the transition from
the selective diffusion-mediated cluster growth via coalescence on the merged cluster layer
on P3HT to the reduced-selective adsorption-mediated growth and a percolated regime
on the P3HT domain. The detailed percolation analysis is shown in Figure 7.8d, which
is calculated from the geometrical model. The percolation threshold is not as clearly
developed as for Ag on these templates. The brown box marks the region, which can
be identified as the Al percolation region between δAl = 4-6 nm, which is in excellent
agreement with the FESEM data at the onset of percolation (Figures 7.12a-c). The Al
decoration on the DBC template demonstrates a much smoother and more uniform growth
due to a more controlled growth on the more ordered domains on the DBC template
compared to the randomly oriented fibers of the P3HT homopolymer in Figure 7.14d and
the uncontrolled embedding in the PMMA template with different cluster aggregation
regions in Figure 7.14b. The DBC template has a sharper percolation transition between
δAl = 5-6 nm compared to the respective homopolymers, which would be advantageous
for more controlled electrode deposition. The Al deposition on PMMA shows a second
observable peak in the GISAXS data located at smaller qy values for the aggregation
regions in Figure 7.7j. This second peak is not considered in the calculations for the
percolation and will be identified later by AFM images as the cluster aggregation regions.
The identification of sputtering metallic Al is found in the GIWAXS measurements. The
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ring-shaped intensity distribution (Figure 7.9) results from a powder texture of the Al
grains. The position of the intensity rings corresponds to the (111) and (200) plane of
metallic Al.

Figure 7.9.: Reshaped 2D GIWAXS data (using GIXSGUI) of PMMA-b-P3HT after sputter
deposition of δAl = 20 nm. The (111) and (200) planes of metallic Al are indicated with the
red regions. Reprinted with permission from [71]. Copyright 2021 American Chemical Society.

7.4. Comparison of the Al decoration on the polymer
types

The growth of Al on the DBC domains is studied ex situ in more detail in Figure 7.10
with AFM line-cuts over the polymer domains of the DBC template, the analysis of
the rms roughness for different Al thicknesses and the comparison to the homopolymers.
In Figure 7.10a the line-cuts from the AFM data for different Al thicknesses show the
selective wetting of the Al merged cluster layer on the PMMA-b-P3HT template and
reveal the Al cluster decoration on the merged cluster layer. The change in the average
peak-to-valley distance (Dptv) in comparison to the pristine substrate is an indicator for
the selective wetting of the metal on one polymer domain, similar to Ag in Figure 6.3
and Figure 6.4. The maximum of the selective wetting for Al on the DBC template is
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Figure 7.10.: a) Line-cut from AFM data of PMMA-b-P3HT films sputter-coated with a differ-
ent Al thickness as indicated. b) Average peak-to-valley distance (Dptv) and root-mean-square
(rms) roughness measured with AFM for different Al thicknesses on PMMA-b-P3HT, PMMA,
and P3HT. FESEM images for c) Al/PMMA, d) Al/PMMA-b-P3HT, and e) Al/P3HT with δAl
= 1 nm. A homogeneous Al cluster distribution is observed on all templates. Reprinted with
permission from [71]. Copyright 2021 American Chemical Society.

illustrated in Figure 7.10b at around δAl = 2 nm from the analysis of the Dptv from the
line-cuts. Compared to Ag, Al cluster are fastly forming a wormlike nanostructure of Al
(merged cluster layer) demonstrated in Figure 7.1c,d. The merged cluster layer on the
P3HT domain is already present at δAl = 1 nm until δAl = 2 nm and then changes to a
cluster like growth on top of the wormlike nanostructure. On the PMMA domain the Al
clusters seem to embed and start subsurface growth which is indicated in Figure 7.14a,b
and demonstrated by the rms roughness value in Figure 7.10b: Compared to the rms
roughness for DBC and P3HT, it is reduced for PMMA and increases later strongly due
to the extended growth on the surface of PMMA. Ag in contrast tempts to self-assemble
firstly on the crystalline part of the polymer domains as clusters without forming such
a merged cluster layer. Above δAl = 2 nm, the selective decoration of Al is still present
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for Al clusters on the merged Al cluster layer until around δAl = 8 nm but is reduced
as demonstrated in Figure 7.10b by the reduction of the growth increase of the Dptv for
PMMA-b-P3HT. Dptv is following the overall rms roughness trend of the DBC thin film
and is visible until δAl = 8 nm, which indicates the end of the selective wetting on the
DBC template by the Al clusters. After δAl = 8 nm, the Al clusters fill up the valleys
of the PMMA domains and the value of Dptv decreases significantly due to the closing
metal layer, the Dptv is then not measurable any more. In order to investigate the Al
cluster growth on the P3HT domain, line-cuts on the P3HT domain similar to Figure
5.2c for Ag were done to investigate the evolution of the merged cluster layer formation
and the Al cluster growth on the merged layer (Figure 7.11). The Al clusters and the
merged cluster layer underneath do not show a change in the height distribution until
δAl = 8 nm: In Figure 7.11 the height distribution on the P3HT domain stays the same.
This is an indication for the smooth merged cluster layer formation in the beginning,
followed by a homogeneous cluster arrangement on the Al merged cluster layer. The

Figure 7.11.: Line-cut from AFM data on the P3HT domain of PMMA-b-P3HT films sputter
coated with different Al thicknesses as indicated. Reprinted with permission from [71]. Copyright
2021 American Chemical Society.

smooth Al distribution on the DBC template is acknowledged in Figure 7.10b, where the
rms roughness values of the Al growth on the DBC template is lower until δAl = 20 nm
compared to the homopolymers. The rms roughness value increases significantly after δAl
= 8 nm for the DBC and approaches the values of the homopolymers in the later stages of
the sputter deposition indicating the loss of selectivity. Further FESEM images show the
early Al cluster distribution on the DBC template compared to the homopolymers. The
FESEM images in Figure 7.10c-e illustrate the uniform Al cluster growth independent
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of the polymer template in the early stages of cluster formation. The contrast in Figure
7.10c is lower for PMMA compared to the DBC and P3HT in Figure 7.10d,e. The lower
contrast hints at the embedding of the Al clusters inside the PMMA film, as it can be seen
later by the AFM measurements in Figure 7.14a, and the rms roughness values for PMMA
in Figure 7.10b). The merged cluster layer seems to arrange on the DBC template, which
is demonstrated in Figure 7.10d. The Al clusters are merged and highlight the P3HT
domain in white compared to the dark PMMA domain. This fits very well with the
before shown AFM images in Figure 7.1c,d. On the pure P3HT thin film in Figure 7.10e,
the Al clusters are homogeneously distributed and seem to be slightly larger compared to
the other templates (DBC and PMMA), as also seen by the AFM measurements in Figure
7.14. The aforementioned uniform Al cluster distribution can be seen up to δAl = 4 nm,
illustrated in Figure 7.12a-c. Above δAl > 10 nm, a uniformly distributed nanogranular
cluster layer is observed in Figure 7.12d-l for all three templates.
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Figure 7.12.: FESEM images a,d,g,j) PMMA, b,e,h,k) PMMA-b-P3HT, and c,f,i,l) P3HT with
δAl = 4 nm, 10 nm, 14 nm and 20 nm. Reprinted with permission from [71]. Copyright 2021
American Chemical Society.

In Figure 7.13, a) PMMA (homogenous thin polymer film), b) the DBC template (P3HT
domain around PMMA standing cylinders) and c) the pristine films of P3HT (fibers) can
be seen prior to Al deposition. To enhance the understanding of the Al cluster formation
on the DBC template, the Al growth on the corresponding homopolymers is analyzed in
more detail with AFM. In Figure 7.14a-c, AFM height images of the Al growth on PMMA
are shown at selected Al thicknesses. Al shows a similar embedding behavior as shown
in a previous chapter for Ag on PMMA. The Al clusters embed and start a subsurface
growth for the first 2 nm of deposited Al, as indicated by the low rms roughness value for
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δAl = 2 nm on PMMA in Figure 7.10b. In Figure 7.14b, Al clusters are visible together
with some aggregation regions (AR, green circles). These regions can be seen in more
detail at a larger Al film thickness, e.g., for δAl = 10 nm in Figure 7.14c. The regions
shown in Figure 7.10b,c agree with the appearing scattering peaks in Figure 7.7j,k for δAl
= 5 nm, 10 nm and increase from AR ∼ 100 nm for δAl = 5 nm to AR ∼ 200 nm for
δAl = 10 nm. For the comparison to P3HT in Figure 7.14d-f AFM topography images
of the Al growth on P3HT are shown. The Al merged cluster layer is also seen on the
P3HT homopolymers in Figure 7.14d, replicating the homopolymer fiber structure of the
pristine P3HT thin film. It seems that the Al atoms adsorbed from the vapor phase on
the P3HT domain are chemically interacting directly with the P3HT domain and are
forming clusters homogeneously arranged on the fibers as seen in Figure 7.14d. This can
be further seen in Figure 7.14e,f, where the clusters continuously grow laterally on the
fibers.

Figure 7.13.: AFM height images of the pristine a) PMMA, b) PMMA-b-P3HT and c) P3HT
thin films. Reprinted with permission from [71]. Copyright 2021 American Chemical Society.
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Figure 7.14.: AFM topography of a-c) PMMA and d-f) P3HT thin films sputter-coated with
Al thicknesses of a, d) δAl = 2 nm, b, e) δAl = 4 nm, and c, f) δAl = 10 nm. Green circles show
the cluster aggregation regions of Al on PMMA. Reprinted with permission from [71]. Copyright
2021 American Chemical Society.

7.5. Growth model

The results of the Al sections are combined to derive a model for the different growth
regimes of Al on the DBC template, as shown in Figure 7.15. The side view of the
Al deposition and growth on the DBC template is shown in sketches in Figure 7.15a-
e for the pristine and Al-deposited DBC morphology. The nucleation, embedding, and
subsurface growth are shown in Figure 7.15b, regime (I). Figure 7.15c shows the selective
diffusion-mediated cluster growth via coalescence on the merged cluster layer on P3HT,
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which defines the next regime (II). The reduced-selective adsorption-mediated growth
and percolated regime on the P3HT domains are shown in Figure 7.15d, regime (III).
The percolated layers on both polymer domains are sketched in Figure 7.15e and mark
the final regime (IV). A top view of all growth regimes is sketched in Figure 7.15f. Flat
Al clusters are present on the P3HT domains at the beginning of deposition, which are
then merged to the wormlike Al layers on the P3HT domains (merged cluster layer).
Subsequently, newly adsorbed Al atoms form well ordered Al clusters on the merged Al
layers (II). After embedding and subsurface growth on the PMMA domains (I), the Al
atoms form continuously growing Al clusters on the PMMA surface (II and III). The Al
clusters on the Al merged Al layer continuously grow in size, as seen also on the fibers of
the P3HT homopolymer thin film, into a nanogranular Al layer (III).

Figure 7.15.: Sketch of the growth model of Al (brown clusters) on the PMMA-b-P3HT DBC
template in a-e) side view and f) from the top. Roman numbers I-IV indicate different growth
regimes as described in the text. Reprinted with permission from [71]. Copyright 2021 American
Chemical Society.
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7.6. Summary

The growth of Al on PMMA-b-P3HT DBC template shows a clear difference compared
to that of Ag on the same DBC template from the previous chapter. The XPS measure-
ments show a clear tendency of the high chemical interaction of Al with the molecular
components of the polymers. Even on the P3HT domain Al2O3 or Al-O-C compounds are
formed in contrast to Ag. The optical properties and the complex growth of Al nanostruc-
tures were measured simultaneously with in situ methods and revealed four growth stages
on PMMA-b-P3HT and plasmon activity for distinct Al thickness regions. The UV-vis
in situ relative reflectance change of the pristine DBC template is correlated to the Al
formation on the DBC template and yields an antireflective behavior in the UV regime
for Al thicknesses below the percolation threshold, which can be attributed to Al plasmon
resonance. The Al cluster arrangement on PMMA is found to be different compared to
the other polymer templates P3HT and PMMA-b-P3HT. On PMMA, the Al clusters tend
to embed in the polymer and then start to grow to a rough cluster layer. The early Al
growth on P3HT follows a fast percolation of clusters to a merged cluster layer on the
P3HT fibers and domains. A clear correlation between the morphology of nanogranular
Al merged cluster layers to its optical and morphological properties is demonstrated by
the change from its antireflective behavior in the reflectance spectra with the Al clus-
ter size and distance evolution from GISAXS and AFM. The correlation of optical and
morphological properties is of interest because of the increased high absorption of 20%
for UV light and due to the achieved homogeneous Al cluster distribution. This could
be used for large-scale sensor applications to fabricate such metal-polymer hybrid films.
Future investigations of polymer-assisted sputter deposition will elucidate the tailoring
of optically active metal merged cluster layers for sensors and could be also expanded to
organic photovoltaic applications by controlling the size, distribution and chemical inter-
action of the metal clusters on the corresponding templates. The direct correlation of
morphological, chemical, and optical properties of the Al formation on the DBC gives
insight into the early Al polymer chemical interaction and allows for understanding the
formation for large-scale fabrication of optical sensors and electrode materials for organic
solar cells.



8. Selective Wetting of Au versus Ag
on PLA-b-P3HT Templates

OPV devices need certain requirements to maximise the efficiency such as the thickness of
the polymer thin film of around t = 100 nm for efficient absorption and the distance of the
polymers of the bulk heterojunction (BHJ) should be in the range of the exciton diffusion
length to reach the interface of polymer domains and unravel the exciton into an electron
and a hole. Therefore I used a known DBC template system as reported by Bontiz et al.,
where the domain distance is around the exciton diffusion length. [53] The aim of this
chapter is to investigate the selective decoration behavior of Ag and Au on the P3HT
polymer domain of the DBC template, which could be useful for the extraction of the
electron from the donor material. In this chapter the topography and selective decoration
of Ag and Au on the diblock copolymer template PLA-b-P3HT are compared with each
other. The results of the AFM measurements in section 8.1 and GISAXS measurements
in section 8.2 show the same behavior for the selective Ag decoration and a non selective
growth of Au on the DBC template.

8.1. Morphological comparison of Au and Ag on
PLA-b-P3HT with AFM

The copolymer used here is similar to the copolymer used in a previous publication [53].
Therefore, the copolymer structure in the thin film is well-defined. In Figure 8.1a the
as-deposited copolymer film with a thickness of around t = (137 ± 5) nm can be seen
in the AFM height image. The just spin-coated sample shows no phase separation. In
order to improve the phase separation solvent vapor annealing was used for 45 min in
a desiccator with chloroform. 50 mL of chloroform was used in the vessel to fully swell
the copolymer thin film. During swelling the blue thin film of the copolymer changed
color to yellow, which indicates the swelling of the thin film. The final solvent vapor
annealed film after 45 min can be seen in Figure 8.1b with the oriented lamella structure.

143
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The lamella structure is oriented parallel to each other in groups of lamellae next to each
other and aggregations are visible in Figure 8.1c blue circle. The zoom-in region (green
circle in Figure 8.1b) in Figure 8.1c shows the fine lamella structure agreeing well with
the previous publication [53]. The lamella to lamella distance is around DL = (15 ± 2)
nm, seen in Figure 8.1c indicated by the red line. The fine lamella structure can be even
better seen in the phase image in Figure 8.1d. From the previous publication I know that
the lighter domain corresponds to the P3HT domain of the DBC template [53].

Figure 8.1.: a) AFM height image of pristine PLA-b-P3HT DBC template. b) AFM height
image of solvent vapor annealed PLA-b-P3HT DBC template. c) Zoom-in of the solvent vapor
annealed PLA-b-P3HT DBC template. d) AFM phase image of the zoom-in of the solvent vapor
annealed PLA-b-P3HT DBC template.

The selective metal behavior was studied with two metal types namely Au and Ag. The
results for δAu,Ag = 1 nm can be seen in Figure 8.2a,b. The Au clusters in Figure 8.2a
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seems to overlap with more than one lamella domain, while for Ag clusters in Figure 8.2b,
the metallization seems to be selective to one lamella domain. This behavior can be seen
very clearly by the AFM line-cuts (red line in Figure 8.2b is an exemplary line-cut) over
several lamellae in Figure 8.2c. The line-cut for δAg = 1 nm (red line) nearly replicates
the pristine DBC template (black line). The Au deposited sample (blue line) decorates
more than one lamella. The selective Ag decoration can be seen very clearly by the AFM
phase image in Figure 8.2d. For Ag some aggregation regions of Ag fractals can be seen
in Figure 8.2b (blue circle), which could be resulting from the regions seen in Figure 8.1c.

Figure 8.2.: a) AFM height image of δAu = 1 nm on PLA-b-P3HT. b) AFM height image of
δAg = 1 nm on PLA-b-P3HT. c) AFM height profiles of PLA-b-P3HT with δAu and δAg = 1nm.
d) AFM phase image of δAg = 1 nm on PLA-b-P3HT.
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8.2. Morphological comparison of Au and Ag on
PLA-b-P3HT with GISAXS

A sputter deposition chamber (Figure 4.6) was integrated in a GISAXS set-up at the
P03/MiNaXS beamline of the PETRA III storage ring at DESY (Hamburg, Germany).
An incident photon energy of 11.8 keV was used with a beam size of (31 × 24)µm2 at
the sample position. The sample-to-detector distance was set at SDD5 = (2447 ± 2)
mm for in situ GISAXS using a Pilatus 300K (Dectris Ltd., Switzerland; pixel size of
172 µm) at the beamline P03. The direct and specular beams were both shielded by two
separate beam stops to avoid saturation or damage to the detector. In order to achieve
a good separation between the polymer and the metals, an incident angle of αi = 0.4 ◦

was selected during the in situ experiments. The scattering patterns were continuously
recorded at a frame rate of 20 images per second for GISAXS. The GISAXS data were
analyzed using the DPDAK software package. [156]
In order to verify the selective wetting behavior and its dependence on different metal

Figure 8.3.: Selected 2D GISAXS data of a-c) Ag cluster growth and d-f) Au cluster growth on
PLA-b-P3HT for metal thickenss δ = 0.5, 1 and 1.5 nm, respectively.

thickness, GISAXS measurements during sputter deposition with Au and Ag are done.
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The comparison of Au and Ag sputter deposition for different deposited metal thickness
can be seen in Figure 8.3. The GISAXS data for the PLA-b-P3HT DBC template, revealed
a domain period of DL = (15 ± 0.5) nm. The selective wetting behavior holds only for
thin Ag metal films. Therefore, I show the early metal cluster evolution in Figure 8.3
for metal thicknesses of δ = 0.5, 1 and 1.5 nm. For Ag in Figure 8.3a-c a clear cluster
peak is visible at all Ag thicknesses and further a clear pseudo-Bragg peak is visible for
the domain peak. In Figure 8.3d-f for δAu = 0.5 nm, the cluster peak is clearly visible.
However, after δAu = 0.5 nm for δAu = 1 and 1.5 nm, the cluster peak overlaps with the
domain peak and the peak intensities between the cluster peak and domain peak cannot
be distinguished. This indicates the rapid loss of selective decoration for Au on PLA-b-
P3HT. In Figure 8.4a,b the change of the horizontal line-cuts from the GISAXS images is

Figure 8.4.: a-b) Contour plot of Yoneda cuts from the in situ GISAXS data during sputter
deposition of Au and Ag on PLA-b-P3HT as a function of effective metal thickness. The cluster
peak (red arrow) and the 1st order domain peak (black line) at qy = 0.42nm−1 are highlighted.
c-d) Evolution of the amplitude of the domain peak of PLA-b-P3HT during the metal sputter
deposition.
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monitored over the metal film thickness. The metal clusters both growth laterally in size,
which is indicated by the change of the qy maxima position of the cluster peak to lower
qy values. The Au seems to grow faster in size compared to Ag because the qy maxima
position grows faster to smaller qy values. The selective wetting for both metals seems
to be different on the lamella domains, since the domain peak is longer and more clearly
visible in Figure 8.4a compared to Figure 8.4b. This behavior is monitored in more detail
while following the intensity evolution of the copolymer domain peak during the change of
metal thickness. Figure 8.4c and d show the intensity evolution of the domain peak for Au
and Ag. For Ag the intensity is increasing until δAg = 1.5 nm, then a small decrease can be
seen for reduced selective wetting and afterwards again an increase at δAg = 2.4 nm which
can be attributed to the overlap of the domain peak and the cluster peak. The selective
decoration of Au is only until δAu = 0.5 nm, afterwards the selective wetting is drastically
reduced and the cluster peak and the domain peak are already interconnecting at δAu =
1.3 nm, which shows the large Au cluster aggregations on several lamella bundles. The
higher selective decoration for Ag could be explained by the before shown high affinity of
Ag to sulfur, see Figure 6.12b. The selectivity is indicated at the position of the domain
peak for both metals by the length of the black arrows in Figure 8.4a and b. The difference
in the cluster size evolution between Ag and Au is indicated by the different development
of the red arrows in Figure 8.4a and b. For Au the qy value moves faster to smaller values
and therefore Au grows faster in cluster size.
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8.3. Summary

I showed the comparison of the selective decoration between Ag and Au on the DBC
template PLA-b-P3HT with a clear difference in the early metal growth stages. The
AFM results indicate a high affinity of the Ag to P3HT and to selectively decorate the
P3HT domain of the DBC template until around δAg = 2 nm. This was further confirmed
with GISAXS measurements, which show a clear selective decoration for the Ag and a
non selective decoration for the Au. The AFM and GISAXS measurements showed both
the same results for the domain distance of around DL = 15 nm, which is in the range of
the exciton diffusion length. The selective Ag decoration could be useful to fabricate an
OPV device with Ag nano-domains on the P3HT domains, where the Ag nano-domains
are connected to a thicker metal electrode to enhance the electron collection from the
excitons produced at the interface of the P3HT domains. To do so the PLA could be
removed before Ag decoration as shown by Botiz et al. in a previous publication [53] and
refilled with an acceptor material.





9. Conclusion and outlook

The sputter deposition method yields the ability to fabricate metal contacts over a large
area, while the metal formation and structure can be guided by different aspects of inter-
action of the template and the metal. In this thesis the metal growth on different polymer
types is investigated and characterized with morphological, chemical, optical and electri-
cal sensitive methods. One of the important aspects is the chemistry between the metal
and the polymer template and another one is the template morphology itself. The chem-
istry depends on the used metal type and the molecular components of the polymers.
The morphology can be influenced by the type of the polymer such as homopolymers, ho-
mopolymer blends or DBC. The results presented in this thesis compare the influence of
the metal growth on homopolymers and DBC templates to reveal a deeper understanding
of the metal-polymer interaction from metal clusters to thin metal films. Different char-
acterization methods are used to follow the metal cluster to film evolution on the polymer
templates as mainly in situ X-ray scattering methods like GISAXS and GIWAXS offer
the ability to gain high statistical information about the parameters such as the cluster
size, shape and formation. The high time resolution at the synchrotron radiation source
enables to track the specific parameters well. The correlation between the scattering data
and complementary methods like AFM and FESEM to characterize different time stamps
of the metal growth, helps to understand the metal shape and formation in detail at dif-
ferent metal thickness steps. Although care has to be taken as relaxation processes can
enter into the process when interpreting the sputter process. Information of the chemical
interaction of the metal with the polymer thin films are seen with XPS and FTIR mea-
surements. Electrical and optical properties are measured during the metal deposition
and are correlated to the other measurement methods, which reveals a deeper insight into
the differences between the polymer templates or metal types. The growth of metals on
polymers is generally known but a detailed knowledge about different interaction param-
eters as the chemistry and morphology are highly depending on the metal and polymer
types.

Therefore, the study is starting with a DBC model system PS-b-PMMA to character-
ize specific properties of the Ag growth on DBC templates. The X-ray scattering data
illustrates hemispherical Ag cluster growth on the DBC template for both polymer do-
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mains PS and PMMA, while the selective decoration on the PS domain is much more
pronounced in the beginning. For the first nanometers, Ag is embedding and starting a
subsurface growth in comparison to PS, where the Ag clusters start to directly grow on
the surface. This trend was further corroborated by AFM and FESEM data. In mor-
phological terms, a difference in cluster size was observed. The Ag clusters on PS were
larger compared to PMMA, which might stem from the different chemical interactions of
Ag with a polymer with (PMMA) and without (PS) oxygen. This was then confirmed
by XPS and FTIR measurements. Due to the different growth of the Ag clusters on PS
and PMMA, the percolation of the thin metal layers was influenced. This was especially
seen for the DBC template, which shifted the percolation mostly to later stages compared
to the homopolymers due to the difference in morphology and mobility of the clusters
between the polymer domains.

The next structured DBC template contains a semi-crystalline polymer block P3HT
with a conjugated π system. P3HT is the most common conductive polymer in OPV
applications. The Ag growth changed on this template compared to the previous model
DBC system. The Ag clusters are growing smaller in size and distance, which is seen by
the X-ray scattering data, AFM and FESEM. Furthermore, the shape of the Ag clusters
is changed on the P3HT domain to a cylindrical shape, while the shape on the PMMA
stays hemispherical. The FESEM measurements show additionally a preferred growth
of Ag on the crystalline part of the P3HT domain. A reason for this change in cluster
size, distance and shape was shown by the different chemical interaction of the Ag atoms
with the sulfur of the P3HT domain. The chemical interactions were both found by XPS
and FTIR measurements. The measurements confirmed a difference in the percolation
related to the change of the metal formation on the polymer templates. For Ag and Al
on PMMA-b-P3HT DBC template, the formation on the P3HT domain showed a more
directed order. While for Ag the early cluster growth was directed on the crystalline part
of the P3HT domain and then expand to the amorphous phase, the Al cluster growth
on P3HT was dominated by large flat Al clusters merging into a wormlike nanostructure
on the P3HT domain. This was illustrated with percolated pathways in the FESEM and
AFM measurements. The growth of Al on PMMA-b-P3HT DBC template shows a clear
difference compared to the that of Ag on the same DBC template. The chemical interac-
tion of Al with sulfur is negligible and the interaction with the molecular components like
oxygen and carbon of the polymers increases significantly. A high proportion of Al2O3

and Al-O-C compounds is formed on both PMMA and P3HT domains. The interaction
highly influences the shape and formation of the hemispherical Al clusters, which are
flat in the beginning and rapidly connecting to a wormlike cluster polymer mixture. On
these structures newly well arranged Al clusters are forming, which are contributing to a
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high UV-vis absorption measured with UV-vis spectroscopy during the metal deposition.
The Al clusters induce a high absorption from plasmonic effects due to a continuous Al
cluster growth with distinct distances, which is monitored at the same time with GISAXS
measurements for thin Al thicknesses. FESEM and AFM measurements show the distinct
Al cluster growth with a linear trend of cluster size grow over the deposited thickness as
also seen by the X-ray scattering data. For the two templates PS-b-PMMA with Ag and
PMMA-b-P3HT with Ag and Al sputter deposition detailed growth models were evalu-
ated and correlated with different measurements methods. On PLA-b-P3HT a selective
Ag decoration was demonstrated and could be useful to fabricate an OPV device with
Ag nano-domains on the P3HT domains, where the Ag nano-domains are connected to a
thicker metal electrode to enhance the electron collection.

The results demonstrate that the early metal cluster growth on the individual poly-
mer domains determines the later growth stages and strongly influences the resulting
nanogranular metal layer. The results from the previous chapters show that both, the
difference in surface energy (mobility) of the clusters on the domains as well as the spe-
cific chemical interaction play a major role in the growth of the clusters on the polymers.
These results will impact the tailoring of metal cluster layers for sensors, electrodes,
organic photovoltaic applications and organic electronics using polymer-assisted sputter
deposition.

The knowledge gained from the different growth mechanism could be used to fabricate
an OPV device with distinct nanostructure of the donor material and refill the resulting
nanostructre with an acceptor material, the produced OPV device could be correlated with
the efficency and stability of a BHJ device. Newly designed devices would need ab initio,
molecular dynamics to fabricate more efficient specific designs for organic photovoltaics
and electronics and to correlate these simulations with experimental results as presented
here.





A. Appendix chapter 4

Figure A.1.: a) AFM height image of Al deposited film on silicon with a cut. The blue line
marks the line-cut. The black box shows the area, which is used for the histogram. b) exemplary
line-cut.

Method Metal thickness [nm]
AFM Ag RF 20.3 ± 3
AFM Ag DC 20.5 ± 3
AFM Al DC 20.3 ± 3
AFM Au DC 20.6 ± 3

GISAXS Ag DC 20.1 ± 2
GISAXS Au DC 20.7 ± 2

Table A.1.: Comparison of metal thickness determined with AFM and GISAXS measurements.
RF and DC denotes the sputter deposition method.
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Figure A.2.: a) Histogram of the AFM height distribution of PS-b-PMMA. b) Histogram of
the AFM height distribution of PMMA-b-P3HT. c) Histogram of the AFM height distribution
of PLA-b-P3HT.
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Figure A.3.: a) Histogram of AFM the height distribution of Au by DC magnetron sputtering.
b) Histogram of the AFM height distribution of Ag by DC magnetron sputtering. c) Histogram
of the AFM height distribution Al by DC magnetron sputtering. d) Histogram of the AFM height
distribution Ag by RF sputtering.

Figure A.4.: a) Vertical line-cut of a GISAXS image the DC magnetron Au deposition to
determine the Au thickness. b) Vertical line-cut of a GISAXS image the DC magnetron Ag
deposition to determine the Ag thickness.





B. Appendix chapter 5

Figure B.1.: Average cluster radii derived from a hemispherical model for 1 and 4 nm of
silver thickness on PS (blue symbols) and PMMA (red symbols) derived from static GISAXS
pattern. The data was adopted from the Master thesis. [206] Reprinted with permission from [69].
Copyright 2019 American Chemical Society.
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Figure B.2.: Evolution of the mean interparticle distance (D) and the cluster radius (R) of
PMMA (black / grey symbols), PS (blue symbols) and PS-b-PMMA (green symbols). The data
was adopted from the Master thesis. [206] Reprinted with permission from [69]. Copyright 2019
American Chemical Society.
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Figure B.3.: a) Evolution of ratio of average cluster diameter (2R) over the mean interparticle
distance (D) for PMMA (black), PS (blue), PS-b-PMMA (green). When 2R/D equals one
(pink line) the clusters start to touch each other, which can result in a conductive path. This is
indicated by the short-dashed, long-dashed and dash-dotted vertical lines for the PMMA, PS, PS-
b-PMMA, respectively. b) In situ 2-point resistance measurements during sputter deposition of
Ag on PS, PMMA and PS-b-PMMA thin films. The red line is a fit using the Boltzmann sigmoidal
fit function in order to determine the percolation threshold for all samples. c) Comparison of the
insulator-to-metal transition (IMT) extracted from resistivity measurements and the percolation
threshold p from GISAXS on PS, PMMA and PS-b-PMMA. The IMT is given by a black
(PMMA), dark blue (PS) and dark green (PS-b-PMMA) column and the percolation threshold
with grey (PMMA), light blue (PS) and light green (PS-b-PMMA). The data was adopted from
the Master thesis. [206] Reprinted with permission from [69]. Copyright 2019 American Chemical
Society.





C. Appendix chapter 7

Figure C.1.: a) Simulations of SDRS spectra based on the complex-matrix form of the Fresnel
equations of a growing compact (non-granular and non-plasmonic) Al layer on top of 20 nm
PMMA/2nm SiO2/Si substrate at different Al thickness (from 0 to 20 nm). Reflection features
λ1 (dashed grey arrow) and λ2 (grey dotted arrow) appear at same positions of the template
(violet spectra for 0 nm Al) and become pronounced by stratifying the different Al layers on top.
b) Specular reflectance full spectra from δAl = 1 nm to 20 nm. c) Zoom in UV-region of the
specular reflectance from b). Reprinted with permission from [71]. Copyright 2021 American
Chemical Society.
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Figure C.2.: AFM height images of PMMA-b-P3HT films with sputter deposition of δAl = a)
1 nm, b) 10 nm, c) 14 nm and d) 20 nm. Reprinted with permission from [71]. Copyright 2021
American Chemical Society.
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Figure C.3.: XPS spectra at the S 2p edge of a,b) PMMA-b-P3HT and c,d) P3HT films before
and after sputter deposition of δAl = 1 nm. Reprinted with permission from [71]. Copyright
2021 American Chemical Society.
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Figure C.4.: Contributions to the XPS spectra measured at the S 2p edge of P3HT and PMMA-
b-P3HT films before and after sputter deposition of δAl = 1 nm. Reprinted with permission
from [71]. Copyright 2021 American Chemical Society.
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Figure C.5.: AFM topography of a,b) PMMA and c,d) P3HT with a,c) δAl = 14 nm and b,d)
20 nm. Reprinted with permission from [71]. Copyright 2021 American Chemical Society.
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“Water-Induced Structural Rearrangements on the Nanoscale in Ultrathin Nanocel-
lulose Films”, Macromolecules vol. 52, pp. 4721, 2019

• Q. Chen, C. J. Brett, A. Chumakov, M. Gensch, M. Schwartzkopf, V. Körstgens, L.
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