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Abstract

In this thesis, polymer-based films are examined for applications in organic photovoltaics.

Polymer-fullerene, polymer-polymer and diblock copolymer systems are characterized as

active layer materials. The focus is on experimental parameters influencing the morphol-

ogy formation of the active layer in organic solar cells. Scattering and imaging techniques

provide a complete understanding of the internal structure on different length scales which

is compared to spectroscopic and photovoltaic properties. The morphologies of all sys-

tems are sensitive to changes of the environmental conditions during organic solar cell

preparation. These changes result in an altered photovoltaic performance. In particular,

the influence of annealing, blending, composition, solvent and additional components are

investigated. This thesis demonstrates different possibilities to tune the morphology of

the active layer.

In dieser Dissertation werden polymerbasierte Schichten für die Verwendung in der organ-

ischen Photovoltaik untersucht. Polymer-Fulleren, Polymer-Polymer und Diblock Copoly-

mer Systeme werden als aktive Schicht verwendet und untersucht. Hierbei wird besonderes

Augenmerk auf die experimentellen Parameter gelegt, die die strukturelle Anordnung in

der aktiven Schicht in organischen Solarzellen beeinflussen. Ein Gesamtverständnis der in-

neren Struktur auf verschiedenen Längenskalen wird aus Streumethoden und abbildende

Messungen erzielt und mit den spektroskopischen und photovoltaischen Eigenschaften

verglichen. Die Morphologie aller Systeme ist empfindlich auf Änderungen der exper-

imentellen Bedingungen während der Herstellung organischen Solarzellen empfindlich.

Diese Änderungen spiegeln sich in der Effizienz der Solarzellen wieder. Insbesondere

wird der Einfluss von Tempern, Mischen, Mischungsverhältnissen, Lösungsmitteln und

zusätzlichen Komponenten untersucht. Diese Dissertation zeigt verschiedene Möglichkeiten

auf, die innere Struktur der aktiven Schicht einzustellen.
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Chapter 1

Introduction

The sun is the fundamental energy source of most renewable energies including wind and

hydro power as well as biomass. The stored kinetic and potential energies are used in

power plants to generate electricity. Besides this indirect energy generation, energy can

also be directly extracted from solar radiation using either thermal energy or the photo-

voltaic effect.

The photovoltaic effect describes the creation of a voltage due to excitation of electrons

in a semiconducting material via light absorption. In a solar cell, this effect is used to

generate electrical power. Classical solar cells made of inorganic semiconductors, such as

silicon, use the internal electric field created by a p-n junction to separate the created

electron-hole pairs. Monocrystalline solar cells have a power conversion efficiency up to

25%.[1] However, this type of solar cells, although widely used, needs energy consuming

production steps and stable encapsulations to shield the rigid cells from environmental

harm. As a consequence, the energetic amortization period of conventional solar cells is

rather large.

Semiconducting organic materials have established themselves as a new class of materials

which promises to overcome these drawbacks in so-called organic solar cells. These new

materials are solution processable and cheap, large scale production will become possible,

using for example printing technologies. In addition, the mechanical flexibility of organic

materials makes a variety of new applications feasible, e.g. on 3-dimensionally shaped sur-

faces or in solar fibers. The most efficient organic solar cells are polymer-based systems

with at least one component of the active layer being a semiconducting polymer. The

active layer is the part of an organic solar cell which converts light to electricity. Organic

solar cells have already reached efficiencies up to 10% in 2011.[1]

First conductive organic materials were synthesized in the 19th century.[2] A significant

upturn started with the publication of Shirakawa et al. about polyacetylenes [3] and the
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2 CHAPTER 1. INTRODUCTION

corresponding Nobel prize in Chemistry in 2000. From that time onward, basic research

on the development and application of conductive organic materials increased rapidly. In

particular, the possibility to synthesize numerous different semiconducting polymers with

different absorption ranges and electronic properties has given rise to optimization.[4]

However, so far no general rule has been developed on how an optimum semiconducting

polymer for photovoltaic applications is assembled. Compared to their inorganic counter-

parts, new challenges like a relatively high exciton binding energy and the short diffusion

length of excitons have to be faced. To overcome these, the tailoring of the internal mor-

phology of the active layer is as important as the electronic properties of the polymers.

Employing only one type of organic semiconductor as active layer results in an organic

solar cell with extremly low efficiencies as the excitons decay before they contribute to

charge carriers.[5] The introduction of a second material in a bilayer device opens the

possibility for efficient exciton dissociation and therefore the power conversion efficiency

increases.[6] The main breakthrough occurred with the bulk heterojuntion concept which

is realized by a blend of two components.[7, 8] Such a bulk heterojunction morphology is

seen to be optimum if it forms an interpenetrating network with structural length scales in

the range of the exciton diffusion length which is typically on the nanometer scale. How-

ever, the bulk heterojunction morphology cannot be controlled directly but evolves from

a self-assembly process. Therefore, the environmental conditions, the exact preparation

history and the applied materials define the resulting morphology which is in most cases

not in structural equilibrium.[9] In particular, the structural disorder of polymers makes

it impossible to predict the structure as well as the electronic behavior and finally, the

power conversion efficiency. Rather novel approaches are diblock copolymers consisting of

two semiconducting polymers which should form more predictable structures. However,

up to now the power conversion efficiencies of devices from diblock copolymers are still

low.[10]

In this thesis the morphology of polymer-based films used as active layers in organic

solar cells is investigated. The focus is on the influence of external parameters - such

as materials, composition, solvents and annealing - on the formation of the morphology

on different length scales and its influence on spectroscopic properties and photovoltaic

performance. The morphology of the active layer is probed with imaging and scattering

techniques. The following general questions are addressed in this thesis: How can the

morphology of the active layer in an organic solar cell be controlled? To what extend is

the morphology influencing the efficiency of the active layer? Is there a general rule which

can be translated to different material combinations?
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Figure 1.1: Schematic illustration of an organic solar cell (center) with the active layer displaying

a bulk heterojunction morphology (red and blue). Surrounding, an overview of the different material

combinations characterized within the framework of this thesis. The different topics are detailed in the

text.

In the center of figure 1.1 a schematic illustration of an organic solar cell is shown. The

multilayer architecture including electrodes and a blocking layer is necessary to obtain

reasonable efficiencies. In this thesis, the morphology of the active layer, depicted in red

and blue, made up of different material combinations is characterized. For the polymer-

fullerene systems (chapter 5) the influence of the used solvent on the overall morphology

is investigated while all other external parameters remain unchanged. Additionally, the

composition of the two components is varied and special focus is put on the molecular

miscibility of the fullerene component in the polymer phase. The effect of expanding

the absorption range with an additional component is studied and its influence on the

morphology of the active layer and photovoltaic performance is probed.

Besides the most efficient polymer-fullerene systems, polymer-polymer systems are a fur-

ther promising approach (chapter 6). The impact of modifying the annealing conditions

and the composition on the morphology of the active layer is investigated. Furthermore,

the influence of blending two polymers on the resulting morphology is discussed with a

view to photovoltaic performance.

Finally, a diblock copolymer with one semiconducting block is investigated as a model

system for the active layer in organic solar cells (chapter 7). The combination of a partly

semiconducting diblock copolymer with inorganic semiconducting nanoparticles is intro-

duced as a novel approach in organic photovoltaics. In addition, tuning of the morphology
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with incorporation of an additional polymeric component is analyzed.

To provide a background the next chapter (chapter 2) covers the theoretical aspects

of the principle processes occurring in an organic solar cell and the phase separation

and crystallization in polymer blends. Also, the fundamentals of scattering as the main

characterization technique in this thesis are presented. Thereafter, the applied investi-

gation methods (chapter 3) and the sample preparation including the different materials

(chapter 4) are introduced. In the main part of this thesis, the experimental results on

polymer-fullerene (chapter 5), polymer-polymer (chapter 6) and diblock copolymer (chap-

ter 7) systems are described and discussed. Finally, a conclusion and an outlook complete

this thesis (chapter 8).



Chapter 2

Theoretical aspects

Before starting with the experimental part, this chapter comprises the theoretical back-

ground for the experimental studies and interpretations presented in this thesis. First of

all, the device physics of organic solar cells are discussed in section 2.1. For this purpose,

the individual steps from the initial light absorption to the final charge extraction are

covered. In the second section, the theories for phase separation of polymer blends with

focus on rod like polymers and polymer crystallization are introduced. The final section

addresses the basic principles of X-ray and neutron scattering with emphasis on grazing

incident scattering techniques for structural investigations of thin polymer film systems.

2.1 Organic photovoltaics

Organic photovoltaics describes the class of optoelectronic devices which convert light

to electricity using carbon based molecules. Depending on the definition, organic pho-

tovoltaics covers solar cells purely made of organic compounds as well as hybrid solar

cells which combine organic and inorganic materials. In this thesis, organic photovoltaics

refers only to systems in which the so-called active layer contains just organic compounds,

i.e. organic semiconductors. The active layer is the part of an organic solar cell in which

light is converted to electricity. Furthermore, the systems investigated in this thesis are

polymer-based, meaning that at least one component of the active layer is a polymer.

The basic principles such as the setup of a typical organic solar cell and an overview of

the charge carrier generation process in the active layer are introduced in section 2.1.1.

The single steps of the charge carrier generation process in an organic solar cell, i.e. the

device physics, are described in the following sections. First, light absorption and the

formation of excitons (section 2.1.2), followed by the exciton diffusion (section 2.1.3) and

dissociation (section 2.1.4) are discussed. To obtain the full generation process, the charge

carrier transport to the electrodes (section 2.1.5) and the charge carrier extraction at the

5
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electrodes (section 2.1.6) are introduced. A description of the different loss mechanisms

occurring during these processes completes the chapter (section 2.1.7).

2.1.1 Basic principles

Organic photovoltaic devices consist typically of a multilayer setup (figure 2.1). A so-

lar cell is confined by two electrodes which are necessary for charge extraction. For the

bottom electrode, transparent conducting materials like transparent conducting oxides

(TCO), graphene or carbon nanotubes on a transparent solid support (glass or flexible

foil) are used. The top electrode consists typically of a metal layer. Next to the electrodes,

blocking layers and optical spacers are installed to improve the solar cell efficiency.[11]

The main layer is the active layer in which the incident light is actually converted to

charge carriers. The light enters the solar cell through the transparent bottom electrode

and is absorbed in the active layer. The preparation of the solar cells investigated in this

thesis can be found in chapter 4.5.

Figure 2.1: Device architecture of a typical organic photovoltaic device. The light enters the solar cell

through the transparent substrate.

The active layer of an organic photovoltaic device is composed of organic semiconduc-

tors which are carbon-based molecules with semiconducting properties. In polymer-based

solar cells as investigated in this thesis at least one component of the active layer is a semi-

conducting polymer. While most polymers are colorless insulators, polymers exist which

are semiconducting or even conducting, e.g. doped polyacetylene. Most semiconducting

polymers are conjugated polymers such as polythiophenes, polyphenylenevinylenes and

polypyrrols. Conjugated polymers have a backbone which consists of alternating single

and double bonds resulting in binding and anti-binding states in the molecule. These
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states form the so-called highest occupied molecular orbital (HOMO) and the lowest un-

occupied molecular orbital (LUMO) with an energy gap Eg in the range of 1.5 eV to 3 eV.

Consequently, most conjugated polymers are colored.[12]

Due to the high exciton binding energies (∼ 0.5 eV)[13, 14, 15] and the short exciton

diffusion length (∼ 10 nm)[16] in organic semiconductors, the charge carrier generation

is a multi-step process. In figure 2.2 these steps are shown schematically. A photon is

absorbed by an organic semiconductor and an exciton is generated. Due to the high ex-

citon binding energy, the probability of exciton dissociation in the pure material is very

low. Therefore, a second material has to be introduced whereby an interface between

an n-type and a p-type material is formed. The exciton has to diffuse to this interface

to dissociate. The generated charge carriers are transported through percolation paths

in the corresponding materials to the electrodes. At the electrodes the charge carriers

are extracted.[16, 17] The details on each of the processes are described in the following

sections.

Figure 2.2: Illustration of the charge carrier generation process: (a) absorption, (b) exciton diffusion,

(c),(d) exciton dissociation, (e) charge transport and (f) charge extraction. The electrodes are depicted

in gray and the n-type and the p-type materials in the active layer in blue and in red, respectively.

Due to the limitations given by the high exciton binding energy and the short exci-

ton diffusion length, active layers consisting of a bulk heterojunction structure, i.e. an

interpenetrating blend of two organic semiconductors, are found to show much higher

efficiencies than bilayer systems. The bulk heterojunction concept enables an active layer

with a thickness on the order of 100 nm to have efficient absorption and internal structural

length scales in the range of the exciton diffusion length.[8, 18, 7] Therefore, the detailed

morphology of the active layer is of high importance.
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2.1.2 Absorption

The first step of the charge carrier generation process in every solar cell is the absorption

of a photon by exciting an electron (figure 2.2(a)). In the case of organic materials, the

electron is excited from the HOMO to the LUMO. Therefore, the energy of the incident

photon E = hν = hc/λ has to be larger than Eg in order to be absorbed. The probability

of absorption of a photon by exciting an electron from a lower electronic state l to an

upper electronic state u, Blu, can be derived from Einstein’s coefficients for absorption

and gives

Blu =
c

n0

∫

σ(ν)

hν
dν (2.1)

where c/n0 describes the speed of light in a material with refractive index n0, h is Planck’s

constant and ν the frequency of the photons. σ(ν) is the cross section to capture a photon.

This cross section is proportional to the extinction coefficient ǫ(ν).[19]

σ(ν) ∝ ǫ(ν) (2.2)

The extinction coefficient ǫ(ν) is the imaginary part of the complex refractive index and

describes the attenuation of light in a material. If scattering can be neglected, ǫ(ν) is

equal the absorption coefficient α(ν) of the material.[19]

Figure 2.3: Band profile of a lower (l) and an upper (u) electronic state including the corresponding

vibrational levels m and n, respectively. Excitation of a molecule a) in the case of an unchanged molecular

structure and b) in the case of some change ∆Q of the molecular structure. Q is a displacement coordinate,

E the energy.

The shape of the absorption spectrum of an organic molecule as a function of the wave-

length is defined by the type of monomer. For organic molecules the absorption spectra

consist not only of a sharp peak but also reveal further fine structure from vibrational
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excitations. This fine structure results from alteration of the molecular structure due to

the electronic excitation in an organic molecule, i.e. an expansion of the chemical bonds

occurs.[20] In figure 2.3 two different electronic states of a molecule are shown includ-

ing vibrational modes. Following the Franck-Condon principle, electronic transitions are

much faster than the motion of the nuclei. Consequently, in a molecule the electronic

transitions in figure 2.3 are drawn as vertical lines. In the case of an electronic excitation

with no spacial displacement (figure 2.3a), the excitation occurs from the lowest vibra-

tional state m = 0 of the lower electronic level l to the lowest vibrational state n = 0 of

the upper electronic level u. The absorption spectrum in this case consists of a single peak

with a certain width due to the life time of the excited state. However, in organic mate-

rials the electronic excitation is connected to a certain spatial displacement (figure 2.3b).

Consequently, transitions to different vibrational states n are possible. The transition

probability is given by the overlap of the wavefunctions of the initial and the final state.

The absorption spectrum in this case shows a certain fine structure (see figure 2.4).[12]

The absorption spectra of molecules with varying numbers np of the same monomer show

the same shape but with increasing np the absorption spectrum is red shifted.[21]

ω(np) = ω0 +
∆ω

np

(2.3)

Figure 2.4: Optical absorbance spectra of phenylene vinylene oligomers with two-, three-, four- and

five-ring structure. The monomeric unit is shown in the inset. From Cornil et al.[21]
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where ω(np) is the absorption frequency. In figure 2.4 the optical absorption spectra

of phenylene vinylene oligomers with different numbers of monomers are shown. With

increasing number of monomers, the spectrum exhibits a red shift.[21, 12] Due to the

extension of the π-electron system, the binding and anti-binding states form a band-like

structure and the energy gap decreases with increasing π-electron system. Consequently,

a higher number of electrons results in a red-shift of the absorption spectrum.

In the case of conjugated polymers, the position of the absorption is given by the in-

trachain ordering or conjugation length Λ which describes the length of the undisturbed

conjugation in a polymer chain. Due to kinks, defects etc. of the polymer backbone, the

conjugation length is much shorter than the length of the polymer chain (figure 2.5).[12]

Figure 2.5: Illustration of the spectroscopic-unit concept (see section 2.1.3) by the introduction of struc-

tural disorder (a) compared to a one-dimensional semiconductor (b). The structural disorder is described

by the so called conjugation length Λ.

The absorption of a photon excites an electron with a remaining hole. Most likely the

electron and the hole form a Coulomb-bond electron-hole pair, called exciton. In organic

molecules a Frenkel exciton which resides on one polymer chain is created. Due to spin

conservation electrons and holes have an opposite spin and a singlet exciton is generated.

Excitons which are located on different chains are called charge-transfer excitons. The

binding energy of excitons in polymers is typically on the order of 0.5 eV [13, 14, 15], and

the excitons are extended over several monomer units.[22] In contrast to the Wannier-Mott

excitons found in inorganic semiconductors with binding energies of about 20 meV, exci-

tons in polymers cannot be dissociated at room temperature. In figure 2.6 the schematic

representation of a crystal lattice with Wannier-Mott, charge-transfer and Frenkel exci-

tons is shown. However, an organic semiconductor typically is only partly ordered and

figure 2.6 cannot directly be applied for organic semiconductors. Nevertheless, figure 2.6

gives a sufficient overview of different exciton types.

Besides the intrachain order as described above also interchain interactions can influ-

ence the absorption spectrum of an organic material. When two molecules approach each

other, they interact and influence their electronic properties. These electronic proper-
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Figure 2.6: Illustration of a crystal lattice where the gray circles depict the atoms on a lattice with

different types of excitons: a) Wannier-Mott exciton, b) charge-transfer exciton and c) Frenkel exciton.

The holes are illustrated as a empty orbital (white).

ties are mainly determined by electron exchange and Coulomb interactions. Therefore,

electronic excitations are coupled with the vibrational modes of the molecules and the

absorption spectrum is altered depending on the type of molecular aggregation. Two

main types of ordering exist, J- and H-aggregates (figure 2.7). In J- and H-aggregates,

dipoles are arranged in-line and parallel, respectively. A detailed description can be found

in reference [20].

It was found that the conjugated polymer P3HT can be treated as a weakly coupled

H-aggregate which dominates the absorption and emission spectra. From the relative ab-

sorbance of the 0-0 and 0-1 vibronic peaks A0−0/A0−1 the free exciton bandwidth W can

be extracted. The free exciton band width W is decreasing with increasing conjugation

length and therefore an indication for changes in intrachain ordering.[23]

A0−0

A0−1

≈ n0−0

n0−1

(

1 − 0.24W/Ep

1 + 0.073W/Ep

)

(2.4)

where n0−0 and n0−1 are the real part of the refractive index at the 0-0 and 0-1 peaks,

respectively. In P3HT, the phonon energy of the main oscillator coupled to the electronic

transition is Ep = 0.18 eV and the ratio of the refractive indices n0−0/n0−1 is assumed

to be 0.97.[24] In this thesis the weakly coupled H-aggregate model is used to estimate

the ratio of unaggregated and aggregated P3HT chains following the analysis of Gao et

al.[25]
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2.1.3 Exciton diffusion

An exciton is a mobile quasi-particle with no charge, thus it does not contribute to the

charge transport. Therefore, the exciton has to dissociate which typically occurs at an

interface as the exciton’s binding energy is considerably higher than room temperature.

As most excitons are not created in the vicinity of an interface, excitons have to diffuse to

such an interface. The motion of excitons happens via energy transfer processes between a

donor molecule and an acceptor molecule. In the case of exciton diffusion in one polymer

phase, the donor molecule is the site where the excitation is located and the acceptor

molecule is the site to which the excitation is transfered. Energy migration describes the

process of movement involving several energy transfer processes.

Energy Transfer

The energy transfer consists of two main processes, namely the trivial energy transfer

process (figure 2.8a) and the Förster transfer also known as resonant transfer process

(figure 2.8b). In the case of the trivial energy transfer process, which is also called photon

reabsorption, the donor molecule emits a photon by fluorescence and an acceptor molecule

absorbs the photon, thereby creating a new excitation. The transfer rate KET
D→A of the

photon reabsorbtion from a donor molecule D to an acceptor molecule A is

KET
D→A ∝ R−2 (2.5)

Figure 2.7: Schematic presentation of the alignment of two dipoles depicted as black arrows in gray

ellipses in H- and J- aggregates. The corresponding level diagrams for weakly coupled H- and J-aggregates

are shown. The absorption (A0−(v+1)) and the emission (0-(v+1)) transitions are depicted in blue and

red, respectively. The vibrationless ground state and the v-th vibronic band are depicted as |G〉 and |Av+1〉.
The free exciton bandwidth is given by W . The figure is adapted from reference [20].
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Figure 2.8: Band diagrams describing a) the trivial energy transfer process and b) the resonant transfer

process from a donor molecule D to an acceptor molecule A.

where R is the distance between donor and acceptor molecule. The trivial energy transfer

process is dominating at larger distances (R >10 nm). The apparent lifetime of the

excitation is extended by this process.[19]

The Förster transfer, also known as fluorescence resonance energy transfer (FRET), is

a radiationless energy transfer from D to A by dipole-dipole coupling. It was originally

developed for diluted dye molecules, but is applicable to extended conjugated polymers

by means of the spectroscopic-unit concept. This concept assumes the segmentation of

the conjugated π-system by structural defects which break the translation symmetry. The

segmentation is expressed by the conjugation length Λ. In figure 2.5 the spectroscopic-

unit concept is demonstrated schematically.[26] The transfer rate KFRET
D→A for the Förster

transfer is

KFRET
D→A =

1

τD

(

R0

R

)6

(2.6)

where τD is the natural lifetime of the donor and R again describes the distance between

D and A. R0 is the critical transfer distance at which the energy transfer rate is equal to

the radiative decay rate τ−1
D :[19]

R6
0 ∝ κ2

∫

λ4fD(λ)ǫA(λ)dλ (2.7)

where fD(λ) is the normalized donor emission spectrum depending on the wavelength λ

and ǫA(λ) the normalized acceptor extinction coefficient. The dipole orientation factor κ

describes the dipole orientation between the D and A molecules:

κ = (cos θDA − 3 cos θD cos θA)2 (2.8)

where θDA is the angle between the dipoles of the D and A molecules and θD and θA are

the angles between the corresponding dipoles and the connecting vector of molecule D

and A. From parallel to perpendicular arrangement, κ varies from 4 to 0. Consequently,

for the FRET process the following requirements have to be fulfilled: For parallel dipoles

of the donor and acceptor molecules, the transfer rate KFRET
D→A is maximum. In addition,
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the emission spectrum of the donor has to overlap with the absorption spectrum of the ac-

ceptor. Finally, due to the KFRET
D→A ∝ R−6 dependency the distance between the molecules

has to be sufficiently low (R < 10 nm).

Energy Migration

The exciton diffusion or movement is described by the energy migration process which is

composed of several energy transfer steps. Therefore, exciton diffusion can be interpreted

as a random hopping-like motion starting at position x0 (figure 2.9). The final distance or

diffusion length lD is much smaller than the total covered distance. The diffusion length

is given by

lD =
√

ZDτD (2.9)

where Z is a parameter describing the dimensionality d of the diffusion: Z = 2d. D is

the diffusion coefficient and τD the exciton lifetime which is in the range of ns.[27] For

conjugated polymers, an exciton diffusion length of 4-14 nm is found in literature.[28, 22]

In the case of the fullerene C60, the exciton diffusion length is lD = 40 nm.[29]

Figure 2.9: The exciton diffusion as a random hopping-like motion, where the final distance lD is much

smaller than the total covered distance. x0 and x denote the starting and the end point of the random

walk, respectively.

2.1.4 Exciton dissociation

After reaching the interface between the electron acceptor phase and the electron donor

phase1, the excitons dissociate in a two step process. In the following, the exciton dis-

sociation is described for an exciton which is initially generated in the donor material.

This is the general case for polymer:fullerene systems as the majority of the photons are

1In this case donor and acceptor materials are defined by their band structure and describe the hole

and electron conducting materials, respectively. The naming should not to be confused with the naming

in section 2.1.3, where the energy transfer process in the case of exciton diffusion was described.
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Figure 2.10: The HOMO and LUMO energy levels of an acceptor (blue) and donor (red) interface

neglecting band bending. The exciton dissociation occurs either by a) direct charge transfer or b) initial

energy transfer followed by charge transfer.

absorbed in the polymer, i.e. the electron donor, with a typical absorption range in the

visible regime. In contrast, fullerenes absorb in the UV regime which has a small overlap

with the solar spectrum. The inverted case exists as well and can be described in a similar

way.[16, 17]

For an efficient exciton dissociation the HOMO and LUMO energy levels of the acceptor

and donor materials have to match as shown in figure 2.10. When an exciton reaches the

interface between electronically matching materials, the dissociation is very fast (∼ 10 fs

for polymer:fullerene systems), i.e. much faster than any decay process.[30, 31] Conse-

quently, the efficiency of exciton dissociation is almost unity provided the exciton reaches

such an interface. The process can occur in two ways, by direct charge transfer (fig-

ure 2.10a) or by an initial energy transfer followed by a subsequent charge transfer (fig-

ure 2.10b). After either charge transfer, the negative and positive charge carriers reside

on the acceptor and on the donor, respectively. In the presented cases, the charge carriers

consist of polarons. Polarons are quasiparticles consisting of a charge and the caused

polarization of the surrounding. However, the polarons are still Coulomb bound as a

so-called polaron pair, which constitutes an intermediate step between the exciton and

the free charges. To gain free charges, the polaron pair has to be separated.[16]

To describe the polaron pair dissociation, the Braun-Onsager model is commonly used.

This model treats the separation of two oppositely charged ions assisted by an electric

field.[32, 33] The bound polaron pair can either recombine to the ground state with a rate

kf ∝ τ−1
f , where τf is the lifetime of the polaron pair, or it can dissociate with a rate kd

(figure 2.11). There is also a chance given by the rate kr that free polarons form a polaron
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Figure 2.11: Illustration of a polaron pair at the donor-acceptor interface with the rate kf for recombi-

nation to the ground state, the dissociation rate kd and the rate kr for polaron pair formation from free

polarons.

pair again. The polaron pair-separation yield P (F ) depending on the electrical field F

[33] is given by

P (F ) =
kd(F )

kd(F ) + kf

(2.10)

with the field-dependent dissociation rate

kd(F ) =
3γ

4πr3
pp

exp

(

−Eb

kT

)

J1

(

2
√
−2b

)

√
−2b

(2.11)

where γ = qµ/ǫǫ0 is the Langevin recombination factor [19] with the elementary charge

q, the sum of hole and electron charge carrier mobilities µ and the effective dielectric

constant of the organic semiconductor system ǫǫ0. rpp is the initial polaron-pair radius,

Eb ∝ 1/rpp the Coulombic binding energy of the polaron pair, kT the thermal energy, J1

the Bessel function of order one and b the reduced field with b = q3F/(8πǫǫ0(kT )2). Thus,

the polaron pair-separation yield P (F ) can be expressed as

P (F ) =
κd(F )

κd(F ) + (µτf )
−1 (2.12)

where κd(F ) is used as substitution with kd(F ) = µκd(F ).[17] Consequently, the polaron-

pair separation yield P (F ) strongly depends the charge carrier mobilities µ and the

polaron-pair lifetime τf . For systems with high mobilities and long polaron-pair life times,

the charge carrier generation at the acceptor-donor interface is most efficient.[17]
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2.1.5 Charge carrier transport

The free charge carriers, i.e. the polarons, have to be transported to the respective

electrodes. Organic semiconductors are highly disordered and therefore band transport

as in crystalline semiconductors with long-range order does not take place. Instead,

the electrical transport occurs by hopping from one localized state to the next. This

hopping process happens when the wavefunctions of neighboring sites overlap only weakly.

Hopping is a combination of tunneling from one site to another and a thermally activated

process. The hopping rate νij for a local charge transport from site i to site j was described

by Marcus [34, 35]:

νij =
|Iij|
~

√

π

ξkT
exp

(

−(∆Gij + ξ)2

4ξkT

)

(2.13)

where ~ is the reduced Planck constant, kT the thermal energy and ξ the reorganization

energy accounting for the polaron relaxation. Iij stands for the transfer integral which

describes the overlap of the wave functions of the sites i and j and is proportional to the

tunneling rate. ∆Gij is the energy difference of two sites i and j. The density of states is

typically given by an exponential or gaussian distribution in disordered systems.[16]

Another description of the hopping rate is the Miller-Abrahams hopping rate in which

the tunneling and thermal activation contribution are more obvious.[36]

νij = ν0 exp (−γ′rij)







exp
(

−∆Eij

kT

)

∆Eij > 0 (hopping up),

1 ∆Eij ≤ 0 (hopping down)
(2.14)

where ν0 is the maximum hopping rate, γ′ the inverse localization radius which is pro-

portional to the transfer integral and rij the distance between the sites i and j. The

tunneling contribution is described by the first exponential expression. The thermal acti-

vation contribution for hops upwards in energy is given by a Boltzmann term where ∆Eij

is the energy difference between the sites i and j.

Both models describe only the mesoscopic hopping transport but not directly the macro-

scopic behavior. However, these models were used in combination with Master equations

[37, 38] and Monte Carlo simulations [39, 40] to simulate the macroscopic charge trans-

port. Bässler applied the Miller-Abrahams hopping rate in Monte Carlo simulations in

which he used a Gaussian distributed density of states.[40] The found charge carrier mo-

bility µGMD in Bässlers Gaussian disorder model depends on the temperature T and on

the field F . The parametric fit is given by

µGMD = µ∞ exp

(

−
(

2σ

3kT

)2

+ C

(

( σ

kT

)2

− Σ

)

F 1/2

)

(2.15)

where σ is the energetic width of the Gaussian distribution of the density of states, also

called disorder parameter. The corresponding spatial disorder is given by Σ. C and 2/3 are
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Figure 2.12: Presentation of the concept of transport energy. A Gaussian distribution of the density

of states and of the charge density are assumed. The charge transport in time t and space x by hopping

takes place around the transport energy.

scaling factors of the parametric fit. The introduced parametric Gaussian disorder model

is commonly used to describe experimental results. The lnµ ∝ F 1/2 and lnµ ∝ 1/T 2

dependencies were both found in experiments.[41, 42]

To describe the charge transport in an organic semiconductor as band transport plus

trapping, the so-called concept of transport energy is used (figure 2.12).[16] A Gaussian

distribution of the density of states with a width σ is assumed for a disordered organic

material. The charge density thermalizes by −σ2/kT and a transport energy can be de-

fined. Around this transport energy (indicated by the dashed line in figure 2.12), the

charge carrier transport by hopping takes place. The charge carriers are created at higher

energies, relax to a quasi-equilibrium and are transported along the transport energy level.

Below the transport energy, charges get immobile and do not contribute to charge trans-

port anymore. As a result, disordered organic semiconductors can be treated as trap-rich

inorganic semiconductor.[16]

The parametric models described above refer to charge transport in single materials only.

However, a model for the charge transport in material combinations is still missing and

the Gaussian disorder model is currently used to simulate charge transport in material

combinations.[16]

2.1.6 Charge carrier extraction

After reaching the organic semiconductor-metal interface the charge carriers have to be

extracted. This process is strongly affected by the device architecture. In addition, the
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charge carrier concentration, which is influenced by the recombination at the interface of

organic semiconductor and metal electrode, is an important aspect. So far, there is not

much experimental knowledge about charge extraction.[16]

Typically, the field-dependent photocurrent is modeled to obtain information on the

charge carrier extraction. However, the charge carrier generation also depends on the elec-

tric field. Therefore, an independent experimental approach is not possible. Mihailetchi

et al.[43] were able to model the photocurrent by a combination of the Braun-Onsager

model (section 2.1.4) and the Sokel and Huges model analytically.[44] The photocurrent

after Sokel and Huges is given by

Jph,SH = Jph,max

(

exp(qV/kT ) + 1

exp(qV/kT ) − 1
− 2kT

q

)

(2.16)

where Jph,max is the maximum photocurrent, V the internal voltage and kT/q the ther-

mal voltage with q the elementary charge. The most important result is that the equa-

tion (2.16) depends on the voltage across the device. In comparison, the polaron pair

dissociation is field-dependent.[16]

Further mechanisms influencing charge carrier extraction are imbalanced hole and electron

mobilities or surface recombinations.[16, 45]

2.1.7 Loss mechanisms

Besides the understanding of the single processes in an organic photovoltaic cell, also

the knowledge of the different loss mechanism is important. In figure 2.13 different loss

mechanism (i-vi), which occur in an organic solar cell, are shown.

After generation of an exciton by light absorption, the exciton will recombine (figure 2.13

process (i)) if no interface is reached during the exciton lifetime τD. As mentioned before,

the lifetime of an exciton τD is typically in the range of ns.[27]

The recombination of two or more free polarons, can be divided in a first-order and

a second-order recombination, also called geminate and non-geminate recombination, re-

spectively. A geminate recombination occurs when the positive and negative polarons have

a common precursor state. Consequently, the recombination occurring during polaron-

pair dissociation is of geminate nature (figure 2.13 process (ii)).[16] This loss mechanism

is taking place when the polaron-pair dissociation is too slow, i.e. in systems with low

charge carrier mobilities and short polaron-pair lifetimes (see section 2.1.4).

Recombination of two already separated polarons is of non-geminate nature as the two

participating polarons do not have a common precursor state (figure 2.13 process (iii)).[16]

In an organic solar cell, two charge carriers typically form a polaron-pair before recom-

bining. The charge carrier dynamics are given by the continuity equation. Taking into
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account that the recombination of mobile charges depends on the number of charges and

including the polaron-pair formation as an intermediate state, the continuity equation

can be written as
dn

dt
= −1

q

djn
dx

+ PGpp − (1 − P )R (2.17)

where n is the electron concentration, q the elementary charge and jn the electron current.

P is the polaron-pair dissociation rate given by equation (2.10) and Gpp the polaron pair

generation rate. t and x are the time and the position.[16] The recombination of free

polarons in materials with a low mobility is described by the Langevin recombination

rate R [46, 19]:

R = γ(np− n2
i ) (2.18)

where p is the hole concentration, n2
i the intrinsic carrier concentration and γ the Langevin

recombination prefactor (see section 2.1.4). The recombination is a two step process with

the primary finding of the partners (step 1) followed by the actual recombination (step

2). In organic materials the recombination rate is limited by step 1 due to the low carrier

mobilities. Consequently, the Langevin recombination prefactor can be described by

γ =
q

ǫrǫ0
(µe + µh) (2.19)

with the effective dielectric constant ǫrǫ0 and the electron and hole mobilities µe and

µh.[16]

Figure 2.13: Illustration of the loss mechanism (i)-(vi) occurring in an organic solar cell with an

electron acceptor (blue) and donor (red). Recombinations are depicted as yellow arrows. The bottom and

top electrodes (gray) are the cathode and anode, respectively. The processes (i)-(vi) are described in the

text.
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Besides the recombination of two free polarons, process (iii) in figure 2.13 refers also to

the recombination of a mobile charge carrier with a trapped one. In this case, the order

of recombination depends on the concentration of trapped charge carriers. If the density

of trapped charges is high, i.e. higher than the mobile charge density, a recombination is

considered as a first order process because the density of trapped charges is hardly dimin-

ished. In contrast one refers to the recombination as a second order process if the trapped

charge carrier density is similar or smaller than the mobile charge carrier density.[16]

Further losses occur due to trapping either in a deep energetic state with a very low escape

probability or at structural defects as depicted as process (iv) in figure 2.13. A structural

defect is an isolated phase of one material with no connection to an electrode. These

charges will be trapped until recombination with a mobile charge occurs.

Finally, polarons reaching an electrode can still recombine and therefore diminish the

photovoltaic performance. On the one hand charge recombination at the electrode inter-

face can occur (figure 2.13 process (v)). Scott et al. reported on this so-called surface

recombination in detail.[45] On the other hand charge extraction at the wrong electrode

(process (vi) in figure 2.13) can happen in systems with contact between the electron

conducting material with the anode or the hole conducting material with the cathode.

All described loss mechanisms reduce the efficiency of an organic solar cell.

2.2 Polymer crystallization and phase separation

Due to the intrinsic electronic properties of organic semiconductors, in particular the

high exciton binding energy and the short exciton diffusion length as well as the charge

carrier transport mechanisms (chapter 2.1), the inner morphology of the active layer in an

organic solar cell is of utmost importance. Firstly, the arrangement of the single polymer

chains is crucial for the charge carrier mobility. The mobility is orders of magnitudes

higher in crystalline regions of the polymer than in the amorphous parts.[47] Therefore,

the principles of polymer crystallization are described in section 2.2.1. Furthermore, on

mesoscopic length scales the phase separation of the electron donor and acceptor materials

in a bulk heterojunction is important. The phase separation of polymers in general and of

rod-like polymers in particular is introduced in section 2.2.2. In addition, the structural

evolution of polymer blends with the two competing ordering processes, phase separation

and crystallization, is described (section 2.2.2.3).

2.2.1 Polymer crystallization

In contrast to small organic molecules or oligomers, crystallizable polymers do not form

complete crystals but exist in a semicrystalline state. This state, which is not a thermally
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equilibrated state but is kinetically determined, consists of polymer crystals separated by

amorphous regions of the same polymer. A full crystallization of polymers is hindered by a

high entropic activation barrier which results from the need of complete disentanglement of

the coiled polymer chains before crystallization. As a complete disentanglement takes very

long, only semicrystalline structures form. A further reason for only partly crystallized

polymers is the polydispersity. The crystallinity φc of polymers is defined as the volume

fraction of the crystalline part:

φc =
vc

va + vc

(2.20)

where vc and va are the volumes occupied by the crystalline and amorphous phases,

respectively. In the amorphous parts mainly chain ends, entangled chains, impurities and

other defects are found. Polymer crystals have a layered structure with a layer thickness

dc (Figure 2.14) and can extend laterally, i.e. perpendicular to the polymer chains, over

several micrometers. The crystal thickness dc depends on the crystallization temperature

Tc but was found to be independent of the molecular weight Mw of the polymer.[48]

Thus, polymers form crystalline lamellae with a thickness dc and lateral expansion up to

micrometers. Macroscopically, these lamellae arrange in so-called spherulites. However, in

organic photovoltaics which needs structural ordering on the order of 10 nm the formation

of spherulites is counterproductive and therefore avoided. In this section therefore only

the early stages of crystal formation are described and the spherulite structure is omitted.

Polymers can crystallize when they are supercooled, i.e. the crystallization temperature

Tc lies between the glass transition temperature Tg and the melting temperature Tm. The

mechanism of crystal formation, i.e. the growth kinetics, was initially described by the

Lauritzen-Hoffman (LH) model.[49] However, during the last two decades experimental

results raised doubts about the LH model and new models were suggested.[50, 51, 52, 53,

54] Nowadays the multistage model proposed by Strobl [12, 55] is widely accepted and is

presented in this thesis. It has to be mentioned that the validity is still debated and the

multistage model is not generally accepted yet.

2.2.1.1 Nucleation

Polymer crystallization from an amorphous melt starts with the formation of nuclei. First,

particles with an enhanced inner order are formed due to thermal fluctuations. Depending

on the size, these particles, so-called embryos, disappear again or form nuclei from which

crystal growth starts. The nucleation rate is described by τ−1
nuc which is proportional to

the volume v of the crystallizable domain.[56]

τnuc ∝ v−1 (2.21)
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Figure 2.14: Sketch of a polymeric crystal with thickness dc. The lines depict the polymer backbone.

In addition, the nucleation rate is an exponential function of the temperature.[57]

τ−1
nuc ∝ exp

(

−∆U + ∆Fc

kBT

)

(2.22)

where kB is the Boltzmann constant and ∆U an activation energy barrier for diffusion

across the phase boundary which describes the sluggishness of the polymer at low temper-

atures. The gain in free energy due to the formation of nuclei is given by the critical free

energy barrier for primary nucleation ∆Fc which is dominant at high temperatures.[58]

Consequently, a maximum nucleation rate is found for mediate temperatures which is

changing with chain length.[59] The fast intramolecular nucleation, where only one folded

molecule is contributing to the nucleus formation, and the extremely slow intermolecular

nucleation, where the nucleus consists of stretched stems from different molecules, are

reported on as extreme paths of polymer crystal nucleation.[60]

2.2.1.2 Growth kinetics

From the formed nuclei or from nucleating agents, e.g. impurities, the crystal starts to

grow. It has been experimentally shown that the crystallization and melting of polymers

in bulk can be described by different laws using three controlling temperatures.[12] There-

fore, crystallization is not the reverse process of melting and vice versa. An intermediate

phase, the so called ”mesophase”, was introduced to explain the existence of three con-

trolling temperatures instead of one. Consequently, in the crystal formation process of

polymers three different phases exist, namely the amorphous melt (here denoted with a),

the mesomorphic (m) and the crystalline phase (c). The transition between these three

phases is described by the following three controlling temperatures: T∞

am describes the

transition from the melt to the mesomorphic phase, T∞

ac the transition from the melt to

the crystalline phase (equilibrium melting point) and T∞

mc represents a virtual transition
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Figure 2.15: The crystallization process in the multistage model by Strobl [55] is described as a) growing

of a mesomorphic layer, b) solidification by core crystallization and c) stabilization by surface ordering.

between the mesomorphic and the crystalline phase whereas

T∞

am < T∞

ac < T∞

mc. (2.23)

From a thermodynamic view, this means that the chemical potential of the polymer in the

mesophase and the crystalline phase drops at T∞

am and T∞

ac below the chemical potential

of the melt, respectively.

In Figure 2.15 the crystallization process within a multistage model is shown schematically.

Between the crystal phase and the melt a thin mesophase forms which is stabilized by

epitaxial forces2. Defects are already rejected from the mesophase which is spontaneously

thickening due to high inner mobility. At a critical thickness the core region solidifies and

forms a block. In a final step, the chains at the surface of the block order and therefore

stabilize the crystal.[12]

Based on this model, Strobl [50, 62] constructed a thermodynamic multiphase scheme.

The phase diagram in Figure 2.16 deals with four phases: the amorphous melt, the

mesophase and the crystalline phase which is divided into two limiting forms to account

for the stabilization process: the native crystal (cn) and the stabilized crystal (cs). The

stable regions with their transition lines are shown as functions of the temperature T and

the inverse crystal thickness 1/n. n is the number of subunits, e.g. monomers, in one stem

or rod. So the crystal thickness is defined as dc = n∆a with the length of the subunit ∆a.

At the transition lines the adjacent phases are in equilibrium and this leads to

T∞

ac − T ≈ 2σacs
T∞

ac

∆hac

1

n
(2.24)

2Epitaxial forces is the term for orienting molecular forces at the interface of two media which are

driving forces required for epitaxial growth.[61]
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Figure 2.16: T/n−1 phase diagram of layered polymer crystals in an amorphous melt. The transition

lines separating the four phases, namely melt (a), mesophase (m), native crystals (cn) and stabilized

crystals (cs) are described by equations (2.24) to (2.27).

as the theoretical expression of the melting line. σacs
denotes the surface free energy of

a stabilized crystal and ∆hac the heat of fusion. Equation (2.24) is the Gibbs-Thomson

equation describing the reduction of the melting temperature due to excess free energy of

the fold crystal surface. For the crystallization line one obtains

T∞

mc − T ≈ (2σacn
− 2σam)T∞

mc

∆hmc

1

n
(2.25)

and for the recrystallization line

T∞

mc − T ≈ (2σacs
− 2σam)T∞

mc

∆hmc

1

n
. (2.26)

σacn
, σacs

, σam and ∆hmc denote the corresponding surface free energies and the heat of

fusion, respectively. While the equilibrium melting temperature T∞

ac is decreasing with the

incorporation of co-units or diluents (impurities), the crystallization and recrystallization

lines were found to be independent of impurities. Equation (2.27) describes the transition

from the melt to the mesophase.

T∞

am − T ≈ 2σamT
∞

am

∆ham

1

n
(2.27)

where σam is the surface free energy and ∆ham the heat of fusion. Above the temperature

T∞

am the mesophase does not exist. At the triple points Xn (Xs) the free energy of the
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melt, the mesomorphic layer and the native (stabilized) crystals are equal.[50, 62]

In Figure 2.16 two scenarios of isothermal annealing with subsequent heating (red solid

lines) are demonstrated. Both scenarios start identically: chains from the melt are at-

tached to the front of a mesomorphic layer which is spontaneously thickening until it

reaches the crystallization line and native crystals are formed and stabilized. The crystal

thickness depends on the crystallization temperature. In scenario I (high crystallization

temperatures) heating does not affect the crystal thickness and the crystals melt when

reaching the melting line. At low crystallization temperatures (scenario II) the crystal

thickness is increasing when the recrystallization line is reached. Further heating ends at

the triple point Xs and the crystals melt. Consequently, all systems crystallized at low

temperatures melt at the same point (Xs) when heated.[50, 62]

2.2.1.3 Lateral growth

While the crystal thickness is defined by the crystallization temperature, the lateral size

of the crystalline lamellae is, in principle, not limited. The crystalline lamellae consist of

crystalline blocks which merge during growth. The lateral dimensions of the blocks are

proportional to the crystal thickness dc. The lateral growth rate can be described with

u = u0 exp

(

−T
∗

A

T

)

exp

(

− TG

T∞

am − T

)

. (2.28)

The first exponential expression dominates the growth rate at low temperatures and is

following an Arrhenius law with an effective activation temperature T ∗

A. At low temper-

atures the segmental mobility of the melt is decisive. With increasing temperature the

segmental mobility is enhanced and therefore also the growth rate u increases. At higher

temperatures an activation barrier is emerging which has an entropic nature (second ex-

ponential expression). This barrier is due to straightening of a coiled chain in the melt

before it can attach to the mesomorphic layer. With higher supercooling below T∞

am the

growth rate u is increasing. TG is a parameter which is proportional to the inverse tem-

perature T−1 and is determined by the heat of fusion and the surface free energies of the

fold surface and the growth front.[12]

2.2.1.4 Secondary crystallization

After the crystallization at a chosen temperature is finished, secondary crystallization

begins upon cooling down to room temperature. While surface crystallization and melt-

ing as one process for secondary crystallization has been found for only a few polymers
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so far, the insertion mode is the standard process occurring and will be described here.

During annealing at a certain crystallization temperature, crystalline lamellae with a

constant thickness form. In the amorphous regions between the crystallites, the defect

density is increased and a region with an extension of dmin exists into which no crystalline

lamella can enter. The distances d between two crystalline lamellae are in the range of

dmin < d < 2dmin. At lower temperatures, crystalline lamellae with smaller thicknesses

can form which grow between the initial crystalline lamellae. The lamella thickness is

decreasing with decreasing temperature.[12]

2.2.2 Phase separation

In applied polymer science, the combination of two or more different polymers is used to

obtain materials with new properties such as increased mechanical stability.[12] In the case

of conducting polymers the combination of an n-type and a p-type polymer is necessary

to achieve organic photovoltaic devices with reasonable performance.[30] Typically two

polymers are not miscible on a molecular level but phase separate. For the thermodynamic

phase behavior the change in free energy due to mixing, the so-called Gibbs free energy of

mixing ∆Gmix, has to be considered. In section 2.2.2.1, the thermodynamics of polymer

solutions and polymer blends containing standard coil-like polymers is described using

a mean-field approach. To account for conjugated polymers, the theory is extended for

blends of a coil-like polymer and a rod-like polymer (section 2.2.2.2). The section is

completed by the description of the influence of crystallization on the phase separation

behavior (section 2.2.2.3).

2.2.2.1 Phase separation of coil-like polymers

Flory [63] and Huggins [64] analyzed the thermodynamics of polymer solutions and poly-

mer blends using a mean-field approach. In a mean-field approach, the pair-interactions

in a many-body problem are replaced by a single body system in an external field. The

phase behavior is derived from the Gibbs free energy of mixing ∆Gmix of two components

A and B:

∆Gmix = GAB − (GA +GB) (2.29)

where GA, GB and GAB are the Gibbs free energies of the pure components A and B and

of the mixture, respectively. The free energy can be expressed by the sum of the change

of entropy ∆Smix and the change of enthalpy ∆Emix due to mixing of A and B.

∆Gmix = −T∆Smix + ∆Emix (2.30)
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Figure 2.17: Lattice model of a mixture of two low molecular components (left) and two polymers (right).

As the combinatorial possibilities of the mixture is increased compared to the pure com-

ponents, the entropy is increasing with mixing. In addition, the interaction between the

two components influences the enthalpy of the system.[12]

Entropic contribution

To obtain the change in entropy ∆Smix, a rigid lattice framework is used. In figure 2.17

the lattice models for mixtures of two low molecular components (left) and two polymers

(right) on a lattice are shown. The lattice model requires that all sites are occupied and

no double entry of a lattice site exist. From the number of possible arrangements Ω the

entropy can be calculated by S = kBln(Ω) with the Boltzmann constant kB.

The change in entropy due to mixing given by ∆Smix = SAB − (SA + SB) is

∆Smix = −kBn

[

φA

NA

lnφA +
φB

NB

lnφB

]

(2.31)

with Ni the degree of polymerization and φi the volume ratio of component i ∈ [A,B].

n is the total number of molecules on the lattice. As there is no free volume considered

in this model, φA + φB is unity. Depending on the values used for Ni, equation (2.31)

describes mixtures of low molecular components (NA = NB = 1) and of two polymers

(NA > 1, NB > 1) as well as polymer solutions (NA = 1, NB > 1). From mixtures of low

molecular components to polymer-polymer mixtures the entropy is reduced due to less

combinatorial possibilities.[12]

Enthalpic contribution

The enthalpic contribution to the Gibbs free energy describes the interaction between the
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monomers of the two components. The change in enthalpy due to mixing is given by

∆E = nkBTχφAφB (2.32)

where χ is the Flory-Huggins interaction parameter:

χ =
z∆ǫ

kBT
(2.33)

with the lattice coordination number z and the excess exchange interaction energy ∆ǫ:

∆ǫ = ǫAB − ǫAA + ǫBB

2
(2.34)

where ǫij is the segmental attractive nearest-neighbor van der Waals interaction energy

between segments i and j. In the Flory-Huggins theory χ is inversely proportional to the

temperature.[12]

Entering equations (2.31) and (2.32) into equation (2.30) gives the change in Gibbs free

energy ∆Gmix due to mixing normalized to one mole (n = N):

∆Gmix = RT

[

φA

NA

lnφA +
φB

NB

lnφB + χφAφB

]

(2.35)

where R = kBN and N is Avogadros number.

Flory-Huggins interaction parameter

The mean-field formalism of the Flory-Huggins model assumes an incompressible system

and the Flory-Huggins interaction parameter χ to be independent of pressure, compo-

sition, molecular weight and chain architecture. From experimental investigations an

effective χ of the type

χ = χS + χH/T (2.36)

is found. As a result the Flory-Huggins interaction parameter shows not only an enthalpic

behavior (χH) but contains also an entropic contribution χS.[12]

Phase diagram

In figure 2.18a the Gibbs free energy of mixing depending on the polymer ratio ∆Gmix(φA)

is plotted for different temperatures. From the trajectory of ∆Gmix(φA) the stability of

a mixture at a certain temperature can be determined. For high temperatures (T4 and

T5) a homogeneous mixture is stable. When the temperature is decreased (T1 to T3)

phase separation occurs. The transition line, the so-called binodal, from a homogeneous

phase to a separated phase is given by the φ′ and φ′′ of the ∆Gmix(φA) trajectories for

different temperatures (solid line in figure 2.18b). φ′ and φ′′ are obtained from a tangent

construction. Starting from a mixture at a given temperature with a polymer ratio of
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Figure 2.18: a) The blend

ratio dependent free energies

∆Gmix(φA) for different tem-

peratures T (eq. 2.35). φ′ and

φ′′ are obtained from a tangent

construction (dotted line). The

temperature increases from T1

to T5. b) The phase diagram

derived from the tangential con-

struction (binodal) and the sec-

ond derivative (spinodal) of the

free energies for different tem-

peratures.

φ′ < φA < φ′′ the mixture will phase separate into two phases with the polymer ratios of φ′

and φ′′, respectively. The sum of the Gibbs free energies of these two phases is lower than

of the initial mixture as the straight line between the two minima lies below ∆Gmix(φA).

Depending on the starting blend ratio the phase separation occurs spontaneously (spin-

odal decomposition) or needs a nucleation step (metastable phase). The transition line,

called spinodal, between the separated phase and the metastable phase (dashed line in

fig. 2.18b) is obtained where the second derivative of ∆Gmix(φA) is equal to 0.[12]

The common point of the binodal and spinodal transition lines is the so called critical

point given by the third derivative of ∆Gmix(φA). The critical interaction parameter χc

and the critical mixing ratio φc are given by

χc =
1

2NB

(

1 +

√

NB

NA

)2

(2.37)

and

φc =
1

√

NB/NA + 1
. (2.38)

At the critical point a second order phase transition occurs. In the case of NA = NB = N

the phase diagram is symmetric and φc = 0.5. In addition, Nχc = 2 gives the condition



2.2. POLYMER CRYSTALLIZATION AND PHASE SEPARATION 31

for the miscibility gap.[12]

2.2.2.2 Phase separation of coil- and rod-like polymers

The Flory-Huggins model describes the phase behavior of polymer blends of coil-like

polymers. However, most conjugated polymers used in organic electronics are rod-like

and tend to crystallize. Therefore, corrections have to be applied to the original Flory-

Huggins theory to account for the rod-like nature of polymers. In the following section, a

modified model for the phase behavior of a blend containing a coil- and a rod-like polymer

is discussed.[65]

We assume a mixture of a coil-like polymer and a rod-like polymer denoted by A and R,

respectively. To account for the rod-like polymer, chains consisting of m rod-like segments

of the same length xR are introduced. The segments are freely jointed. In addition, a

parameter y denotes the disorientation. y/xR is a measure for the degree of disorder

whereas y = xR is the limit of complete disorder. The contour length of the coil-like

polymer is xA. Therefore, xA and mxR are interpreted as the degrees of polymerization

of the coil-like and the rod-like polymer, respectively. For the following calculations it is

assumed that the rod-like polymer orders perfectly in its pure state. Applying the lattice

model and adding the enthalpic contribution, the Gibbs free energy of mixing is given as

[65]
∆Gmix

RT
=
φA

xA

lnφA +
φR

mxR

lnφR + χφAφR + ∆gorient (2.39)

with

∆gorient =
φR

mxR

ln

(

1

mxR

)

−
[

1 − φR

(

1 − y

xR

)]

ln

[

1 − φR

(

1 − y

xR

)]

− φR

mxR

(m ln y2 −my + 1)

(2.40)

where φA and φR are the volume fractions of the coil-like and the rod-like polymers,

respectively. χ is the Flory-Huggins interaction parameter. For a completely disordered

rod-like component, y = xR or rather y/xR = 1, follows ∆gorient = 0. In this case,

equation (2.39) is equal to the original Flory-Huggins equation (2.35). The miscibility

limit of a blend of a coil-like and a rod-like polymer is given by the spinodal [65]:

∂2∆Gmix

∂φ2
R

= 0. (2.41)

The spinodal is obtained setting the second derivative of equation (2.39) zero.[65]

1

φAxA

+
1

φRmxR

− 2χ− (1 − (y/xR))2

1 − φR(1 − (y/xR))
= 0 (2.42)
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Figure 2.19: The calculated spinodals of a symmetric blend containing a rod-like and coil-like polymer

as a function of the content of the rod-like polymer φR for different degrees of disorder y/xR = 0.2

(light green), 0.3 (red), 0.4 (dark green), 0.5 (magenta), 0.6 (cyan) and 1 (black) using equation (2.42).

xA = mxR = 2.5.

In figure 2.19 the spinodals of a symmetric blend containing a rod-like and a coil-like

polymer for different degrees of disorder y/xR are plotted using equation (2.42) with the

proportionality χ ∝ 1/T . The case of a coil-coil polymer blend is represented by the

limit of the degree of disorder y/xR = 1 (black line in figure 2.19). With decreasing

degree of disorder y/xR or rather increasing order of the rod-like polymer the miscibility

limit shifts to higher temperatures. Consequently, polymer blends containing a rod-like

polymer phase separate easier than standard coil-coil polymer blends. Therefore, blends

with decreasing degree of disorder y/xR of the rod-like polymer are less miscible. In

addition, the spinodal gets more asymmetric for decreasing degree of disorder y/xR. Thus,

the influence of the degree of disorder y/xR is less decisive for lower contents of the rod-like

component φR.

2.2.2.3 Phase separation of crystallizing polymers

In a polymer blend with one crystallizing component, the structural evolution is dom-

inated either by the phase separation or the crystallization process depending on the

experimental conditions. In figure 2.20, a schematic phase diagram of a blend of an amor-

phous and a crystalline polymer is shown. Besides the lines for binodal and spinodal

phase transition, also the melting temperature of the crystalline polymer Tm(φA) which

depends on the blend ratio φA is plotted. With the aid of different routes (A, B, C, D),

typical structure evolutions are obtained.
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We start in the stable region, i.e. both polymers are compatible and mixed. As long

as the temperature T is well above the melting temperature Tm(φA), the crystallizing

polymer is still amorphous and the blend behaves like a standard blend of two amor-

phous polymers. Below the melting temperature Tm(φA) (routes A and B), the structural

length is defined by the dominating process. Is the phase separation process faster than

the crystallization process the crystal size, e.g. the size of a spherulite, is limited by the

structural length of the phase separation. In the inverted case, the crystal size is larger

than the structure of the phase separation. Depending on the route (A or B), phase sep-

aration occurs via spinodal decomposition or by nucleation and growth. However, during

crystallization the content of the crystallizing component in the phase surrounding the

crystal is getting lower and therefore the crystallization process is hindered. Typically, a

crystalline polymer does not crystallize if its content is below 50 %. However, due to the

phase separation process, regions with a higher content of the crystallizable polymer will

develop and therefore crystalline nuclei form and crystallization starts.[66]

Figure 2.20: Schematic temperature-concentration phase diagram of a blend of an amorphous and a crys-

talline polymer including spinodal and binodal lines as well as the melting line Tm(φA) of the crystalline

component. The arrows labeled with A, B, C and D describe different routes of temperature quenching

from the melt. TC is the crystallization temperature in route D.

The route C represents the case in which phase separation induces crystallization. A

blend at a temperature slightly above Tm(φA) and in the unstable regions starts to phase

separate. Therefore, the blend ratio changes locally. As Tm(φA) depends on the blend
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ratio, it can occur that one phase reaches a blend ratio which has a melting temperature

above the actual temperature. Consequently, crystallization starts in this phase.[66]

The inverted case, crystallization induced phase separation, is described by route D. A

blend below Tm(φA) but still in the stable, i.e. homogeneous, region starts to crystallize.

During the crystallization process, impurities, i.e. in this case also the amorphous com-

ponent, are rejected from the crystals (see section 2.2.1). Consequently, the blend ratio

at the growth front of the crystal, i.e. the surrounding phase, is shifted to a blend with a

higher content of the amorphous component. If the blend ratio of the surrounding phase

shifts into the unstable region phase separation starts.[66]

2.3 Scattering methods

The structure in the active layer of an organic solar cell is crucial for its photovoltaic

performance as described in section 2.1. Neutron and X-ray scattering techniques are

powerful tools to determine the structures formed by phase separation and crystallization

processes (section 2.2). This section introduces the basic principles of elastic scattering,

i.e. the wavelength of the incident wave before and after the scattering event is constant

(section 2.3.1). The main techniques applied in this thesis are reflectivity (section 2.3.2)

and grazing incidence scattering (section 2.3.3) experiments. The properties of soft X-rays

as a new possibility for grazing incidence scattering is discussed in section 2.3.4. To probe

crystalline structures, an introduction to diffraction in particular in reflection geometry

is given in section 2.3.5.

2.3.1 Basic principles

The physical process of scattering describes the deflection of an electromagnetic wave or

a particle at an object or in matter.[67] In this thesis, X-ray and neutron scattering are

used to probe the structure of soft matter. In the following section, the basic principles

of scattering are introduced for X-rays. However, the final description can also be applied

for neutron scattering. Therefore, the characteristics of neutrons are introduced for the

techniques which also use neutrons (sections 2.3.2 and 2.3.3).

The electric field vector of a plane electromagnetic wave is

~E(~r) = ~E0 exp[i~ki~r] (2.43)

where ~E0 involves the amplitude and the polarization, ~ki is the wavevector and ~r the

position vector. The modulus of the wavevector is k =
∣

∣

∣

~ki

∣

∣

∣
= 2π/λ with the wavelength
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λ. The propagation of an electromagnetic wave is described by the Hemholtz equation

∆ ~E(~r) + k2n2(~r) ~E(~r) = 0 (2.44)

where n(~r) is the position dependent refractive index.[67] The refractive index is

n(~r) = 1 − δ(~r) + iβ(~r) (2.45)

with the dispersion

δ(~r) =
λ2

2π
reρ(~r)

N
∑

j=1

f 0
j + f ′

j(E)

Z
(2.46)

and the absorption

β(~r) =
λ2

2π
reρ(~r)

N
∑

j=1

f ′′

j (E)

Z
=

λ

4π
µ(~r). (2.47)

re = e2/(4πǫ0mc
2) is the classical electron radius and ρ(~r) the position dependent electron

density.[68] The dispersion δ(~r) and the absorption β(~r) are expressed by the sum over

N atoms per unit volume where Z is the number of electrons in the unit volume and

fj = f 0
j + f ′

j(E) + f ′′

j (E) the complex expression of the forced oscillator strength of the

atom j.[67] For small scattering vectors ~q = ~kf − ~ki with ~ki and ~kf the wavevectors of

incident and exiting X-rays, respectively, f 0
j can be expressed by the number of electrons

of the atom j. In the case of X-rays, n(~r) of matter is slightly smaller than 1 and there-

fore total reflection occurs at small angles.3 In the following, the refractive index n of

a material is assumed to be independent of the position in this material. Therefore, the

dispersion and absorption of a material are expressed by δ and β. The angle of total

reflection is given by αc ≈
√

2δ as δ is on the order of 10−6. In addition, for small incident

and exit angles the influence of periodic crystal structures on the scattered intensity is

irrelevant.

The absorption for hard X-rays in soft matter is typically β ≈ 10−8 and therefore plays a

minor role for thin films. The penetration depth Λ is in the range of several nicrometers

for soft matter. In the case of soft X-rays the absorption is much higher. Its influence on

scattering is discussed in section 2.3.4.

In figure 2.21 the principle scattering setup for reflection geometry is shown. The coor-

dinate system is defined by the sample and the incident wavevector ~ki. The scattering

plane is spanned by the x- and z-axes. The exiting wavevector ~kf can be described by

the exit out-of-plane angle ψf and the exit angle αf .

3For X-rays angles are measured towards the surface.
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Figure 2.21: Principle scattering setup in reflection geometry with incident and exiting beam defined

by ~ki and ~kf , respectively. The incident angle αi and exit angle αf lie in the scattering plane (red), the

out-of plane angle ψf in the sample plane.

2.3.2 Reflectivity

In X-ray reflectivity (XRR) the specular scattering as a function of the incident angle αi

is recorded, i.e. the incident angle is equal to the exit angle and the out-of plane angle is

0. Consequently, the scattering vector ~q is normal to the sample plane and therefore only

the qz component is different from 0.[67]

qz =
4π

λ
sin(αi) (2.48)

In this geometry, the electron density distribution perpendicular to the sample plane, i.e.

in z direction, is probed. At a single interface between two materials with different n the

incident beam is partly reflected and partly transmitted. The angle of the transmitted

beam αt is given by Snell’s law and the ratio of the amplitudes of the reflected and

transmitted beams by the Fresnel reflection coefficient rF and the Fresnel transmission

coefficient tF . The reflectivity and transmission are defined by RF = |rF |2 and T F =

|tF |2.[67]

However, for the analysis of most reflectivity curves a single interface is not sufficient

for the description. Typical sample systems are polymer films on substrates whereas the

polymer film often reveals an inner layering. Therefore, an approach with N layers each

with its refractive index nj(z) and a thickness dj is used to model the reflectivity. The

confining layers are infinite in thickness and represent in most cases air and the substrate.

For the interface between layer j and j + 1 the ratio of reflectivity and transmission

Xj = Rj/Tj is calculated. The final reflectivity is given by R1. For the calculation of R1

initially a matrix formalism was used but a more efficient and widely applied recursive

algorithm was developed by Parratt.[69]

So far, interfacial roughness was neglected and perfectly smooth interfaces were assumed.
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The deviations from a smooth interface are typically expressed by the root mean square

roughness σrms which is defined by

σrms =

√

√

√

√

1

Nσrms

Nσrms
∑

i=1

∆z2
i (2.49)

where Nσrms
is the number of sampling points along the interface and ∆zi is the devia-

tion from the mean interface at the sampling point i. The roughness can be included in

the Parratt algorithm using the Névot-Croce factor expressed by an exponential function

to correct the Fresnel reflection coefficients.[70] For roughnesses in the range of the film

thickness the correction reaches its limit. A detailed description of the derivation of the

X-ray reflectivity scattering theory can be found elsewhere.[67]

In figure 2.22 the calculated reflectivity of a polystyrene (PS) film on a silicon (Si) sub-

strate is shown as an example. At low incident angles αi and accordingly at small qz

values, the reflectivity is unity as the conditions for total reflection (αi < αc) are ful-

filled. For αi = αc the reflectivity shows a minimum and a steep decrease for PS and Si,

respectively. The intensity decreases with a q−4-dependence whereas the higher the rough-

ness the steeper the decrease in reflectivity. The oscillations, so called Kiessig-fringes, at

higher qz represent the film thickness. The film thickness d and the periodicity ∆qz of

the Kiessig-fringes are related by d ≈ 2π/∆qz.[71] To extract a profile of the refractive

index from the reflectivity, the data has to be fitted, typically using a program based on

the Parratt algorithm.[69, 72]

Neutrons

Other than X-rays, neutrons do not interact with the electron cloud of atoms or molecules

but are scattered by the nuclei. In the case of the reflectivity geometry, the interaction

of a neutron with a nucleus can be described by a one-dimensional Schrödinger equation

determining the z-component of the neutron wave function ψn(z).[73]
[

− ~

2mn

∆ + V (z)

]

ψn(z) = Eψn(z) (2.50)

where ~ is the reduced Planck’s constant, mn the rest mass of the neutron and V (z)

the potential. A similar theory to the X-ray case can be used to describe the neutron

reflectivity due to the analogy of the potential V (z) to the Helmholtz equation (2.44).

The potential V (z) is

V (z) = −~k2
nn

2
n(z)

2mn

+ E (2.51)

where kn is the wave vector of the plane wave solution of the Schrödinger equation. The

main difference to the X-ray case is the derivation of nn which is the scattering length



38 CHAPTER 2. THEORETICAL ASPECTS

Figure 2.22: Calculated reflectivity curve of a polystyrene (PS) film on a silicon substrate. The critical

qz values of PS and silicon are highlighted. The distance between the minima of the Kissing fringes is

∆qz.

density (SLD) for neutrons rather than the refractive index. The SLD for a molecule is

defined as

nn =

∑

k Bk

vmol

(2.52)

with the bound scattering lengths of the atoms in the molecule Bk and the molecular

volume vmol.[74] Bk can be expressed as a complex number to account also for absorption.

Bj = B′

j + iB′′

j (2.53)

To account for the similarities to X-ray, it is common to express the SLD with

nn = 1 − δn + iβn. (2.54)

However, for most elements the neutron absorption βn is very small and typically ne-

glected in literature.[75] In addition, δn is referred to SLD.[76] As neutrons interact with

the atomic nucleus, δn can be altered by changing the isotope of one atom without chang-

ing the chemical properties of that molecule. A typical approach is the exchange of

hydrogen atoms with deuterium atoms which is known as deuteration.

2.3.3 Grazing incidence small angle scattering

Besides specular scattering, also diffuse scattering occurs from rough interfaces which is

not recorded in a reflectivity experiment. In addition to simple interface roughness as
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introduced in section 2.3.2, also regular lateral structures contribute to diffuse scattering.

The contribution of regular lateral structures to the diffuse scattering cannot be expressed

by simple roughness. Typically, the diffuse scattering of interfaces is recorded in grazing

incidence geometry (see figure 2.21 with αi < 1). In such a setup the incident angle αi is

fixed. The scattered intensity is typically recorded with a two-dimensional (2d) detector

in which every pixel can be assigned to the out-of-plane angle Ψf and the exit angle αf .

The scattering vector ~q is thus given by

~q =
2π

λ







cos(Ψf ) cos(αf ) − cos(αi)

sin(Ψf ) cos(αf )

sin(αi) + sin(αf )






. (2.55)

In the grazing incidence small angle scattering (GISAS) case, the qx component is negli-

gible as the angles are typically very small.[77]

Commonly the diffuse scattering is treated by the distorted wave Born approximation

(DWBA).[78, 79] In this framework, the scattering process is considered as a perturba-

tion of an ideal system. First-order perturbation theory is used to calculate the scattering

cross section. Smooth interfaces are therefore used as the ideal system and the roughness

and lateral structures are perturbations. The differential cross section is given by

dσ

dΩ
=
Cπ2

λ4

(

1 − n2
)2 ∣
∣tFi
∣

∣

2 ∣
∣tFf
∣

∣

2
Pdiff (~q) ∝ Pdiff (~q) (2.56)

where C is the illuminated surface area, tFi,f the Fresnel transmission coefficients and

Pdiff (~q) the diffuse scattering factor.[68] The Fresnel transmission coefficients have a max-

imum for the incident or the exit angle equal to the critical angle of the probed material.

This maximum gives rise to the so called Yoneda peak in the scattered intensity in a

GISAS experiment which is material sensitive.[80] However, the Fresnel transmission co-

efficients act only as overall scaling factors and the scattered intensity is proportional to

Pdiff (~q).[81]

To describe a certain GISAS scattering pattern, objects with a certain size as well as an

interference function are used. In the approximation of N identical objects with a random

orientation, the diffuse scattering factor Pdiff (~q) is given by

Pdiff (~q) ∝ NS(~q) |F (~q)|2 (2.57)

where S(~q) is the interference function describing the spatial arrangement of the objects

and F (~q) the object form factor which is the Fourier transformation of the electron den-

sity distribution of the object.[82]

In this thesis this approximation is used to analyze the scattering data when only the

qy information is of interest. Thus, just lateral structural information is extracted. This
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simplification is typically referred to as effective surface approximation.[77]

For a comprehensive analysis of the 2d scattered intensity, further contributions have to

be taken into account. Thus, as modeling objects cylinders are used. To describe the

scattering of polymer films, cylinders are the common approach due to the typical rota-

tional isotropy of the investigated samples. To describe the spatial arrangement of the

objects, a one-dimensional paracrystal (1DDL) is chosen as the interference function S(~q).

In a paracrystal objects are arranged periodically and the deviation of the exact position

is increasing with the distance from the origin. Therefore, short-range order rather than

long-range order is found. In a 1DDL, the arrangement is independent of the direction in

the system, so no two-dimensional ordering appears.[83]

So far, no size distribution of the objects is taken into account. A common approximation

is the local monodisperse approximation (LMA) to include different object sizes. The

LMA acts on the assumption that in local domains which have the size of the coherence

length of the beam only monodisperse objects, i.e. of one size, are found. As a con-

sequence, the overall scattered intensity can be calculated by the sum of the scattered

intensity of each of these domains.[73]

The approach discussed above is still not sufficient to describe a GISAS experiment. In

the framework of the DWBA, three further contributions which include reflections before

and/or after the scattering event have to be included. The final corrected form factor

is the sum over all contributions whereas the reflections are expressed by the Fresnel re-

flection coefficients rF including roughness corrections.[84] However, this approach only

describes scattering at objects arranged on a substrate. In this thesis, mainly polymer

blends on a substrate are investigated with GISAS. To analyze these systems, objects

embedded in a polymer matrix are used which makes further corrections necessary (see

figure 2.23). For data simulation the program IsGISAXS is used.[85]

Figure 2.23: Models for GISAS data analysis: a) Objects (blue) on a substrate (gray) and b) objects

(blue) in a matrix (red) on a substrate (gray).

Neutrons

Similar to the reflectivity experiments, GISAS can also be performed with neutrons. For

neutrons the theory detailed above is still applicable. This is because the vectorial prop-

agation equation for X-rays reduces to a Helmholtz equation in the DWBA approach
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as polarization effects of the X-rays are negligible for small scattering angles. Due to

the similarities of the Helmholtz equation and the Schrödinger equation which describes

neutron scattering, the same theory can be used for both, X-rays and neutrons.

2.3.4 Soft X-ray scattering

Soft X-rays are electromagnetic waves in the energy range from 50 to 2000 eV.[86] The

propagation of soft X-rays and the refractive index can be described as shown in sec-

tion 2.3.1. However, compared to hard X-rays and neutrons, the absorption of soft X-rays

in matter is much higher. In figure 2.24 the cross-sections of X-rays in carbon as a func-

tion of energy is shown. In the case of soft X-rays, the absorption dominates and the

incoherent scattering, i.e. inelastic or Compton scattering, is negligible. Consequently,

the absorption has a high contribution to the scattering contrast of two materials which

can be expressed by the differences of dispersion and absorption of these materials:

∆δ2 + ∆β2 = (δ2 − δ1)
2 + (β2 − β1)

2 (2.58)

where δ1,2 is the dispersion and β1,2 the absorption of a material 1 and 2.[86]

Figure 2.24: The energy dependent X-ray cross sections for carbon. The coherent, incoherent and

absorption cross sections are shown. Figure taken from reference [86].

Around the absorption edge of an atom (e.g. 285 eV for carbon), the absorption and

the dispersion undergo dramatic changes with the X-ray energy (see figure 2.24). These

changes can be modeled with a damped forced oscillator in a semi-classical model of

atoms. Such an oscillator shows a maximum in amplitude when the natural frequency is
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equal to the driving frequency, i.e. in this case the X-ray energy. This resonance results

in the term ‘resonant scattering’ for scattering at the absorption edge. At the absorption

edge a core electron is excited into an empty state and therefore this edge is element

specific. Above all, also the chemical environment of the atom, i.e. the chemical bonds

to other atoms, changes the exact position and shape of the absorption edge. Thus, the

energy dependent absorption and dispersion change from molecule to molecule although

the building blocks are the same atoms. In the case of resonant soft X-ray scattering

(RSoXS), this behavior is used to vary the scattering contrast by changing the X-ray

energy.[86]

Soft X-ray near edge X-ray absorption fine structure (NEXAFS) spectroscopy is typically

used to obtain the energy dependent absorption β(E) and dispersion δ(E) spectra of

organic molecules. In NEXAFS spectroscopy, the absorption β(E) of the soft X-rays is

measured as a function of energy. For a detailed description refer to [87]. The dispersion

δ(E) is related to the absorption β(E) via the Kramers-Kronig relation [88]:

δ(ω) − 1 =
2

π
P

∫

∞

0

ω′β(ω′)

ω′2 − ω2
dω′ (2.59)

where ω is the frequency and P the Cauchy principal value. To calculate the dispersion

δ(E) correctly, β(E) has to be known from 0 to infinity. Thus, β(E) is measured around

the absorption edge and then extended by tabulated values from Henke et al.[89]4 The

dispersion δ(E) can be negative around the absorption edge with the consequence that

no critical reflection angle exists in this range.[86]

By changing the X-ray energy not only the contrast in a scattering experiment can be

tuned but also the penetration depth Λ can be altered. Therefore, surface or rather bulk

sensitivity can be selected. Λ is defined as the depth at which I = I0/e with the initial

intensity I0 is fulfilled. Using Lambert-Beers law I(z) = I0e
−αz and the relation for the

absorption coefficient α = 4πβ/λ, the penetration depth is given by

Λ =
λ

4πβ
. (2.60)

The so called information depth is half the penetration depth as in a scattering experiment

the X-ray beam has to exit the sample after the scattering event to be detected.

In this thesis, soft X-rays are used in RSoXS experiments in grazing incidence geometry

for the first time.5 The basic setup is in principle identical to the GISAS experiments.

However, the DWBA is not sufficient to analyze the grazing incidence RSoXS experiments.

The main problem is that the DWBA neglects the influence of polarization.[73] For soft

4For the calculation of δ(E) the program KKcalc from Dr. Benjamin Watts, PSI (Switzerland), was

used.
5So far no publications on grazing incidence RSoXS experiments are existing.
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X-rays the dispersion and absorption depend strongly on the polarization.[90] In addition,

so far no theory exists which is dealing with the analysis of grazing incidence RSoXS. In

this thesis, the approximation

d =
2π

q
(2.61)

with the component of the scattering vector q and the corresponding structural length

scale d is used to analyze the scattering data.

2.3.5 Diffraction

So far, only scattering methods probing mesoscopic structures are introduced. To in-

vestigate crystalline structures, i.e. ordered structures on atomic length scales, X-ray

diffraction (XRD) is used. A monochromatic X-ray beam is scattered at different lattice

planes in a crystal. The scattered X-rays interfere and give rise to a maximum if the

so-called Bragg condition is fulfilled. In figure 2.25 the diffraction of parallel X-rays by

two lattice planes is shown. Due to the path difference s of the two rays, constructive and

destructive interference occurs depending on the angle θ. For constructive interference

Bragg’s law has to be fulfilled:[91]

nλ = 2dhkl sin θ (2.62)

where dhkl is the distance of the hkl-lattice planes. The definition of the reciprocal lattice

can be found in reference [92].

Figure 2.25: Scattering of X-rays (black solid lines) at two lattice planes (gray doted lines). The distance

of the lattice planes dhkl (green), the incident angle θ and the path difference s (red) are shown.

If the sample consists of an assembly of small crystallites with isotropic orientations it

is referred to as a powder and can be investigated with powder diffraction. In powder

diffraction, a monochromatic X-ray beam is scattered at the crystallites in the powder
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Figure 2.26: a) 2d GIWAXS data of a crystalline P3HT film as recorded by a 2d detector. b) The same

2d GIWAXS data as a function of qxy and qz. The inaccessible q-range is highlighted by red borders.

and gives rise to a circular Bragg peak under an angle of 2θ, a so-called Debye-Scherrer

ring. Each Bragg peak refers to a set of hkl-lattice planes which fulfill Bragg’s law at this

angle. Besides the lattice plane distance dhkl, the spatial dimensions of the crystallite in

hkl-direction Dhkl can be determined from the width of the corresponding Bragg peak via

the Scherrer equation

Dhkl =
Kλ

∆(2θ) cos θ0

(2.63)

where K is the Scherrer form factor which is approximately 1, λ the wavelength and

∆(2θ0) the FWHM of the Bragg peak at the angle 2θ0.[91] The transformation of the

Scherrer equation from angle in coordinates of the scattering vector ~q results in

Dhkl =
2π

∆qhkl

(2.64)

where ∆qhkl is the integral linewidth6 of the Bragg peak.[93, 12] Besides the decreasing

crystal size also the distribution of the lattice constant as well as the resolution of the

scattering setup broadens the Bragg peaks. Consequently, the crystal size obtained from

the Scherrer equation is only a lower limit. In the case of structural investigations of crys-

talline structures in polymers, wide angle X-ray scattering (WAXS) which is in principal

identical with powder diffraction is used.

Grazing incidence wide angle X-ray scattering (GIWAXS) probes the crystalline struc-

tures in thin semicrystalline polymer films. The setup is equal to the GISAS setup (Fig-

ure 2.21) but recording large scattering angles rather than small angles. The Bragg peaks

in the 2d scattering data are detected as a function of qxy =
√

q2
x + q2

y and qz with the

q-components defined as in equation (2.55). As the incident angle αi is kept constant, in a

GIWAXS experiment not the full q-range is accessible. Figure 2.26 shows the 2d scattering

6The integral linewidth is defined as the area of the Bragg peak divided by its amplitude.
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data as recorded with a 2d detector (a) and the 2d scattering pattern as a function of qxy

and qz (b). The inaccessible q-range is highlighted by red borders. To measure a Bragg

peak with the only non-zero component being qz, the Bragg peak has to fulfill αi = αf .

However, only for pole figure analysis when one is interested in the azimuthal distribution

of a Bragg peak, a measurement under the αi = αf condition is necessary. For systems

investigated in this thesis one measurement at a fixed αi is sufficient for the analysis as

the main Bragg peaks emerge at small angles. Further intensity corrections have to be

applied to account for the flat detector. In the case of a flat detector the distances from

the sample to different pixels on the detector vary and therefore an intensity correction

is required.[94]

In this thesis, not large polymer crystals but small polymer crystallites embedded in an

amorphous polymer matrix are probed (see section 2.2.1). Due to the thin film geometry

with substrate interfaces etc., crystallites show preferential orientations. Consequently,

Bragg peaks in a GIWAXS experiment are rather peaks than circles like in powder diffrac-

tion experiments and therefore the main orientation of the crystallites regarding the sub-

strate can be extracted. Lattice planes oriented parallel and perpendicular to the substrate

reveal Bragg peaks in qz and qxy direction, respectively.
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Chapter 3

Characterization methods

The focus of this thesis is to correlate structural properties of polymer-based films for

photovoltaic applications with their photovoltaic performance and spectroscopic behav-

ior. Necessary methods to study these systems are spectroscopic and electronic methods

(section 3.1) as well as structural characterization techniques (section 3.2). This chapter

introduces the instruments and the corresponding data analysis of both characterization

fields used in this thesis.

3.1 Spectroscopic and electronic characterization

Spectroscopic characterization with UV/Vis (section 3.1.1) and photoluminescence (sec-

tion 3.1.2) are used to detect basic material properties like absorption but also to obtain

information on charge carrier recombination and molecular ordering. To determine the

photovoltaic performance, IV-curves are measured in dark and under solar illumination

(section 3.1.3).

3.1.1 UV/Vis spectroscopy

Absorption measurements are carried out with the UV/Vis spectrometer Lambda 35

(PerkinElmer). Two lamps with complementary spectra provide light with a wavelength

range from 190 nm to 1100 nm. A deuterium lamp and a halogen lamp are used in the

UV and visible wavelength region, respectively. At a wavelength of 326 nm the lamps are

automatically switched. An optical grating and a slit system provide a monochromatic

light beam. The beam is split before it is transmitted through a sample which typically

consists of a polymer film on a transparent substrate, usually a glass slide. The second

light beam is used as a reference beam which measures the transmission of the substrate

simultaneously. The transmitted light beams are each detected with a photo diode. The

47
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spectra presented in this thesis are recorded with a velocity of 120 nm/min and a slit

width of 1 nm. Since the substrate, i.e. the glass slide, absorbs almost all light with a

wavelength below 290 nm, the recorded wavelength range is restricted from 290 nm to

1100 nm. The spectrometer is controlled with the software UV-Winlab (PerkinElmer).

The obtained transmitted intensity is the ratio of the sample and the reference, i.e. the

pristine substrate. The transmission spectra are converted to the wavelength dependent

absorbance A(λ) by using Lambert-Beer’s law.

A(λ) = − log10

(

It(λ)

I0(λ)

)

= α(λ)h log10 e (3.1)

with the initial and transmitted intensities I0(λ) and It(λ), the linear absorption coef-

ficient α(λ) and the film thickness h. For samples with known thicknesses h the linear

absorption coefficient α(λ) is calculated and presented. Due to the linearity of the absorp-

tion coefficient α(λ), absorption measurements are also used to determine the thickness

of polymer films.

Besides the light absorption also structural information can be extracted from the mea-

sured spectra. The position of the main absorption peak of conjugated polymers is a

measure for inter- and intramolecular ordering of the conjugated polymer. In addition,

vibronic states arise as additional features, such as shoulders or peaks, in the absorption

spectra if the conjugated polymer is crystalline. For a detailed analysis in the case of

P3HT the weakly coupled H-aggregate model is applied (section 2.1.2).

3.1.2 Photoluminescence spectroscopy

Most conjugated polymers also show photoluminescence (PL). After absorption of light

these polymers emit photons at higher wavelength. The fluorescence spectrometer LS55

(PerkinElmer) is used to detect the PL signal of the investigated systems. Therefore, the

sample is illuminated with monochromatic light. The light source is a Xenon discharge

lamp with a pulse width at half height of < 10 µs. The excitation monochromator (optical

grating) with a wavelength range of 200 nm to 800 nm is set to a wavelength at or near

the maximum absorption peak of the probed material, e.g. at 485 nm for P3HT. The

sample is illuminated and the emitted signal is recorded under an angle of 90°. The

emission monochromator (optical grating) has a wavelength range of 200 nm to 900 nm.

A red-sensitive Hamamatsu R928 photomultiplier detects the signal. The scan speed is

set to 500 nm/min and the slits are adjusted in such a way that the photomultiplier does

not saturate. The fluorescence spectrometer is controlled by the software FL WinLab

(PerkinElmer).

In contrast to the absorption measurements (section 3.1.1), silicon is chosen as substrate
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as glass slides reveal a strong own PL signal due to the containing boron atoms. Because

of a missing intensity calibration standard, the measurements are performed directly one

after each other to be able to compare different samples.

The PL intensity is a measure for exciton dissociation. If the PL signal of a conjugated

polymer blend is quenched compared to the homopolymer, this is an indication for exciton

dissociation. The shape of the PL spectrum reveals information on the molecular ordering

of conjugated polymers. Shoulder-like features correspond to crystalline portions of the

conjugated polymer.

3.1.3 IV characterization

The photovoltaic performance is determined by measuring IV-curves in dark and under

illuminated conditions (figure 3.1). The IV-curves are recorded with a Keithley 2400

sourcemeter which is controlled by an internally developed software based on Testpoint

v6. The measurements are performed in a voltage range from -1 V to 1 V with incre-

ments of 0.01 V and a delay of 0.01 s. For illumination the solar simulator SolarConstant

(K. H. Steuernagel Lichttechnik GmbH) with an AM1.5 solar spectrum is used accord-

ing to standard test conditions. A halide lamp with rare earth metals provides a light

spectrum close to the solar spectrum and with a tunable light intensity. If not mentioned

otherwise an intensity of 1000 W/cm2 is used for characterization. The intensity is cali-

brated with a silicon based calibration solar cell (WPVS-ID 3, ISE). For a homogeneous

sample illumination the solar simulator is equipped with a reflector system and a borosil-

icate filter with integrated diffuser.

The samples are placed 320 mm above the diffuser and only the measured electrode is

illuminated to avoid degradation of the other parts of the organic solar cell. The measured

Figure 3.1: Exemplary IV-curve mea-

sured in dark (black solid line) and under

illumination (red solid line). The rectan-

gles spanned by MPP (light red) and UOC

and ISC (light blue) are depicted.
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current is normalized by the size of the electrode. From the IV-curves under illumination

the open circuit voltage UOC , the short circuit current ISC and the fill factor FF are ex-

tracted. UOC and ISC are the intercept of the IV-curve with the voltage and the current

axes, respectively.

The fill factor is the ratio of the power at the maximum power point PMPP and the

product of UOC and ISC and is therefore a measure for the quality of the solar cell, i.e.

for recombination and resistive losses. The maximum power point is defined as the point

where P = UI is maximum. A descriptive presentation of FF is the ratio of the rectangles

spanned by the maximum power point on the one hand (red rectangle in figure 3.1) and

the open circuit voltage UOC and the short circuit current ISC on the other hand (blue

rectangle in figure 3.1). An ideal solar cell with a high FF reveals an IV-curve with an

almost rectangular shape, i.e. the solar cell has a low series and a high parallel resistance.1

UOC in an organic solar cell mainly depends on the material system used.[16] ISC depends

on the charge carrier generation and recombination (see section 2.1).

The solar cell efficiency η is defined as the ratio of the extracted power Pout and the power

that is put in, Pin, in this case the illumination power PAM1.5. Then η is given by

η =
Pout

Pin

=
ISCUOCFF

PAM1.5

. (3.2)

3.2 Structural characterization

Structural characterization techniques can be divided in two classes. One class con-

tains real space techniques such as optical microscopy (section 3.2.1) and atomic force

microscopy (AFM) (section 3.2.2) which image surface structures directly on different

length scales. The second class covers methods which reveal structural information in

reciprocal space, such as scattering techniques. Reciprocal information does not give a

direct image of the probed structure but contains averaged information on length scales

and form factors. In this section reflectivity (section 3.2.3) and grazing incidence scat-

tering techniques (section 3.2.4) using X-rays and neutrons are introduced. Furthermore,

near edge X-ray absorption fine structure (NEXAFS) spectroscopy is presented to obtain

the refractive index of polymers in the soft X-ray regime.

3.2.1 Optical microscopy

Optical microscopy is used for quality assurance of the sample preparation, for deter-

mination of the electrode size of solar cells and for characterization of structures in the

1The series and parallel resistances can be obtained from the slopes of the IV-curve at the intercepts

with the x-axis and the y-axis, respectively.
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micrometer range. An Axiolab A microscope (Carl Zeiss) in combination with a PixeLink

USB Capture BE 2.6 CCD camera and five different objectives with magnifications from

1.25× to 100× are used. The recorded images have a size of 1280×1024 pixels. At a

magnification of 100× one pixel is equivalent to 80 nm. However, the actual resolution is

570 nm at this magnification for a wavelength λ = 700 nm.

3.2.2 Atomic force microscopy

The atomic force microscopy (AFM) Autoprobe CP Research (Veeco Metrology Group)

is used to probe the topography of thin polymer films on the nanometer scale. A gold cov-

ered, conical shaped silicon tip with a curvature radius of 10 nm (Ultralever canitlevers)

is mounted on the bottom side of a triangular silicon cantilever with a force constant of

2.1 N/m. Its resonance frequency is 80 kHz. When the tip is approaching the sample

surface the cantilever deflects due to forces between the tip and the surface. A laser is

focused on the top side of the cantilever and reflected to a multiple segment photo diode

which detects the cantilever deflection.

By recording force-distance curves the mechanical properties of the sample surface on

nanoscale are probed. However, in this thesis AFM is used to probe the topography by

scanning the tip over the sample surface. Therefore, the tip is excited by a piezoelec-

tric drive with a frequency ω and the sample is moved horizontally below the tip at a

sample-tip distance below 100 nm. The changes in amplitude, frequency and phase of

the cantilever are detected and a feedback software controls the sample holder to keep

the sample-tip distance constant. Furthermore, the software records these changes and

calculates topography and phase images.

It is assumed that the sample-tip potential follows a simple Lennard-Jones potential with

a short range repulsive and a long range attractive part. Depending on the sample-tip

distance three different scanning modes exist: the contact, tapping and non-contact mode.

In this thesis the tapping mode is chosen as the operating mode which is working at large

distance and therefore in the attractive regime of the potential. The excitation frequency

is set above the resonant frequency corresponding to non-contact mode conditions. But,

since the tip is still repeatedly touching the surface, the measurement is performed under

tapping conditions. The topography image is obtained by keeping the amplitude of the

cantilever constant.

The images are recorded with sizes from 1×1 µm up to 20×20 µm. Every image consists

of 256 line scans which are collected to form a 2d image. To obtain representative in-

formation every sample is measured at several positions. For a quantitative analysis the

rms-roughness (equation (2.49)) and the power spectral density (PSD) are determined.[95]

For this purpose a Fourier transformation of the 2d images is carried out and radially av-
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eraged. The PSD curves of different scan sizes of one sample surface are merged to one

master curve. The PSD master curve exhibits lateral, characteristic structures of the

sample surface in reciprocal space and is therefore suitable to be directly compared with

scattering data.[96]

Figure 3.2: a) Exemplary, scratched AFM image (20 × 20 µm2) of a polymer blend with pronounced

surface structures. The positions at which the line cuts are taken are highlighted with blue and green solid

lines. b) The corresponding line cuts. The solid lines represent the substrate surface and the dashed line

the edge of the scratch.

For polymer films with pronounced surface structures AFM is used to determine the film

thickness which cannot be determined by scattering techniques due to the high surface

roughness. To measure the film thickness, the polymer film is scratched with a needle in

such a way that the polymer is fully removed while the substrate is not harmed. Typically

this is unproblematic since the substrate is much harder than the polymer film. The AFM

image is taken at the edge of the scratch to probe the polymer surface and the substrate

in one run. In figure 3.2a an AFM image of such a scratch is shown. To determine the

film thickness, line cuts perpendicular to the scratch are performed (figure 3.2b). The film

thickness is obtained by the difference in height of the polymer surface and the substrate.

Special attention has to be paid to the correct flattening of the image to avoid deviations

from the true film thickness.

3.2.3 Reflectivity

Reflectivity measurements with X-rays and neutrons are performed to reveal the thick-

ness, surface roughness and the vertical material composition of thin films. The theoretical
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description can be found in section 2.3.2.

The analyses for both X-ray and neutron reflectivity curves are performed with the soft-

ware Parratt32 version 1.6.0 using the Parratt algorithm.[72, 69] Parratt32 calculates the

reflectivity from an initially assumed refractive index profile and compares the calculated

curve with the measured curve. Iteratively, the refractive index profile is altered until a

fit to the data is obtained. The final refractive index profile is transformed to the electron

density profile from which a vertical material distribution is evaluated. Besides the mate-

rial distribution also the film thickness and the roughness are obtained from the fitting.

For better illustration the vertical material profiles of two component systems are trans-

lated into a gray scale code. The gray scale code follows a linear dependence in which

black corresponds to 100% of one component and white to 100% of the other component.

The corresponding software code (Visual basic) can be found in reference [97].

3.2.3.1 X-ray reflectivity (XRR)

The XRR experiments are performed at the diffractometer D 5000 (Siemens) at the chair

E21 of Professor Böni. The laboratory X-ray source uses a Cu target with a voltage

of 40 kV and a current of 30 mA. The X-ray beam with a wavelength of λ=0.154 nm

(Cu Kα line) is collimated by a slit system and focused onto the sample. The sample is

mounted on a vacuum stage and a knife edge collimator which is directly placed above the

sample defines the illuminated surface area (beam footprint). The reflected beam passes a

monochromator and is detected with a scintillation counter. The XRR curve is measured

in three angular regimes. For small angles (typically up to about 0.5°) an automatic

beam absorber is used to prevent the detector from saturation. At higher angles the

beam absorber is removed. The accumulation time per data point increases from regime

to regime. Typically the incident angle αi is varied from 0° to 6°. The reflected intensity

is recorded as a function of αi. The three curves are merged and normalized before fitting.

3.2.3.2 Neutron reflectivity (NR)

For special sample systems NR is used to detect the vertical material profile. In this

thesis NR experiments are performed at the REFSANS beamline at the neutron source

FRM2.[98, 99] In contrast to reflectivity setups using a monochromatic beam, at REF-

SANS a white beam with the time-of-flight (TOF) mode is applied. To measure a reflec-

tivity curve at a TOF instrument, not the incident angle is changed but neutrons with

different wavelengths are used. As neutrons with different wavelength have different ve-

locities the wavelength is determined by measuring the time which has elapsed from the

point where the neutrons leave the chopper system to the point at which the neutrons

arrive at the detector.
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For the reflectivity curves measured at REFSANS neutrons with wavelengths from 0.22 nm

to 2.2 nm are used. A 2d 3He-detector detects the neutrons. To obtain a reflectivity curve

up to qz =1.5 nm−1, measurements at three different incident angles αi, 0.6°, 1.6° and

2.8°, are performed and the single curves are merged to form a master curve. ∆λ/λ is set

to 1.5% for the first two angles and to 10% for the last angle. The data treatment be-

fore fitting is carried out with the programs Nestor Standard Edition (GKSS) and DART

(GKSS).

3.2.4 Grazing incidence scattering

To detect the diffuse scattering of thin film samples, typically grazing incidence scatter-

ing (GIS) methods are applied. In GIS the sample-detector distance (SDD) defines the

scattering angle and therefore the resolvable length scales. In figure 3.3 the principle

setup of a GIS experiment is shown. Structures on molecular length scales (0.2 nm) up to

structures in the micrometer range can be resolved. The theoretical background of GIS

for X-rays and neutrons is introduced in sections 2.3.5 and 2.3.3.

Figure 3.3: Schematic grazing incidence scattering setup. The X-ray beam (red) impinges on a sample.

The 2d detector records the scattered intensity. Depending on the sample-detector distance different

length scales are resolved. Exemplary scattering data for grazing incidence wide angle X-ray scattering

(GIWAXS) and grazing incidence small angle X-ray scattering (GISAXS) setups are shown.

3.2.4.1 Grazing incidence small angle X-ray scattering (GISAXS)

GISAXS experiments are performed at the synchrotron beamline BW4 of the DORISIII

storage ring (HASYLAB at DESY) in Hamburg. The wavelength is set to 0.138 nm and

the SDD to about 200 cm resulting in resolvable length scales from 5 nm to 1.5 µm. The
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scattered data is recorded with a MARCCD detector (2048×2048 pixel) with a pixel size

of 79.1 µm. The direct and specular beams are blocked by two point like beamstops to

avoid detector damage. An assembly of beryllium compound refractive lenses focuses the

beam to 30x40 µm2 at the sample position.[100] The incident angle is typically set to

about 0.4° which is above the critical angle of the investigated materials and assures a

full penetration of the polymer film.[81]

Figure 3.4: Exemplary 2d GISAXS data

with the positions highlighted at which the

detector cut (red) and the out-of-plane cut

(green) are typically taken. The specular

beam stop is marked.

For the analysis of the GISAXS data horizontal (out-of-plane cuts) and vertical (detec-

tor cuts) cuts are examined with the detector cuts and the out-of-plane cuts taken at

qy = 0 nm−1 and at the critical angle of the investigated materials, respectively (fig-

ure 3.4). The cuts are fitted concerning the effective surface approximation or with Is-

GISAXS within the DWBA (see section 2.3.3).

Effective surface approximation

The effective surface approximation is used to fit out-of-plane cuts.[77] Detector cuts can-

not be fitted with the effective surface approximation. The data is fitted by two Lorentzian

functions where the positions give the structure sizes using the relation d = 2πqy and the

width the distribution or polydispersity of the structure sizes. In addition, the effective

surface approximation includes a constant background and a resolution function which is

a Lorentzian function with position zero. Although this approximation is a mathematical

approach and all correlations between interfaces are neglected, the resulting length scales

are a good approximation of the real system.

IsGISAXS

For a 2d simulation of GISAS data or fitting of both cuts, i.e. out-of-plane and detector
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Figure 3.5: a) Exemplary 2d GIWAXS data of P3HT with highlighted integration areas. b) The corre-

sponding sector integrals. The blue sector integral is multiplied by 0.07 for clarity of presentation.

cuts, the program IsGISAXS is used.[85] Therefore, a simplified model with objects em-

bedded in a film supported by a substrate is chosen. As the investigated systems have

rotational symmetry regarding the normal of the sample surface, cylinders are a good es-

timation as object type. Each cylinder is defined by its radius and height including their

respective distributions. As interference function, i.e. structure factor, a 1d paracrystal

(1DDL) is applied which includes a structure size and its distribution (section 2.3.3). Up

to three different objects with a certain probability are used to fit the GISAS data in this

thesis. Further, parameters are the refractive indices of the substrate, film and objects,

and the film thickness.

3.2.4.2 Grazing incidence wide angle X-ray scattering (GIWAXS)

A molecular resolution (from 0.2 nm to 6 nm) is achieved by GIWAXS experiments with

a typical SDD on the order of 10 cm. The complete GISAXS signal is blocked by a rod-

like beamstop. The incident angle is set to 0.2°. The alignment procedure is described

elsewhere.[101] For background subtraction a bare silicon or glass substrate is measured.

To extract information on lattice constants, crystal sizes and crystallinity, sector integrals

are taken from the 2d scattering images. The resulting Bragg peaks are fitted with Gaus-

sian functions.

For the experiments performed at BW4 the detector, wavelength and focusing setup are

identical to the GISAXS setup described above.

Further GIWAXS experiments are performed at the beamline 7.3.3 of the advanced light

source (ALS) at the LBNL in Berkeley (USA). A wavelength of 0.124 nm is chosen there.

The scattered intensity is recorded by a four quadrant Quantum CCD X-ray detector

(ADSC) with 2304×2304 pixels of size 81.6×81.6 µm2.
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Figure 3.6: Schematic representation of P3HT crystals in a) edge-on and b) face-on orientation with

respect to the substrate. The lattice constants a and b as well as the crystal directions [100], [010] and

[001] are depicted.

For a quantitative analysis sector integrals are taken. In figure 3.5a the 2d GIWAXS

data of a crystalline P3HT film is shown. The integration areas for three different sector

integrals are highlighted. The corresponding sector integrals are presented in figure 3.5b.

From the position and the width of the Bragg reflections, i.e. the peaks in the sector

integrals, the lattice constants and the crystal sizes can be extracted, respectively (sec-

tion 2.3.5). The GIWAXS data presented in this thesis exhibit only Bragg reflections

in horizontal and vertical direction. Thus, only sector integrals in these directions are

shown. From the intensity ratio the main orientation of the polymer crystals regarding

the substrate is extracted.

In figure 3.6 the most common orientations, edge-on and face-on orientation, are de-

picted for P3HT. P3HT forms so-called conjugation planes depicted as white sheets in

figure 3.6. The crystal directions [100], [010] and [001] correspond to the directions along

the side chains, perpendicular to the conjugation planes and along the polymer backbone,

respectively. The distance of the polymer backbones in the conjugation plane is the lattice

constant a. The conjugation planes are separated by the lattice constant b. For polymers

other than P3HT investigated in this thesis, an equivalent corresponding notation is used.

3.2.4.3 Grazing incidence small angle neutron scattering (GISANS)

GISANS experiments are carried out at the large dynamic range small-angle diffractome-

ter D22 at the Institute Laue-Langevin (ILL) in Grenoble. The wavelength is set to

0.6 nm with a resolution of ∆λ/λ =10%. The collimation length and the SDD are chosen

to be 17.6 m and 11.2 m, respectively. Therefore, structural length scales from 15 nm to
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Figure 3.7: Photo of the vacuum chamber at the beamline 11.0.1.2 of the ALS with detector (A), sample

holder (B) and sample goniometer (C). The incident X-ray beam is depicted as the red arrow.[103]

800 nm are resolvable. The signal is recorded with a 3He large area multidetector (1 m2)

with a pixel size of 8×8 mm2.[102]

The GISANS data are fitted using the effective surface approximation or IsGISAXS (sec-

tion 3.2.4.1). For the IsGISAXS the scattering length densities (SLD) δn have to be

converted into the corresponding refractive indices δ using the following equation:

δ =
λ2

2π
δn (3.3)

with the wavelength λ. In addition, the wavelength distribution of the neutrons has to

be taken into account.

3.2.4.4 Grazing incidence resonant soft X-ray scattering (GI-RSoXS)

GISAXS measurements with soft X-rays (GI-RSoXS) are performed at the synchrotron

beamline 11.0.1.2 of the ALS.[103] Due to the high absorption of soft X-rays in air, the

full setup, including sample and detector, is kept in high vacuum (figure 3.7). The energy

of the X-rays is altered from 280 eV to 320 eV which corresponds to wavelengths from

4.4 nm to 3.9 nm. The intensity of the primary beam as a function of the energy is plotted

in figure 3.8. The minimum in intensity at the absorption edge of carbon (285 eV) is due

to the carbon contamination of the optics in the beam path. Due to the long wavelengths

of soft X-rays a SDD of 18.5 cm is sufficient to probe length scales in the range from

21 nm to more than 2 µm. An in-vacuum CCD camera with 2048×2048 pixel (pixel

size of 13 × 13 µm2) is used as detector. Since the whole setup is installed in a vacuum
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chamber several samples are mounted at once to avoid extensive venting and pumping

of the chamber. The measuring time of one scattering pattern is on the order of 1 s or

less.[86]

Figure 3.8: Energy dependent X-ray in-

tensity at the beamline 11.0.1.2 of the Ad-

vanced Light Source (ALS) at the LBNL

in Berkeley (USA).

3.2.5 Near edge X-ray absorption fine structure spectroscopy

To obtain the refractive index of polymers for electromagnetic radiation near the absorp-

tion edge (section 2.3.4), near edge X-ray absorption fine structure (NEXAFS) spectra of

polymer films are measured at the synchrotron beamline 11.0.1.2.[103] The sample envi-

ronment is identical to the GI-RSoXS setup described above.

NEXAFS spectra are typically obtained in two ways, either by transmission or by elec-

tron yield measurements. In this thesis, the NEXAFS spectra are obtained by the latter

method. Thus, the sample is connected to a picoammeter and secondary electrons created

by Auger electrons are detected. In figure 3.9 the Auger-effect is shown schematically.

When soft X-rays are absorbed, a core electron is excited above the vacuum level and a

hole remains. An electron from a higher shell can now fill this core hole. Due to the energy

gain, either a photon is emitted or another electron is excited above the vacuum level by

a non-radiative transition. The latter process is the so-called Auger decay and the excited

electron is an Auger-electron. For soft X-rays the Auger decay is the dominant process

to fill the core holes. The Auger electrons create secondary electrons which are then de-

tected in a electron yield measurement. The resulting X-ray energy dependent current is

a direct measure for the absorption process.[104] The polymer films are prepared on SiN

membranes and measured in transmission geometry. The spectra are corrected for the

signal of the pure substrate.[87]
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Figure 3.9: Schematic presentation of

the Auger-effect. Electrons and nucleus

are depicted as red and gray spheres, re-

spectively. The K, L and M shells are

depicted. Holes are shown as open cir-

cles. Electron motions, radiative and non-

radiative transitions are marked as solid,

wavy and dotted arrows, respectively. The

creation of secondary electrons is pictured

with red arrows.

Besides the determination of the refractive index, NEXAFS spectra are also used in this

thesis to obtain the exact composition of blended polymer films.



Chapter 4

Sample preparation

The preparation of samples which are investigated in this thesis is described in this chap-

ter. The reproducibility and comparability of the sample preparation is of fundamental

importance. First, the examined materials (section 4.1) and the substrate cleaning meth-

ods including different substrate types (section 4.2) are introduced. In section 4.3 the

applied coating techniques of polymer solutions and metal electrodes are presented. Most

systems require annealing steps as post production treatment which are subsequently de-

scribed (section 4.4). Finally, the preparation steps for an organic solar cell are specified

(section 4.5).

4.1 Materials

The investigated materials can be divided into different groups: electron donors and accep-

tors, block copolymers and additives. As electron donors two polythiophene derivatives

were selected whereas as electron acceptors two cyano derivatives of poly(p-phenylene-

vinylene) (PPV) and a polyfluorene copolymer as well as a derivative of the buckmin-

ster fullerene were used. Furthermore a photoactive diblock copolymer was investigated.

Nanoparticles, dyes and a standard non-conducting homopolymer were applied as addi-

tives. For the solar cell preparation additional polymers were needed as a blocking layer.

The detailed parameters for all materials such as molecular weight MW , polydispersity

dp, purity and the supplier are listed in table 4.1.

Electron donor

The semiconducting polymers poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(3-octyl-

thiophene-2,5-diyl) (P3OT) consist of a backbone of thiophene rings with an alkyl side

chain and are typically used as electron donors in organic solar cells. Both polymers differ

just in the length of the alkyl side chain whereas the side chain of P3HT and P3OT consist

61
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material supplier Mn Mw pd purity

P3HT American Dye Source Inc. 16470 28000 1.7 n.a.

P3HT Rieke Metals Inc. n.a. 50000 n.a. >99%

P3OT Sigma Aldrich 34000 n.a. n.a. n.a.

CN-PPV Sigma Aldrich n.a. 29000[a] n.a. n.a.

MEH-CN-PPV Sigma Aldrich n.a. 25000[a] n.a. n.a.

F8TBT CDT Inc. n.a. 54000 n.a. n.a.

PCBM Nano-C Inc. 910.88 n.a. n.a. 98.5%

d5-PCBM American Dye Source Inc. 915.91 n.a. n.a. 99.5%

P(S-b-PP) Polymer Source Inc. 5700-2900 n.a. 1.14 n.a.

d8-PS Polymer Source Inc. 2200 2400 1.07 n.a.

OPc Sigma Aldrich 1091.38 n.a. n.a. 95%

PEDOT:PSS Sigma Aldrich n.a. n.a. n.a. n.a.

Table 4.1: Known details such as the supplier, the molecular weights Mn and Mw, the polydispersity pd

and the purity of the organic compounds used in this thesis. The molecular weight is given in g/mol. [a]

The molecular weight of CN-PPV and MEH-CN-PPV were determined in this thesis via the spin coating

method described in section 4.3. CDT Inc. stands for Cambridge Display Technology Inc.

of 6 and 8 carbon atoms, respectively. The difference in the side chain alters not only the

electronic structure but also the solubility of the polymers. Both polymers are soluble in

organic solvents. In figure 4.1 the molecular structures are shown.

Electron acceptor

As electron acceptors semiconducting polymers and a small organic molecule were used.

Poly(2,5-di(hexyloxy)cyanoterephthalyliden) (CN-PPV) and poly(5-(2-(ethylhexyloxy)-2-

methoxy-cyanoterephthalyliden) (MEH-CN-PPV) are two different derivatives of PPV.

The backbone is altered by a cyano group which influences the electronic band struc-

ture and results in electron accepting polymers which are used in organic photovolta-

ics.[105, 106, 107] Both polymers differ only in the attached side chains whereas linear

and branched side chains are attached to the backbones of CN-PPV and MEH-CN-PPV,

respectively. Additionally, the polyfluorene copolymer poly((9,9-dioctylfluorene)-2,7-diyl-

alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-2’,2”-diyl) (F8TBT) is used as elec-

tron acceptor. These electron acceptors are soluble in organic solvents (figure 4.1).

In figure 4.2 the molecular structure of [6,6]-phenyl-C61-butyric acid methyl ester, a deriva-

tive of the buckminster fullerene, is depicted. Due to the attached side chain PCBM is

soluble in organic solvents. In combination with the electron donor P3HT, PCBM is the

most widely investigated material system used in organic photovoltaics.
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Figure 4.1: The chemical structure of the photoactive polymers used in this thesis. The atoms are

depicted with different colors: hydrogen (black), carbon (grey), nitrogen (blue), oxygen (red) and sulfur

(yellow).

Block copolymer

The photoactive diblock copolymer poly(styrene-b-para-phenylene) P(S-b-PP) is a so

called rod-coil like copolymer. One block consists of the standard coil-like polymer

polystyrene (PS). The photoactive block is the rod-like polymer poly(para-phenylene)

(PPP) which is built up of phenyl rings with no side chains. In contrast to the insoluble

homopolymer PPP the block copolymer P(S-b-PP) is soluble in organic solvents. The

chemical structure is displayed in figure 4.1.

Additives

To modify the morphology as well as other properties such as the absorption of thin poly-
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Figure 4.2: The chemical structure of PCBM (left) and of the dye OPc (right).

mer films, additives can be introduced in a system. In this work, three different types of

additives were used, namely dyes, polymers and nanoparticles.

The dye 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine (OPc) is a derviative

of phthalocyanine (figure 4.2). Phthalocyanines are typically used in dye sensitized solar

cells to absorb light.[108] In this thesis, OPC was utilized to extend the absorption range

of an organic solar cell to higher wavelengths.

To modify the structure of the block copolymer P(S-b-PP), deuterated polystyrene (d8-

PS) was selected as an additive. The deuteration improved the contrast when the system

was investigated with neutron scattering techniques (figure 4.1).

Besides organic additives, also inorganic materials can be incorporated in organic systems.

A typical approach is to employ nanoparticles as their length scales are on the same order

of magnitude as those of the polymer structures. In this work, titania nanoparticles1 are

used. The anatase titania nanoparticles have a size of 10 nm and the surface is modified

with 4-tert-butylcatechol (TBC).

Blocking layer

Besides the active layer and the electrode materials, at least one additional layer is neces-

sary to prepare organic solar cells with a reasonable performance. This additional layer is

typically an electron blocking layer which prevents short cuts in organic solar cells. The

most prominent blocking layer is a mixture of poly(3,4-ethylenedioxythiophene) (PEDOT)

and poly(styrenesulfonate) (PSS) (figure 4.3) which is used for organic solar cell prepara-

1The nanoparticles were synthesized by Johann Szeifert from the Bein group at the LMU

München.[109]
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Figure 4.3: The chemical structure of the single components of the electron blocking material, PEDOT

(left) and PSS (right).

tion in this work. The material mixture is commercially available as a dispersion in water

with a concentration of 0.5 wt% (PEDOT) and 0.8 wt% (PSS) (Sigma Aldrich, product

number 483095). The conductivity is given as 1 S/cm.

4.2 Substrates

Depending on the investigated material system and the investigation technique different

types of substrates and treatments are required for the thin polymer film preparation. In

this thesis, for most systems glass and silicon substrates were used. The glass substrates

with a size of 3.6 × 7.6 × 1 mm3 were purchased from Carl Roth GmbH and fulfill the

requirements of ISO 8037/1. The p-doped silicon substrates were purchased from Si-Mat

as wafers with a diameter of 100 mm and a thickness of (525 ± 25) µm. Glass as well as

silicon substrates were cut in sizes ranging from 20×20 mm2 to 70×70 mm2 according to

the required sample size. In the case of glass slides a glass cutter with a hard metal rosette

was used to scratch the back side of the substrate. For silicon substrates a diamond cutter

was used for scratching. Afterwards, both types of substrates were carefully broken over

a sharp edge avoiding to scratch the front side and bend the substrate.

In the case of photoelectric characterization, transparent conducting substrates are re-

quired. Therefore, indium tin oxide (ITO) coated glass slides (Solems S. A.) with a size

of 2.2 × 2.2 mm2 were selected. In addition, fluorine doped tin oxide (FTO) coated on

sodalime glass (TCO10-10, Solaronix SA), which are transparent conducting substrates,

were chosen to compare the influence of different types of substrates on the morphology.

All substrates cannot be used as received from the supplier as the surface properties are

undefined. To obtain a controllable substrate surface the substrates have to undergo a

defined cleaning procedure. Glass and silicon substrates were cleaned using an acidic bath

based on sulfuric acid or hydrofluoric acid (HF). In this thesis, the expression acidic clean-

ing is used for the method based on sulfuric acid. ITO and FTO coated substrates were
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chemical amount

H2O (DI) 22.5 ml

H2O2 (30 %) 35 ml

H2SO4 (96 %) 82.5 ml

Table 4.2: The composition of the acid bath used for substrate cleaning.[111]

cleaned with different solvents since these substrates are unstable against acid. Before

cleaning, the ITO substrates these had to be patterned when used for organic solar cell

preparation.

Acidic cleaning

The precut substrates were blown clear with dry oil-free nitrogen to remove dust particles.

Afterwards, the substrates were placed in a sample holder which was immersed into an

acid bath for 15 min. The acid bath was kept at a temperature of 80 °C. The composition

of the acid bath is shown in Table 4.2. Thereafter, the substrates were transferred to a

bath of deionized water and each substrate was thoroughly rinsed with deionized water

(≈ 250 ml). The substrates were subsequently blown dry with dry oil-free nitrogen and

were stored in petri dishes until usage which occurred on the same day.[110] The contact

angle was found to be (4.5 ± 0.3)° for this cleaning procedure.

HF cleaning

For the block copolymer systems the silicon substrates were cleaned with HF to ensure

a substrate which is chemically nonselective to neither block. For this reason, the silicon

substrates were immersed into a 19 % HF bath for 2 min. Afterwards, the substrates were

rinsed with deionized water and blown dry with dry oil-free nitrogen. By this method the

natural oxide was removed completely. The substrates were coated directly after the HF

cleaning.

ITO and FTO substrate treatment

The ITO substrates were mainly used for the preparation of organic solar cells. There-

fore, the ITO coating had to be patterned before cleaning (see figure 4.5a,b). For this

reason, the ITO part, which has to be preserved, was covered with an adhesive tape. The

uncovered parts were coated with a mixture of zinc powder and water. Hydrochloric acid

(19 %) was dripped on the zinc paste and the ITO was etched away. The substrate was

subsequently rinsed with deionized water. The successful removal of the ITO was checked

by measuring the resistance of the substrate surface with an ohmmeter. Subsequently,
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the adhesive tape was removed.

The patterned ITO substrates and the FTO substrates were cleaned using different sol-

vents. The following procedure was consecutively performed for Alconox solution, ethanol,

acetone and isopropanol. The Alconox solution consisted of the powdered precision cleaner

Alconox dissolved in deionized water with a concentration of 16 mg/ml. Therefore, the

substrates were immersed into each solvent separately and put into an ultrasonic bath for

10 min, afterwards the substrates were rinsed with the same solvent and blown dry with

dry oil-free nitrogen.

After the final drying, the substrates which were used for solar cell preparation were

treated with oxygen plasma (Plasma System Nano, Diener Electronics) for 10 min at a

power of 240 W. The pressure was set to 0.1 mbar and the working pressure to 0.4 mbar.

The full organic solar cell preparation is described in section 4.5.

4.3 Coating methods

The big advantage of soluble organic compounds is the solution processiblity. Thin poly-

mer films can easily be prepared with techniques such as spin coating, solution casting,

doctor blading, dip coating, inkjet printing, roll-to-roll printing etc. In the case of organic

electronics, printing techniques seem to be very promising for cheap large scale produc-

tion. However, in research, spin coating is one of the main procedures used which will be

introduced in this chapter in detail. The deposition of metal layers as electrodes will be

described subsequently.

Solution preparation

First of all, the organic compound had to be dissolved in the required solvent. For this

reason, the organic compound was weighed in a cleaned welted glass. Afterwards, the

required amount of solvent was added. The welted glasses were closed with a cap and

sealed with Paratape. To improve the dissolving of the organic compound, the solution

was either stirred with a magnetic stirrer or put on a shaker. For some organic compounds,

in particular at high concentrations, heating the solution was necessary to dissolve the

materials completely.

Solutions containing two or more components were prepared by dissolving the compounds

separately and subsequently mixing the single solutions. Thereby, the mixing ratio of the

compounds wa adjusted more precisely. In the case of P3HT:PCBM mixtures, PCBM

was dissolved first and the solution was used to dissolve P3HT afterwards. This procedure

was necessary due to the lower solubility limit of PCBM.
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PEDOT:PSS was purchased as a dispersion in water. To achieve a homogeneous disper-

sion PEDOT:PSS was put into an ultrasonic bath for 10 min and filtered with a 5 µm

PTFE filter before spin coating. Also P(S-b-PP) had to be filtered with a 0.2 µm PTFE

filter to achieve a smooth homogeneous polymer film.

Spin coating

All organic thin films were prepared by the spin coating technique. For this purpose, the

solution with a defined concentration c0 was put onto a cleaned substrate in such a way

that the surface was fully covered. Directly afterwards, the substrate rotation started with

a selected rotational speed ω. A thin homogeneous film formed. The resulting thickness

is described by

d = Aω−1/2c0M
1/4 (4.1)

with the rotational speed ω, the initial concentration of the solution c0, the molecular

weight of the used polymer M and an experimental parameter A.[112, 113] The experi-

mental parameter A depends on the spin coater used and the environmental conditions.

The thickness can be controlled by changing the concentration of the solution, the molec-

ular weight of the polymer and the rotational speed. While the rotational speed is limited

by the spin coater itself and the molecular weight by the available polymers, the con-

centration can be varied over a large range and is simply limited by the solubility of the

materials used. Therefore, in this work the thickness is controlled by changing the con-

centration of the solution.

Equation 4.1 is only valid for the concentration range in which the viscosity of the poly-

mer solution is negligible. The concentration-thickness dependence can be divided into

three regimes. At very low concentrations the polymer chains do not entangle and no

homogeneous film is created by spin coating. This concentration regime can be used to

prepare nanostructured polymer templates as shown in the case of the photoactive poly-

mer polypyrrol (PPy).[114] For higher concentrations the polymer chains entangle and

equation 4.1 is valid, i.e. a linear concentration thickness dependence is found. In the

third regime, the concentration thickness dependence is still linear but with an increased

slope. In this regime, the viscosity has to be taken into account.

Schubert et al. have also used equation 4.1 to determine the molecular weight of poly-

styrene after calibrating the experimental parameter A with a polystyrene of a known

molecular weight. In this work, this dependence was applied to estimate the molecular

weights of MEH-CN-PPV and CN-PPV which were not known from the supplier. The

parameter A was calibrated with P3HT and P3OT. Thin polymers films were made from

polymer solutions with different concentrations via spin coating. While for P3HT and

MEH-CN-PPV were dissolved in trichloromethan, tetrahydrofuran was used for P3OT
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and CN-PPV. In Figures 4.4a and b the concentration dependent thickness of thin films

of P3HT, MEH-CN-PPV, P3OT and CN-PPV are plotted. All four polymers show a lin-

ear relation corresponding to the second concentration regime described above (eq. 4.1).

The same spin coater with comparable environmental conditions was taken for the sample

preparation. In addition, the same solvents were used for the corresponding polymers and

the molecular weigths of P3HT and P3OT are known (Tab. 4.1). Consequently, the molec-

ular weights of MEH-CN-PPV MMEH−CN−PPV and of CN-PPV MCN−PPV can be esti-

mated. MMEH−CN−PPV and MCN−PPV were found to be 25000 g/mol and 29000 g/mol,

respectively.

Figure 4.4: Concentration dependent thickness of thin films of a) P3HT (red open squares) and MEH-

CN-PPV (black closed circles) and b) P3OT (red open squares) and CN-PPV (black closed circles). The

error bars concerning the thickness are smaller than the symbol size. The red solid (P3HT and P3OT)

and black dashed lines (MEH-CN-PPV and CN-PPV) are linear fits to the data.

Thermal evaporation

An aluminum layer was thermally evaporated as the top electrode of the organic solar

cells. For this purpose, an evaporation chamber was used. The deposition was carried

out at a pressure of about 2 · 10−6 mbar. The evaporation was stopped as soon as the Al

contacts got non-transparent which corresponds to a thickness of about 100 nm. When

preparing solar cells, masks were used which created eight contacts per solar cell. Each

contact had a size of approximately 1.5 mm2 (figure 4.5e).
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4.4 Annealing

In most cases, and particularly after spin coating, thin polymer films are in a non-

equilibrium morphology. Moreover, the installed structure is most likely not ideal for

organic photovoltaics. Annealing increases mobility of the polymer chains such that rear-

rangements are taking place, resulting in an altered morphology. The polymer chains can

rearrange on different length scales. Rod like polymers, like most conducting polymers,

will crystallize. In the case of polymer blends, phase separation will proceed. For block

copolymers the microphaseseparation develops with annealing. In general, different types

of annealing are possible. In this thesis thermal and solvent annnealing were used.

Thermal annealing

Thermal annealing is one of the most common annealing procedures. The sample was

heated up to a chosen temperature for a specific amount of time. Besides the final anneal-

ing temperature and duration of heating also the heating and cooling rate influence the

resulting state of the system. Thermal annealing was performed in a vacuum oven, on a

hot plate in air and for sensitive samples in an inert gas atmosphere to avoid degradation.

In addition to the structural changes, thermal annealing also removed residual solvent

from the polymer films.

Solvent annealing

The second procedure was annealing in a saturated solvent atmosphere. To allow for

solvent annealing, the samples were placed in a sealed environment of defined volume,

i.e. in a desiccator, with a reservoir of solvent. After a defined time, the desiccator was

opened and the samples were removed. This procedure was applied to the block copolymer

system.

4.5 Solar cells

An organic solar cell consists of a multi-layer architecture including electrodes, a blocking

layer and the active layer. In Figure 4.5 the main steps during solar cell preparation are

shown schematically. As substrate a transparent solid support, in this thesis glass, coated

with a thin ITO layer was used (figure 4.5a). The ITO layer which is acting as the electrode

was patterned and cleaned as described in section 4.2 (figure 4.5b). On top of the ITO, a

thin layer of PEDOT:PSS was spin coated (2000 rpm for 60 s) as an electron blocking layer

with a typical thickness of 70 nm. For further drying, the PEDOT:PSS layer was thermally

annealed on a hot-plate at 150 °C for 10 min under ambient conditions (figure 4.5c). The

active layer, e.g. P3HT:PCBM, was deposited via spin coating (2000 rpm for 30 s) onto
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the blocking layer (figure 4.5d). The top electrode material, aluminum, was thermally

evaporated onto the active layer as described in section 4.3. As a final step the solar cell

was thermally annealed at 140 °C for 10 min. Since the active layer is sensitive to oxidation

the annealing was performed on a hot-plate in an inert gas atmosphere (figure 4.5e).

Figure 4.5: Schematic representation of the main steps during organic solar cell preparation: a) ITO

substrate as received, b) patterned ITO substrate, c) with the blocking layer PEDOT:PSS, d) after depo-

sition of the active layer and e) the entire organic solar cell with the top electrode.
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Chapter 5

Characterization of

polymer-fullerene systems

At present, the most efficient organic photovoltaic (OPV) devices consist of a conjugated

polymer and fullerene derivatives.[115, 116, 1] The most prominent material combination

is P3HT:PCBM as it has been the most efficient system for several years. Consequently,

P3HT:PCBM solar cells are the most extensively studied devices in OPVs.[117] Therefore,

P3HT:PCBM bulk heterojunction systems evolved into the standard system in basic OPV

research although meanwhile new, more efficient donor and acceptor materials have been

synthesized.[11, 116]

The internal morphology of bulk heterojunction systems is crucial due to their intrinsic

material properties, such as high exciton binding energy and short exciton diffusion length,

as described in section 2.1.1. The creation of bulk heterojunction films for the active layer

is typically a solution-based and, therefore, a self-assembly process. Thus, the formation

of the morphology cannot be controlled directly, but is influenced by external parameters,

such as the molecular structure and the blend ratio of the used materials, the solvent

and post-production treatments. The overall goal is to adjust the external parameters

to obtain an optimized morphology which fits the requirements best. However, the final

optimum structure is usually far from equilibrium.[9]

While in literature most morphological investigations are based on imaging techniques

which are typically limited to several µm2, in this thesis scattering is the main technique

for structural characterization. Scattering gives not a direct image of the morphology but

an averaged structural information. The probed area, over which structural information

is averaged, is in the range of several tens of mm2 and has therefore a typical size of an

electrode of a research solar cell. Consequently, results from two methods averaging over

similar areas are compared, i.e. when the photovoltaic performance is compared with the

structural information obtained from scattering experiments.

73
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In this chapter, the morphology formation of P3HT:PCBM bulk heterojunction films as

the active layer in OPV devices is characterized. The focus is put on the influence of

external parameters. The absorption of P3HT and PCBM is introduced and possibilities

to extend it to higher wavelengths are illustrated (section 5.1). The first investigated

parameter influencing the morphology is the used solvent. The photovoltaic performance

is compared with structural models obtained from several investigation methods including

imaging as well as scattering techniques (section 5.2). In section 5.3 the impact of the

blend ratio on the molecular structure in particular on the molecular solubility of PCBM

in the P3HT phase is discussed. Finally, the disturbance of an additional dye molecule on

the developed P3HT:PCBM morphology in comparison with the photovoltaic performance

is presented (section 5.4).

Results of this chapter have been published in references [118, 119, 120].

5.1 Spectral properties of P3HT and PCBM

The absorption coefficient spectra of as-spun and annealed P3HT and PCBM are shown

in figure 5.1a. The spectra are obtained from absorption measurements normalized by

the thickness determined with X-ray reflectivity (XRR) (figure 5.1b). The thicknesses of

PCBM and P3HT are retrieved from fitting XRR data.

PCBM absorbs mainly in the UV region with a maximum at 335 nm and hardly over-

laps with the solar spectrum. Therefore, the contribution of PCBM to the photovoltaic

Figure 5.1: a) Wavelength dependent absorption coefficient α(λ) of as-spun (red dashed line) and an-

nealed (red solid line) P3HT and PCBM (blue line) films. b) X-ray reflectivity data (symbols) with fits

(red line) of PCBM and as-spun P3HT (from bottom to top). The P3HT (100) Bragg peak is indicated

by an arrow. The curves are shifted along the y-axis for clarity.
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performance is limited. In the case of P3HT with the main absorption peak at 510 nm,

the absorption spectrum overlaps with the maximum of the solar spectrum. The peak

position depends on the intra- and interchain order of the polymer.[25] Thus, a change

in peak position is a sign for structural variation in the probed P3HT film. For example,

an increase in conjugation length or in π-π-stacking results in a red shifted absorption

peak.[25] Two additional features in the P3HT spectrum are the shoulders at 550 nm

and 600 nm which occur due to vibrational excitations and arise if the P3HT film is

crystalline. The comparison of as-spun and annealed P3HT films (dashed and solid lines,

respectively) show only a slight increase of the shoulder-like features. Consequently, ther-

mal annealing does not improve the crystallinity much or rather, the as-spun film reveals

already a certain crystallinity. The main peak of P3HT exhibits a high absorption coeffi-

cient of 0.016 nm−1. For comparison, a 100 nm thick film of a material with an absorption

coefficient of 0.016 nm−1 at a certain wavelength absorbs already 80% of the incoming

light with this wavelength. Almost no absorption for wavelengths above 650 nm takes

place.

In addition to the film thickness, the XRR data reveal also information on the molecular

ordering of P3HT. The (100) Bragg peak around 4 nm−1 is observed (figure 5.1b). A

detailed discussion on the crystalline ordering of P3HT follows in the next sections.

5.2 Influence of solvent and annealing

For poly(2-meth-oxy-5-(3,7-dimethyloctyloxy)]-1,4-(phenylenevinylene):PCBM (MDMO-

PPV:PCBM) based solar cells, Shaheen et al.[121] found a strong influence of the used

solvent on the photovoltaic performance. Solar cells cast from chlorobenzene solution

revealed an efficiency of 2.5% in comparison to 0.9% for cells made from toluene solu-

tion. The authors related this behavior to the difference in surface morphology probed

with AFM. While the systems made from toluene solution showed surface structures on

the order of 500 nm, the films obtained from chlorobenzene solution exhibited 100 nm

structures. Further investigations of the topography and cross sections revealed simi-

lar structure sizes for both systems using high resolution scanning electron microscopy

(SEM). In addition, for the toluene-cast samples big PCBM clusters were covered with

a MDMO-PPV skin.[122] Both studies related the difference in photovoltaic performance

to the morphology of the chlorobenzene-cast system with its smaller length scales.

Several other studies investigated the influence of solvents used to cast the active layer of

an organic solar cell on the photovoltaic performance. Different systems, also including

all-polymer systems, showed an influence on performance and improvements were always

related to the optimized morphology.[11, 123, 124, 125] Furthermore, this dependency was
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also found for systems made from solvent mixtures.[126, 127] Generally, systems cast from

solutions with higher boiling-point solvents seem to be advantageous for the photovoltaic

performance. However, a detailed structural investigation on multiple length scales and

with high statistic relevance is still missing.

In this section, the morphologies of P3HT:PCBM bulk heterojunction films cast from

chloroform, toluene, chlorobenzene and xylene as active layer are characterized and com-

pared to findings from spectral and efficiency measurements. Throughout this section, the

data obtained from films made from different solvents are color coded. For chloroform,

toluene, chlorobenzene and xylene the colors red, cyan, green and blue are used, respec-

tively. The films are prepared via spin coating. Besides the influence of the used solvents,

also the effect of thermal annealing at 140 °C for 10 min in an inert gas atmosphere is

investigated.

5.2.1 Solvent-dependent spectral characterization

As expected, the photovoltaic performance for P3HT:PCBM bulk heterojunction films

is found to depend on the solvent used for spin coating. In figure 5.2 the corresponding

current-voltage (IV) curves under AM1.5G illumination (74 mW/cm2) are shown. The

light intensity corresponds to the direct solar light intensity when the diffusive part is

neglected. The extracted photovoltaic parameters are summarized in table 5.1. While for

the system made from chloroform solution a low efficiency of 0.4% is measured, the films

made from toluene, chlorobenzene and xylene reveal higher efficiencies of about 2.5%.

The main differences are found in the short-circuit current ISC and the fill factor FF .

However, the open-circuit voltage UOC is almost identical as the open-circuit voltage is

mainly defined by the material combination used in organic solar cells. The low fill factor

FF = 18% of the solar cell made from chloroform is due to the s-shape of the IV-curve

which can be related to an interfacial barrier.[128] In the case of the organic solar cells

made from toluene, chlorobenzene and xylene, the photovoltaic performances are in the

same range and no significant difference is observeds.

The efficiencies are rather low compared to literature. For comparison, an organic solar

cell prepared from chlorobenzene solution and characterized under AM1.5G illumination

with the standard intensity of 100 mW/cm2 is also shown in figure 5.2. This solar cell

revealed an efficiency of 3.3% which is moderate, as compared with high performance

organic solar cells made from P3HT:PCBM. The investigated solar cells are prepared at

ambient conditions and with the simplest device architecture to keep the influence of ad-

ditional blocking layers etc. as low as possible (see section 4.5). Therefore, an efficiency

of 3.3% matches well with most efficiencies published for P3HT:PCBM systems.[117]

The initial solution concentrations of the solvents are adapted in such a way that the
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Figure 5.2: Current-voltage curves of

P3HT:PCBM bulk heterojunction solar

cells cast from chloroform (red), toluene

(cyan), chlorobenzene (green) and xylene

(blue) solutions under AM1.5G illumina-

tion (74 mW/cm2). For comparison a

current-voltage curve of a P3HT:PCBM

bulk heterojunction solar cell cast from

chlorobenzene solution under AM1.5G

illumination (100 mW/cm2) is shown

(black solid line).

solvent ISC [mA/cm2] UOC [V] FF [%] η [%]

chloroform 3.1 0.62 18 0.46

toluene 5.3 0.64 52 2.4

chlorobenzene 5.6 0.64 49 2.4

xylene 5.9 0.64 50 2.6

Table 5.1: Short-circuit current (ISC), open-circuit voltage (UOC), fill factor (FF ) and efficiency (η)

obtained from the IV-curves in figure 5.2.

resulting film thickness of all active layers is constant at about 95 nm. For solutions made

of chloroform, toluene, chlorobenzene and xylene the concentrations for spin coating are

set to 7 mg/mL, 18 mg/mL, 24 mg/mL and 24 mg/mL, respectively. Consequently, the

inner film structure has to be the decisive factor defining the photovoltaic performance

as the same material system with the identical environment is used.

The wavelength-dependent absorption coefficient of the P3HT:PCBM films made from

different solvents (figure 5.3a) show features from both components, P3HT and PCBM

(compare figure 5.1). The spectra follow a linear superposition of the P3HT and PCBM

spectra with no additional features. Therefore, no significant ground-state charge transfer

occurs.[123] Only small deviations are observed in the curves from samples made from

different solvents. The absorption coefficient of the main absorption peak of P3HT in

the P3HT:PCBM blend is about 0.008 nm−1 which is half the value of pure P3HT (sec-

tion 5.1) due to the blend ratio of 1:1. No shoulder-like features in the P3HT absorption

spectrum are visible. Therefore, P3HT in as-spun P3HT:PCBM films seems to be amor-

phous. So, when compared to the absorption data from pure P3HT (section 5.1), which

already showed the shoulder-like features, this is a strong indication that PCBM hinders
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the crystallization of P3HT during spin coating. After thermal annealing, the contri-

bution from PCBM is unaffected whereas a change in the P3HT absorption behavior is

observed. The shoulder-like features appear and the position of the main absorption peak

is red-shifted. Consequently, P3HT is ordering during thermal annealing. The conjuga-

tion length is increased and P3HT crystallites are formed.

Figure 5.3: a) Wavelength dependent absorption coefficient α(λ) and b) photoluminescence PL of as-

spun (dashed lines) and annealed (solid lines) P3HT:PCBM bulk heterojunction films cast from chloroform

(red), toluene (cyan), chlorobenzene (green) and xylene (blue) solutions. b) The photoluminescence of a

pristine P3HT film (black solid line) is shown for comparison.

In figure 5.3b the photoluminescence spectra of pure P3HT, as-spun and annealed

P3HT:PCBM bulk heterojunction films are shown. The photoluminescence (PL) signal

of pure P3HT results from generated excitons which decay radiatively. In the case of the

as-spun P3HT:PCBM, the PL signal is completely quenched (dashes lines in figure 5.3b)

indicating that all excitons are dissociated and decay non-radiatively afterwards. There-

fore, P3HT and PCBM have to be intermixed on a molecular level. When the system is

annealed, the PL signal increases slightly which means that a radiative decay of excitons

is occurring again. Thus, pure P3HT domains have to be formed which are sufficiently

big that a generated exciton does not reach a PCBM molecule and decays radiatively

within the P3HT domain. The pure P3HT phases can form either due to phase separa-

tion of P3HT and PCBM or due to P3HT crystallization in which the PCBM molecules

are ejected from the crystal. Nevertheless, most excitons are dissociated as the PL signal

is still one order of magnitude lower compared to pure P3HT.
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Figure 5.4: 2d GIWAXS data of annealed P3HT:PCBM films cast from chloroform (a), toluene (b),

chlorobenzene (c) and xylene (d) solutions. The features corresponding to P3HT and PCBM are high-

lighted (a). The linear color code spans an intensity range of 80-650 (a,b), 80-550 (c) and 80-350 (d),

respectively.

5.2.2 Crystallization process and cluster formation

Absorption measurements give already an indication that P3HT crystallizes due to ther-

mal annealing. For a more quantitative analysis the P3HT:PCBM bulk heterojunction

films are investigated with grazing incidence wide angle scattering (GIWAXS) to obtain

lattice constants and crystal sizes for P3HT crystals. For the definition of P3HT crystals

in terms of crystalline orientation and nomenclature see section 3.2.4.2. The 2d scatter-

ing data of the annealed P3HT:PCBM films (figure 5.4) reveal distinct Bragg reflections

of P3HT which are most pronounced in vertical directions. In addition, a broad ring-

like feature of PCBM is observed for all systems. Therefore, the PCBM crystals have

as powder-like distribution, i.e. no preferential orientation is existing. The vertical and

horizontal sector integrals of the GIWAXS measurements are shown in figure 5.5 for a

quantitative analysis. In all curves, contributions of crystalline PCBM are observabed.

Consequently, PCBM is already aggregated in as-spun films but the aggregation seems

to be independent of the solvent and of thermal annealing. For the as-spun films, no

signal from P3HT crystallites is visible (dashed lines) indicating that in these as-spun
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Figure 5.5: Vertical (upper five curves)

and horizontal (lower five curves) sector

integrals of GIWAXS measurements of as-

spun (dashed lines) and annealed (solid

lines) P3HT:PCBM bulk heterojunction

films cast from chloroform (red), toluene

(cyan), chlorobenzene (green) and xylene

(blue) solutions. Bragg peaks are indi-

cated. The PCBM contribution is indi-

cated by arrows. The curves are shifted

along the y-axis for clarity.

P3HT:PCBM films no P3HT crystallites exist. This confirms the findings from the ab-

sorption data which showed no vibrational excitations in the as-spun P3HT:PCBM films.

It is well known that pure P3HT already crystallizes during spin coating. Consequently,

PCBM hinders P3HT crystallization which has already been indicated by the absorption

measurements.

The sector integrals of the annealed P3HT:PCBM films reveal strong Bragg peaks which

are assigned to P3HT lattice orientations as indicated in figure 5.5. For the vertical cuts

the (100) peak and its two higher orders are visible. The (100) reflection is also observed

in the horizontal sector integrals, but with much lower intensity, and no higher orders

appear. In addition, the (010) signal is detected with low intensity in the vertical as

well as in the horizontal sector integrals. As the intensity of the (100) signal is more

pronounced in the vertical than in the horizontal direction, the main orientation of the

P3HT crystallites regarding the substrate is edge-on. It was reported that the orientation

of crystals in a P3HT homopolymer film depends on spinning speed amongst others.[129]

For a quantitative analysis the Bragg reflections in the sector integrals are fitted with

Gaussian functions. From the position, the lattice constant is extracted (see table 5.2).

The lattice constants are found to be 1.7 nm (100) and 0.38 nm (010) for both the vertical

and horizontal sector integrals independent of the solvent used. These values are in good

agreement with literature.[130, 131, 132]

The width of the Gaussian fit provides information on the corresponding dimensions of

the crystallites via the Scherrer equation (2.64). However, since also the distribution of

the lattice constant and the resolution of the scattering setup broaden the peak width,

this yields only a lower limit. The crystal size is not determined in (010) direction as the

(010) reflection is not sufficiently pronounced for the evaluation of the crystal size. In
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solvent lattice constant [nm]

(100) v (010) v (100) h (010) h

chloroform 1.69 0.38 1.67 0.38

toluene 1.69 0.38 1.68 0.38

chlorobenzene 1.70 - 1.66 0.37

xylene 1.71 - 1.67 0.37

Table 5.2: Lattice constant of P3HT crystallites in annealed P3HT:PCBM films made from different

solvents. The data are obtained from vertical (v) and horizontal (h) sector integrals of GIWAXS mea-

surements. The uncertainty obtained from the Gaussian fits to the Bragg peaks is below 0.1%.

table 5.3 the crystal sizes perpendicular and parallel to the substrate are shown depend-

ing on the solvent used for coating. The crystallites are larger for solvents with higher

boiling points. For the major part of the crystallites, i.e. edge-on oriented crystallites,

the crystal size increases from 12.6 nm to 22.0 nm with increasing boiling point of the

solvent. This corresponds to a stacking from 7 to 13 lattice planes. As seen from the

(100) reflection in the horizontal sector integral, also face-on P3HT crystals are present

in the films. The face-on P3HT crystals show an increase in size from 20.5 nm to 30.6 nm

corresponding to 12 and 18 lattice planes, respectively. The difference in P3HT crystal

dimensions in vertical and horizontal direction is due to the confinement of the top and

bottom interfaces which reduces the vertical crystal sizes.

The solvent-dependent crystal sizes are attributed to the higher boiling points of the

solvents which results in a lower evaporation rate. Preordering and residual solvents in-

fluence the crystal size. Although no crystalline phases are visible for the as-spun systems,

preordering is taking place. The preordering is more distinctive for the systems cast from

solvents with higher boiling points as the drying time is increased. In addition, it was

recently found that residual solvents in conducting polymer films exist and increase the

diffusive mobility of PCBM.[133] Hence, residual solvents in the P3HT:PCBM films after

the spin coating process have to be taken into account as it will influence the mobility of

the molecules in the film. Furthermore, the amount of residual solvent increases with the

boiling point. Consequently, the used solvent influences the ordering also during thermal

annealing. In summary, both, the preordering and the chain mobility, increases with the

boiling point. Therefore, larger crystals arise from systems cast from solvents with higher

boiling points.

For P3HT:PCBM solar cells, thermal annealing is absolutely necessary to obtain cells

with a reasonable performance. P3HT:PCBM solar cells without thermal annealing

reached efficiencies on the order of only 0.4%. The increase in efficiency is, amongst oth-
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Figure 5.6: Optical micrographs of P3HT:PCBM bulk heterojunction films cast from chloroform (a,e),

toluene (b,f), chlorobenzene (c,g) and xylene (d,h) solutions. The micrograps are taken at magnifications

of 10× (a-d) and 100× (e-h). The scale bars are valid for all micrographs with a magnification of 10×
and 100×, respectively.

ers, attributed to the crystallization of P3HT and the accordingly higher charge carrier

mobility. Consequently, larger P3HT crystallites should result in enhanced photovoltaic

performance. However, it is not sufficient to explain the observed difference in photo-

voltaic performance of the P3HT:PCBM solar cells made from different solvents by the

change in crystal size only. Rather, above a minimum crystal size the effect on the pho-

tovoltaic performance seems to become less dominant or is canceled out by other factors.

However, for the solar cell with the lowest efficiency (made from chloroform), also the

crystal size is found to be smallest.

Besides the partial crystallization of P3HT and the aggregation of PCBM, PCBM forms

also big agglomerates due to thermal annealing. Although there is no change of the

PCBM features in the GIWAXS data observed, optical microscopy reveals PCBM cluster

formation due to thermal annealing (figure 5.6). The PCBM clusters appear as bright

dots surrounded by a dark rim. No clusters are found for the as-spun systems. The bright

dots are attributed to the PCBM clusters while the dark rim is the PCBM depletion

region. The PCBM cluster formation was described in detail by Zhong et al.[134] AFM

investigations showed that the clusters grow in both, lateral and vertical, directions with

a dominating growth in height. In addition, the surrounding depletion region exhibited

a lower thickness which explains the difference in color. For lower magnifications (fig-

ure 5.6a-d) only the depletion regions are visible as dark regions and the PCBM clusters
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solvent TB [°C] solubility of PCBM crystal size

[mg/mL] [nm]

(100) v (100) h

chloroform 61 25 12.6 20.5

toluene 111 10 13.6 24.5

chlorobenzene 131 25 16.0 23.6

xylene 140 5-15 22.0 30.6

Table 5.3: Boiling points TB of the various solvents and PCBM solubilities in these solvents.[135] Crystal

sizes of P3HT crystallites in annealed P3HT:PCBM films made from different solvents. The data are

obtained from vertical (v) and horizontal (h) sector integrals of GIWAXS measurements. The uncertainty

for the crystal size obtained from the Gaussian fits to the Bragg peaks is below 1%.

are not resolved.

The PCBM cluster formation in P3HT:PCBM films is found to be solvent dependent.

The films made from chloroform and chlorobenzene show no or just very few clusters.

However, films cast from toluene and xylene exhibit a higher density of PCBM clusters

which reveals a solubility driven cluster formation. The solubility of PCBM in different

solvents is shown in table 5.3. While for chloroform and chlorobenzene a solubility of

25 mg/mL is reported, toluene and xylene dissolve PCBM much worse.[135] Troshin et

al. studied the cluster formation of several fullerene derivatives in P3HT:PCBM films

made from chlorobenzene with optical microscopy.[136] Cluster formation was just found

for fullerene derivatives which revealed a solubility lower than 20 mg/mL. This limit is

also applicable to the findings in this thesis and confirms this solubility limit as a more

general rule. Nevertheless, PCBM cluster formation alone does not yet explain the found

photovoltaic behavior of the solar cells as well.

Besides the presence of PCBM clusters, the optical micrographs (figure 5.6) reveal a wavy

structure of the P3HT:PCBM film cast from chloroform while the surface of films cast

from the other solvents is smooth on the micrometer range.

5.2.3 Lateral structures

More important than structures on the micrometer range is the morphology on the

nanometer scale in P3HT:PCBM bulk heterojunction systems, as these length scales are

in accordance with the exciton diffusion length and therefore crucial for the charge carrier

generation. In figure 5.7 AFM topography images of annealed P3HT:PCBM films cast

from chloroform, toluene, chlorobenzene and xylene are shown. The surface roughness is

about 1 nm for all investigated films which reveal a structure on the nanometer range.
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For a quantitative analysis, the AFM images are Fourier transformed. In figure 5.8a the

2d Fourier transformation of an AFM image of a P3HT:PCBM film made from chloroben-

zene is shown as an example. The characteristic length scale arises as a ring in the 2d

Fourier transformation. Power spectral density (PSD) curves are obtained (figure 5.8b).

The PSD curves show characteristic lateral surface structures which appear as peak or

shoulder-like features. The PSD curves can be compared directly with scattering curves.

For P3HT:PCBM films cast from chloroform, toluene, chlorobenzene and xylene, lateral

surface structures of about 500 nm, 400 nm, 180 nm and 600 nm are revealed. The found

structures are far above the exciton diffusion length and therefore very disadvantageous.

However, these length scales refer to surface structures only and do not necessarily re-

semble the inner film morphologies. In addition, from the small surface roughness it is

known that the surface structures are not very pronounced. In contrast to the difference

in surface structure of MDMO-PPV:PCBM systems cast of toluene and xylene[121, 122],

the structures found for P3HT and PCBM are very similar.

Figure 5.7: Atomic force microscopy images (scan size 2×2 µm2) of P3HT:PCBM bulk heterojunction

films cast from chloroform (a), toluene (b), chlorobenzene (c) and xylene (d) solutions. The color range

covers 3.5 (a), 6.0 (b), 8.0 (c) and 1.0 nm (d).

Moreover, the topography images of AFM measurements picture the surface only with

limited statistics due to their limited size in the µm-range. Nevertheless, images are taken

at different position to enhance their significance. In addition, the extracted information

is restricted to surface structures.

To obtain structural information with higher statistics and about the inner film morphol-

ogy, grazing incidence small angle X-ray scattering measurements (GISAXS) of as-spun

and annealed P3HT:PCBM films made from different solvents are performed. In fig-

ure 5.9a the detector cuts of the GISAXS data are shown. The detector cuts reveal

information on vertical material distributions in the measured films. For the systems cast

from chloroform (red), the curves are dominated by a broadened specular peak which is

due to big surface structures. These structures are also seen in the optical micrograph
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(figure 5.6a). Therefore, no further information is accessible. For the other solvents,

features like the Yoneda peak (at αf + αi ≈ 0.5°), correlated roughness, i.e. oscillations

between the Yoneda and the specular peak, and shoulder-like features at angles above

0.8° are seen. The Yoneda peak position is material sensitive and does not change for

the different solvents as the material system P3HT:PCBM is the same for all the sam-

ples. However, its shape changes slightly due to thermal annealing. Correlated roughness

arises when two parallel interfaces show correlated structures, i.e. the structure of one

interface follows the underlying interface. The correlation does not change with heating.

The most interesting features are the shoulders at high angles which are an indication for

enrichment layers. As the shoulders are visible for all detector cuts and change due to

thermal annealing, these enrichment layers exist in as-spun and in an altered way also in

annealed P3HT:PCBM bulk heterojunction films. For a quantitative analysis and a clear

conclusion, X-ray reflectivity measurements are better suited to determine enrichment

layers (see section 5.2.4).

Figure 5.8: a) 2d Fourier transformation of a 8×8 µm2 AFM image of a P3HT:PCBM bulk hetero-

junction film cast from chlorobenzene. b) Power spectral density curves obtained from AFM images (scan

sizes 1×1 µm2 to 8×8 µm2) of P3HT:PCBM bulk heterojunction films cast from chloroform (red), toluene

(cyan), chlorobenzene (green) and xylene (blue). The peak at q = 0.6 nm−1 (blue curve) is an artifact

originating from the AFM measurement. The curves are shifted along the y-axis for clarity.

Out-of-plane cuts of the GISAXS data (figure 5.9) comprise information on lateral struc-

tures comparable to PSD curves, but also on the inner film morphology rather than the

surface structures. The out-of-plane cuts are fitted using the effective interface approxima-

tion model within the DWBA (section 2.3.3). Again, peaks or shoulder-like features rep-
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Figure 5.9: a) Logarithmic plot of detector cuts and b) double-logarithmic plot of out-of-plane cuts taken

at the critical angles of PCBM of 2d GISAXS measurements from as-spun (lower four curves, circles)

and annealed (upper four curves, triangles) P3HT:PCBM bulk heterojunction films cast from chloroform

(red), toluene (cyan), chlorobenzene (green) and xylene (blue) solutions. b) The solid lines are fits to the

data using the effective surface approximation model. The dashed line indicates the resolution limit. The

curves are shifted along the y-axis for clarity.

resent characteristic lateral structure sizes. In the case of as-pun P3HT:PCBM films made

from different solvents, except for chloroform, no characteristic length scales are found,

but rather many different broadly distributed ones which corresponds to widely intermixed

phases. This observation for the as-spun films is in accordance with the PL data which re-

vealed molecular intermixing (section 5.2.1). For the films cast from chloroform solution,

a structure size of 53 nm is detected. However, the phases are not pure as the PL signal is

quenched. Intermixed phases were also found for other systems. For example, in the case

of the all-polymer system poly(9,9’-dioctylfluorene-co-bis(N,N’-(4,butylphenyl))bis(N,N’-

phenyl-1,4-phenylene)diamine):poly(9,9’-dioctylfluorene-co-benzothiadiazole) (PFB:F8BT)

phases containing significant amounts of both components were revealed, using scanning
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transmission X-ray microscopy (STXM) with a resolution of 50 nm.[137] These phases

purified with increasing drying time.

The structural length in P3HT:PCBM films cast from chloroform gets broadly distributed

due to thermal annealing. As the PL signal is increasing, the phases purify, but without

a characteristic length scale. In the case of films made from toluene, chlorobenzene and

xylene, more defined structure sizes of 35 nm, 65 nm and 44 nm are observed. Therefore,

the P3HT:PCBM systems phase separate and coarsen, which is in agreement with the

PL data. These length scales are larger than the exciton diffusion length. However, a

larger length scale is not necessarily disadvantageous as there is always a balance between

smaller and larger structures required. While small structures are needed for an efficient

exciton dissociation, larger structures minimize the recombination during the charge car-

rier transport to the electrodes after dissociation (section 6.1). For example, an optimal

structural length scale of 100 nm was found for the system P3HT:F8TBT.[138] In addi-

tion, it has to be noted that the structure sizes determined from GISAXS differ totally

from the topography probed with AFM. The surface structures are not observed in the

scattering data as the structures are not very pronounced concerning height differences.

Consequently, it is not sufficient to measure the surface topography and conclude then on

the inner film morphology without actually measuring it.

5.2.4 Vertical material composition

To gain a full understanding of the morphology in a bulk heterojunction film, a detailed

knowledge of the vertical material composition is necessary. Therefore, X-ray reflectivity

(XRR) measurements are performed which detect a vertical material composition pro-

file with a sub-nanometer resolution.[139] In figure 5.10 the XRR curves of as-spun and

annealed P3HT:PCBM films cast from different solvents are shown. The region of total

reflection including the material sensitive critical angles at low qz appears independent of

the used solvent and the thermal annealing. As the used materials are identical for all

investigated systems, no deviation in the critical angle is expected. For a more detailed

quantitative analysis the XRR data are fitted with the Parratt algorithm (section 2.3.2).

From the fitting, film thicknesses of about (95 ± 7) nm are revealed for all films. Slight

changes of 1-2 nm are found due to annealing of the film. The roughnesses are found to

be around 0.4 nm except for the as-spun film made from xylene which has a roughness of

2 nm. The roughnesses differ slightly from the roughnesses found by AFM measurements

(section 5.2.3). While AFM probes just an area of several tens of µm2, the illuminated

area in an XRR experiment is one order of magnitude larger. As a consequence, a de-

viation in roughness can occur. Besides the film thickness, the refractive index profile

is extracted from the fitting. The presence of the residual solvents do not influence the
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Figure 5.10: X-ray reflectivity data

(symbols) with fits (solid lines) of as-

spun (lower four curves, circles) and

annealed (upper four curves, triangles)

P3HT:PCBM bulk heterojunction films

cast from chloroform (red), toluene

(cyan), chlorobenzene (green) and xylene

(blue) solutions. The curves are shifted

along the y-axis for clarity.

determination of the refractive index profile as their refractive indices are similar to that

of P3HT and the amount is very small. Actually, soft X-rays or neutrons have to be used

to determine the amount of residual solvents in polymer films.[140, 141]

The refractive index profile is transfered to a material composition profile which contains

information of the material composition, i.e. PCBM content in the P3HT:PCBM film,

as a function of depth. To illustrate the vertical material profile in a more demonstrative

way, a grayscale-coded presentation is chosen.[142] Therefore, pure P3HT and PCBM are

depicted as white and black, respectively. The grayscaling is following a linear dependence

from white to black for linearly increasing PCBM content. In an ideal vertical material

composition of a P3HT:PCBM solar cell, the hole and electron conducting materials are at

the hole and electron extracting electrodes, respectively. That means that PCBM (black)

should be at the top aluminum electrode and P3HT (white) at the bottom ITO electrode.

In addition, a vertical composition gradient might improve charge-carrier transport to

the electrodes.[143] Consequently, from bottom to top such an ideal profile would show a

continuous transition from white to black in a grayscale-coded presentation.

In figure 5.11 vertical material composition profiles of as-spun and annealed P3HT:PCBM

bulk heterojunction films in a grayscale presentation are shown. It has to be noted that

no lateral structures can be detected by XRR and are therefore not included in this pre-

sentation. All profiles reveal vertical segregation of P3HT and PCBM which are strongly

depending on the solvent. While films cast from chloroform show enrichment of P3HT and

PCBM at the top and bottom, respectively, the films made from the other solvents reveal

a reversed composition. The arrangement in the chloroform case is inversed compared to

the ideal profile and therefore very disadvantageous for photovoltaic performance. The

thermal annealing further amplifies this inverse structure. This type of enrichment results

in an interfacial barrier concerning charge transport and therefore explains the s-shaped
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Figure 5.11: Grayscale-coded material composition profiles of as-spun (a-d) and annealed (e-h)

P3HT:PCBM bulk heterojunction films cast from chloroform (a,e), toluene (b,f), chlorobenzene (c,g)

and xylene (d,h) solutions. Black and white correspond to pure PCBM and P3HT material, respectively.

The substrate (bottom) and the air (top) interface are depicted as red lines.

IV-curves when measuring the photovoltaic performance (figure 5.2).

The as-spun film made from toluene exhibits a gradual transition from a PCBM layer

at the top to an intermixed layer at the bottom. Thermal annealing enhances this gradi-

ent with a pure P3HT layer forming at the bottom. In addition, PCBM enriches at the

very bottom. In the case of chlorobenzene, a homogeneous film with a 2 nm thin PCBM

enriched top layer is detected after spin coating. The PCBM top layer vanishes due to

annealing and a bilayered system is developing. The thinner bottom layer contains mainly

P3HT while the top part is a mixture of P3HT and PCBM. Finally, the P3HT:PCBM

film cast from xylene is initially also a homogeneous mixture with a 5 nm PCBM top

layer. After annealing the main part of the film is still homogeneously mixed but the top

layer smears over. In addition, there is an indication that after annealing all films reveal

a very thin top layer of P3HT. However, its thickness is not detectable as the signal from

the top layer is convoluted with the surface roughness. The formation of the additional

P3HT layer is energetically driven as the surface free energy of P3HT (26.9 mJ/cm2) is

smaller than that of PCBM (38.2 mJ/cm2).[144, 145] However, the systems are far from

equlibrium, even after 10 min of thermal annealing, and the solvent still influences the

evolution of the morphology.[9, 142]

Compared to the vertical material composition of the films made from chloroform, the

films cast from the other solvents reveal the correct material arrangement concerning

charge transport. Nevertheless, there are still deviations which should favor the films

made from toluene and chlorobenzene due to the P3HT enrichment at the bottom which

acts as a kind of blocking layer. This type of layer is missing in the case of the films

cast from xylene. A further improvement could be reached by adding an additional pure

PCBM layer on top as shown by Kumar et al.[146]

Investigations of the influence of thermal annealing and different casting conditions, like
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spinning speed, on the vertical material composition were reported. P3HT:PCBM bulk

heterojunction films cast from chlorobenzene were characterized with neutron reflectivity.

[147, 148] Both studies found a P3HT layer near the surface as expected from the surface

free energies. In addition, enriched PCBM was revealed at the bottom layer. However, the

detailed near surface structure was not in agreement with each other. Also the influence

of thermal annealing showed different effects. A study with ellipsometry also probed the

vertical material composition in P3HT:PCBM bulk heterojunction films in dependence

of spinning speed, annealing and substrate type.[149] The authors revealed also enriched

P3HT at the surface and PCBM at the bottom. However, the detected material compo-

sition profiles are found to be linear which is in contrast to other findings and might be

a result of the low depth resolution of ellipsometry.

In this thesis, no enrichment of PCBM at the substrate, except for the films cast from

chloroform, is found. Also the surface enrichment is different. Consequently, all investi-

gated systems are far from structural equilibrium and at different states of the vertical

morphology evolution. All reported studies used different types and times of annealing,

different blend ratios, different film thicknesses etc. which makes a direct comparison

impossible. It seems that the detailed vertical material composition is very sensitive to

the experimental protocol in terms of the used preparation method and annealing steps.

5.2.5 Results

In figure 5.12 the results from AFM, GISAXS and XRR measurements are summarized

in schematic morphologies for annealed P3HT:PCBM bulk heterojunction films cast from

different solvents. Only pure phases of P3HT (white) and PCBM (black) are pictured and

phases with a molecular mixture of P3HT and PCBM, as found recently, are not resolved

with these experiments and therefore neglected. The subject of molecularly dissolved

PCBM in P3HT phases is addressed in section 5.3.

For films made from chloroform a bilayer structure is found with the disadvantageous

inverse arrangement, i.e. the hole conducting material, P3HT, is enriched at the electron

extracting electrode, aluminum. Therefore, the found IV-characteristics shows the s-shape

due the interfacial barrier. No characteristic lateral structures are found in the inner film

region. Consequently, the bad photovoltaic performance is mainly due to the inverse

vertical material composition.

On the contrary, the films made of toluene, cholorbenzene and xylene show the correct

vertical material composition. Nevertheless, the exact arrangement is different. The films

cast from xylene seem to be disadvantageous as features like dominating enrichment layers

are missing and short cuts seem to be possible. However, these films show the largest

P3HT crystals. In the case of lateral structures, the film made from toluene reveals the
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Figure 5.12: Schematic morphologies of annealed P3HT:PCBM bulk heterojunction films cast from

chloroform (a), toluene (b), chlorobenzene (c) and xylene (d) solutions as reconstructed from AFM,

GISAXS and XRR analysis. Black and white correspond to pure PCBM and P3HT phases, respectively.

Prominent length scales are indicated. The illustration of the films are streched and therefore structures

seem more elongated as they are assumed to be.

smallest size, but additional PCBM is found at the bottom electrode. And finally, the

film made using chlorobenzene has a bottom P3HT layer but a considerably higher lateral

structure size.

Nevertheless, all these systems show a very similar photovoltaic behavior. It seems that

the different problems, i.e. large lateral length scales, missing enrichment layers or small

crystal sizes, and the advantageous features observed in the different P3HT:PCBM films

cancel each other out concerning photovoltaic performance. However, the exact knowledge

of the morphology of the active layer makes it possible to identify different ways for

improvement of the structure and thus the photovoltaic performance.

From the finding that the topography does not coincide with the inner film morphology

and similar photovoltaic behavior, it has to be concluded that it is not possible to deduce

from the photovoltaic characterization and topography measurements on the inner film

morphology. In summary, similar IV-curves can result from totally different morphologies.

5.3 Influence of composition

In the previous section, the influence of solvent and thermal annealing on the the morphol-

ogy of P3HT:PCBM bulk heterojunction films as active layer in a photovoltaic device has
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been discussed. The characterization and data analysis is performed under the assumption

that just pure phases of P3HT and PCBM exist, i.e. molecular intermixing of P3HT is

neglected. However, recent investigations on systems of conjugated polymers with PCBM

revealed an intermixing of both components on the molecular scale.[150, 151, 152, 153]

These studies probed the molecular miscibility and diffusion of PCBM in different con-

jugated polymers. It was shown that P3HT and PCBM intermix on a molecular level

and that PCBM diffusion is a very fast process. These investigations were performed on

bilayer and strongly phase separated systems. In the following section, the morphology

of P3HT:PCBM bulk heterojunction films as a function of the blend ratio is probed. The

usage of GISANS makes it possible to detect object, structure and domain sizes as well

as the molecularly dissolved PCBM ratio.

P3HT:PCBM bulk heterojunction films with a thickness of about 300 nm (profilometer

measurements) are prepared via spin coating from chlorobenzene solution and annealed

at 140 °C for 10 min in an inert gas atmosphere. blend ratios with a PCBM content of

9 wt%, 25 wt%, 33 wt%, 50 wt% and 67 wt% are used.

5.3.1 Spectral characterization

The wavelength-dependent absorbance of annealed P3HT:PCBM films with different

blend ratios reveals features from both P3HT and PCBM (figure 5.13a). As the exact film

thicknesses are unknown the absorption coefficient α cannot be calculated from the ab-

sorbance spectra. However, from the main P3HT peak intensity AP3HT the film thickness

d can be estimated. Using the corresponding absorption coefficient αP3HT = 0.016 nm−1

of pure P3HT from figure 5.1 and the blend ratio φPCBM of the P3HT:PCBM films the

thickness d can be calculated with

d =
AP3HT

αP3HT (1 − φPCBM) lg(e)
. (5.1)

A thickness of (305± 15) nm is revealed for all blend ratios. The thicknesses are in good

agreement with the results from measurements with a profilometer.

The PCBM peak position at 335 nm does not change with varying PCBM content. The

main P3HT peak at around 500 nm shifts to lower wavelength with increasing PCBM con-

tent which is due to an increase of the energy gap, i.e. due to a decrease of the π-electron

system. Intra- as well as intermolecular order influence the π-electron system. While the

former refers to the conjugation length of a polymer chain, the later describes polymer

chain crystallization. The decreased order in both results in a blue shift of the main

absorption peak.[25] Furthermore, the absorbance curves reveal shoulder-like features at

550 nm and 600 nm for all blend ratios which is attributed to crystalline P3HT. Hence,

P3HT crystallizes in films with different PCBM content but its order is also disturbed
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Figure 5.13: a) Wavelength dependent absorbance spectra of annealed P3HT:PCBM bulk heterojunction

films with different PCBM content of 9 wt% (black), 25 wt% (red), 33 wt% (green), 50 wt% (blue) and

67 wt% (magenta). b) The ratio of the PCBM peak intensity at 335 nm compared to the sum of the P3HT

and PCBM peak intensities. The uncertanties are obtained from the comparison of absorption data of

as-spun and annealed systems. The red line is a linear fit to the data.

by the presence of PCBM molecules as seen in the shift of the main absorption peak. As

already found in the previous section, no additional features appear, so that no significant

ground state charge transfer is taking place.[123]

To extract further information on the molecular order of the P3HT chains, the absorbance

spectra are analyzed using the weakly coupled H-aggregate model.[23] Details on the H-

aggregation of P3HT are discussed in section 2.1.2. The vibronic features, i.e. the shoul-

ders at 550 nm (0-1 transition) and 600 nm (0-0 transition), of the P3HT absorbance

spectra are fitted by Gaussian functions. From the ratio of the absorbance peaks, the

magnitude of interchain coupling can be estimated within an H-aggregate model.[154]

The free exciton bandwidth is found to be about 270 meV for all blend ratios which is

high in comparison to other findings.[23] However, the free exciton bandwidth was also

found to depend strongly on the solvent used.[155] Therefore, the conjugation length is

not altered by the PCBM content but is constant. Consequently, the shift of the main

absorbance peak has to be due to a decrease of interchain order as a function of PCBM

content. Gao et al. showed that the ratio of aggregated and unaggregated, i.e. amor-

phous, P3HT phases can be estimated by fitting the vibronic peaks and comparing their

areas with the area of the amorphous contribution.[25] The amorphous contribution was

obtained by comparing the difference of the absorbance spectrum and the fitting of the

vibronic peaks with the absorbance spectrum of a dilute P3HT solution which reveals no

crystalline order. Therefore, the spectrum was shifted to the onset of the absorbance spec-
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trum. Finally, the spectrum of the solution was fitted by another Gaussian function. The

ratio of the areas of the fits of the vibronic and the amorphous fraction is the estimation

of the ratio of the aggregated and unaggregated P3HT phases, i.e. the crystallinity.[25]

In this study, the same approach is used to estimate the crystallinity of P3HT in the bulk

heterojunction films with different PCBM content. A crystallinity between 60% and 40%

is revealed which is decreasing with increasing PCBM content. However, the uncertainty

of the estimation is about 15% as the vibronic contributions are no distinct peaks but

shoulder-like features. Nevertheless, the decrease in crystallinity explains the blue-shift

of the main absorbance peak position nicely. In addition, these crystallinity values are in

agreement with literature values.[156]

The studies, mentioned above, found that PCBM does not influence the crystalline orga-

nization of P3HT and incorporates only in the amorphous parts of the P3HT phase.[150,

151, 152] However, these studies were performed on layered systems in which the P3HT

layer was prepared separately and was able to order undisturbedly. In the bulk hetero-

junction system discussed here, P3HT and PCBM interact already in the solution and

during spin coating. Therefore, a disturbance of the crystalline ordering of P3HT by

PCBM is possible. These results are in agreement with findings of Gao et al.[25]

Besides the information on molecular ordering of P3HT the absorbance spectra also con-

firm the blend ratio of P3HT and PCBM. In figure 5.13b the ratio of the absorbance

at 335 nm which is attributed to PCBM and the sum of the P3HT and PCBM peak

intensities is shown as a function of the blend ratio. Since the ratios are following a linear

function, the actual blend ratio is equal to the blend ratio in the initial solution.

5.3.2 Structural characterization

To probe the detailed morphology of the P3HT:PCBM films with different blend ratios,

grazing incidence small angle neutron scattering (GISANS) is chosen. Besides the de-

termination of the structure, special focus is put on molecularly dissolved PCBM in the

P3HT phase. The main advantages of using neutron scattering instead of X-ray scatter-

ing are that the substrate material, silicon, is transparent for neutrons and also reveals a

smaller SLD than PCBM. Therefore, neutron scattering is more sensitive to the material

composition of the probed films. In addition, neutrons interact with the atomic nuclei

and chemical degeneration of polymers, as it can occur in the case of X-rays, does not

take place. The drawback of neutron scattering techniques is the typical low intensity of

the primary beam and therefore, counting times in the range of several hours are normal.

Due to the high scattering contrast of P3HT and PCBM with SLDs of 0.83·10−6 Å−2

and 4.3·10−6 Å−2, respectively, deuteration of one component is not necessary for the
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Figure 5.14: 2d GISANS data (a-e) and corresponding IsGISAXS simulations (f-j) of annealed

P3HT:PCBM bulk heterojunction films with different PCBM content of 9 wt% (a,f), 25 wt% (b,g), 33 wt%

(c,h), 50 wt% (d,i) and 67 wt% (e,j). The same color coding is used for all 2d data.

investigated system in this study.

In figure 5.14a-e the 2d GISANS scattering data of P3HT:PCBM bulk heterojunction films

with different PCBM content are shown. The main changes in intensity occur rather in

horizontal than in vertical direction. Therefore, lateral structures alter as a function of

the PCBM content. Besides the wing-like features in horizontal direction, also two peaks

at qy = 0 are observed. While the peak with the higher intensity is the specular reflection,

the second peak is the material sensitive Yoneda peak. The Yoneda peak is shifting to

higher qz values with increasing PCBM content and is therefore probing the P3HT:PCBM

material composition.

The program IsGISAXS is used for a detailed quantitative analysis of the scattering

data within the DWBA.[85] The simulated 2d IsGISAXS pattern (figure 5.14f-j) are in

good agreement with the measured data. PCBM phases in a P3HT matrix are chosen as

IsGISAXS model (inclusions encapsulated in a layer on a substrate). The inverted model

with P3HT phases in a PCBM matrix is not able to fit the data. In particular, an inverted

model revealed a split Yoneda peak instead of a single one as found in the experiment.

The layer thickness is set to 300 nm in agreement with the results from the profilometer

measurements and the estimations from the absorbance spectra. The PCBM phases are

modeled by cylindrical objects which are typically used for polymer blends measured with

GISAS due to the rotational isotropy of the samples with respect to rotations around the

surface normal.[77] Two form factors describing two different species of PCBM phases

and one structure factor are used to fit the GISANS data. Small PCBM objects and
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bigger PCBM domains are needed. The scattering data of the P3HT:PCBM films with

25 wt% and 33 wt% PCBM content cannot be fitted by only one PCBM object, but a

second, slightly bigger, PCBM object is required. The population of the PCBM domains

is found to be below 0.05%. In figure 5.15 the out-of-plane cut of the GISANS data of the

P3HT:PCBM film with a PCBM content of 25 wt% with three different fits is shown. The

top curve is fitted by a model without the big PCBM domains. Although these domains

have a very small population this species is needed to fit the data. Fits with big PCBM

domains and one or two smaller PCBM objects are presented in the middle and bottom

curves, respectively. It is obvious that for fitting the curve at high qy values adequately,

the second PCBM object is needed.

While the structure factor corresponds to the distance between PCBM objects, the

inter-domain distance is not resolved by this GISANS experiment. A one-dimensional

paracrystal is used as interference function for the structure factor (section 2.3.3). Gaus-

sian functions are used for the distribution of the structure and the form factors. To ac-

count for molecularly dispersed PCBM, the scattering length density of the P3HT phase

is fitted. The semicrystalline P3HT phase is treated as one phase in this model as the

scattering contrast is low compared to the contrast of P3HT and PCBM. In figure 5.16

a schematic illustration of the used model is shown with PCBM objects of certain size

and structural length embedded in a P3HT matrix. The semicrystallinity of P3HT and

the big PCBM domains are not depicted. The out-of-plane and detector cuts are fitted

simultaneously and the 2d patterns are simulated. The resolution of the instrument used

for the GISANS experiments (D22 at ILL) is included by the experimental wavelength

Figure 5.15: Double-logarithmic plot of

out-of-plane cuts taken at the critical angle

of PCBM of 2d GISANS measurements

from annealed P3HT:PCBM bulk hetero-

junction films with a PCBM content of

25 wt%. The red lines are fits to the data

(black symbols) using different IsGISAXS

models. From bottom to top the fits, us-

ing the final model with two small objects

and one domain, a model with one small

object and one domain and a model with

only two small domains, are shown. The

dashed line indicates the resolution limit.

The curves are shifted along the y-axis for

clarity.
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Figure 5.16: Schematic illustration of the model used for the IsGISAXS simulation. The model consists

of objects (PCBM) embedded in a matrix (P3HT) and includes object (blue) and structure (red) sizes.

The domains are not shown for clarity. P3HT and PCBM are depicted as red chains and gray spheres,

respectively.

distribution of ∆λ/λ = 10%.

The IsGISAXS program was initially developed and used to simulate nanoparticles on

a substrate.[85] Therefore, IsGISAXS focuses mainly on lateral structures and misses a

possibility to insert an appropriate interface roughness in the models. In addition, multi-

layer structures cannot be simulated but have to be approximated by only one layer. The

Yoneda peak can be fitted sufficiently although it is often not possible to fit the detector

cut completely. Moreover, IsGISAXS simulates diffuse scattering only. Therefore, the

contributions of the specular reflection and from the transmitted beam are added to the

detector cuts by Gaussian functions independent of the IsGISAXS fitting.

The detector and out-of-plane cuts with their corresponding fits are presented in fig-

ure 5.17. The fits arise from the complex interplay of the parameters put into the Is-

GISAXS model described above. In the detector cut the shift of the Yoneda peak (high-

lighted by an arrow) with increasing overall PCBM content is observed. The shift is due

to an increase of the averaged SLD of the P3HT:PCBM bulk heterojunction films and is

also represented by the fitting. The exact Yoneda peak position is an interplay of the size

and distances of the PCBM phases in the P3HT matrix as well as the P3HT SLD. To

fit the Yoneda peak position correctly, the SLD of the P3HT matrix has to be increased

in the model used. The increase of the P3HT SLD can only be explained by molecularly

incorporated PCBM in the P3HT phase. Therefore, we probe PCBM molecules embed-

ded between P3HT chains. PCBM objects with size as small as 2-3 nm and bigger can

already be measured with GISANS and appear in the out-of-plane cut. Since 2-3 nm

PCBM objects correspond to an aggregation of three PCBM molecules, the increase in

the P3HT SLD is due to single PCBM molecules dispersed in P3HT. The PCBM object

sizes and distances as well as the domain sizes contribute mainly to the out-of-plane cuts.

The parameters extracted from the fitting with the IsGISAXS model are summarized in
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Figure 5.17: a) Logarithmic plot of detector cuts and b) double-logarithmic plot of out-of-plane cuts

taken at the critical angles of PCBM of 2d GISANS measurements from annealed P3HT:PCBM bulk

heterojunction films with different PCBM content. The PCBM content of 9 wt%, 25 wt%, 33 wt%,

50 wt% and 67 wt% is increasing from bottom to top. The red lines are fits to the data (black symbols)

using IsGISAXS. The arrow and the dashed line indicate the shift of the Yoneda peak and the resolution

limit, respectively. The curves are shifted along the y-axis for clarity.

figure 5.18 as a function of the overall PCBM content. The distribution of the parameters

is represented by the error bars (figure 5.18a-c). The dominating PCBM phases are ob-

jects with a radius ranging from 3 nm to 10 nm, whereas the largest size is found for the

P3HT:PCBM bulk heterojunction films with an overall PCBM content of 50 wt% (fig-

ure 5.18a). These objects reveal a population of more than 90%. A second PCBM object

with a radius of 18 nm and 16 nm and with a low probability of 1% and 8% is needed

to describe the scattering data of the systems with 25 wt% and 33 wt% PCBM content,

respectively. A second PCBM object might be required to reproduce the non-equilibirum

morphology in such bulk heterojunction systems.

For P3HT:PCBM films with a PCBM content of 9 wt%, a broadly distributed structure
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Figure 5.18: Parameters extracted from the IsGISAXS fitting of the GISANS data shown in figure 5.14.

a) Object radius, b) domain radius, c) structure size and d) the fraction of molecularly dispersed PCBM

in the P3HT phase depending on the overall PCBM content are shown. The error bars represent the

distribution of the length scales (a-c) and the uncertainty (d). The blue (a) and green (b) lines are guide

to the eyes and the red line (d) is a linear fit to the data.

size, i.e. the distance between the PCBM objects, of 80 nm is found. The structure size

for the systems with higher PCBM content decreases to about 20 nm independent of the

actual blend ratio (figure 5.18a). This structure size is in the range of the exciton diffusion

length, thus beneficial for the exciton separation and will finally improve the efficiency.

The deviation from the length scale found in section 5.2 for the P3HT:PCBM films made

from chlorobenzene is due to the difference of the film thickness. While in this study films

with a thickness of 300 nm are characterized, the films in section 5.2 have a thickness of

100 nm. It is well known that structure sizes can change with film thickness.[157] Besides

small PCBM objects, also big PCBM domains with a radius of 100 nm to 200 nm are

revealed. These domains only have a probability of less than 0.05% and therefore occur
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rarely.

In figure 5.18d the volume fraction γPCBM of molecularly dispersed PCBM in the P3HT

phase is depicted as a function of the overall PCBM content. The volume fraction γPCBM

is obtained from the increased SLD of the P3HT matrix needed in the IsGISAXS model

to fit the data. For the system with only 9 wt% the PCBM fraction γPCBM lies in the

resolution limit of about 1.5 vol%. With the overall PCBM content, the molecularly dis-

persed PCBM fraction γPCBM increases up to 15 vol% for the investigated concentration

range.

It was reported by several groups that PCBM does not incorporate in the P3HT crystals

but in the amorphous portions of the P3HT phase.[150, 151, 152, 153] Therefore, the

actual fraction of molecularly dispersed PCBM in the amorphous part of P3HT is higher.

The analysis of the absorbance data revealed a crystallinity between 40% and 60% which

is decreasing as a function of the overall PCBM content. Consequently, a molecularly

dispersed PCBM fraction γ∗PCBM up to 35 vol% is observed. This limit is in agreement

with previous reports[150, 151] and in the range of the miscibility regime (> 42 vol%

P3HT) of P3HT:PCBM reported by Kozub et al.[158] In contrast to this, a miscibility

limit of 20 vol% was reported by Yin et al. [159] which is challenged by the presented

results.

5.3.3 Results

The combination of absorption and GISANS measurements is used to characterize the

morphology of P3HT:PCBM bulk heterojunction films as a function of overall PCBM

content. Advanced modeling with the weakly coupled H-aggregate model and the DWBA

using IsGISAXS reveals detailed knowledge of the P3HT:PCBM film structure. The ab-

sorbance spectra exhibit a disturbance of the crystalline (interchain) order of P3HT due

to PCBM molecules whereas the conjugation length (intrachain order) stays constant.

The crystallinity of P3HT decreases with PCBM content. From the scattering data the

inner film morphology is determined. Small PCBM objects and big PCBM domains are

found in a P3HT phase. For the blend ratio which typically shows the highest photo-

voltaic performance (50 wt% PCBM) a structure size fitting the exciton diffusion length

is found. In addition, the largest PCBM objects are found for the symmetric blend ratio.

Furthermore, the volume fraction of molecularly dispersed PCBM is determined. Together

with the crystallinity information from the absorbance analysis a maximum volume frac-

tion of molecularly dispersed PCBM of 35 vol% is found. This finding confirms the results

reported on the molecular miscibility of PCBM in conjugated polymers which was found

in bilayer and strongly phase separated systems.[150, 151, 152, 153] Moreover, this study

extends the previous reports to bulk heterojunction systems.
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In general, these findings are of high importance for the modeling of device physics in or-

ganic photovoltaic devices. So far, only pure phases were assumed in such modeling.[160]

In principal, molecularly dispersed PCBM will improve exciton separation. However,

PCBM molecules also can act as traps and will increase geminate recombination. Conse-

quently, additional structural investigations and modeling of the device physics in inter-

mixed phases have to be carried out to understand the influence of molecularly dispersed

PCBM.

5.4 Addition of dye

In the previous sections, the influence of external parameters like solvent and blend ratio

on the P3HT:PCBM film morphology is detailed. The aim is to understand the influence

of external parameters and finally to improve the photovoltaic performance of an organic

solar cell by optimizing the morphology. Another approach of enhancing the photovoltaic

performance is the introduction of an additional component into the active layer of an

organic solar cell. Such an approach results in so-called ternary systems, i.e. a blend of

three different materials.

The function of such a third component can be the optimization of the active layer mor-

phology or the change of opto-electronic properties. One of the most common approaches

is to broaden the absorption range of the active layer to the IR wavelength range. This is

sensible as most polymer:fullerene systems absorb only in a very narrow wavelength range.

In the case of P3HT:PCBM systems, for instance, no absorption is taking place above

650 nm (see figure 5.1). One approach to broaden the absorption range is to incorporate

particles with plasmonic properties into a bulk heterojunction solar cell.[161, 162] Also

the usage of additional organic components with a complementary absorption range in a

known donor-acceptor system has been reported. Conjugated polymers as well as organic

dyes, such as porphyrins and phthalocyanines, were used as a third component in poly-

mer:fullerene systems.[163, 164, 165, 166, 140, 167, 168] The influence of incorporating a

third component on the photovoltaic performance was found to be strongly dependent on

the actual component used. Although the absorption range was extended several systems

showed a decreased performance. This behavior was related to the aggregation of the

dye molecules and an alteration of the morphology which is crucial for the photovoltaic

performance. In general, the incorporation of a third component always influences the

morphology of the initial system.
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5.4.1 Molecular ordering

In this study, the ternary system P3HT:PCBM:OPc with varying OPc content is investi-

gated. The P3HT:PCBM ratio is kept constant at 1:1. Thin films are spin coated from

chlorobenzene solution. The absorption coefficient α(λ) of the dye OPc reveals three dis-

tinct features: at 340 nm and 460 nm characteristic Soret absorption bands and the main

absorption at 855 nm (Q-band) with a high absorption coefficient (figure 5.19). With the

main absorption peak at 855 nm OPc reveals a complementary absorption range.

Figure 5.19: Wavelength dependent ab-

sorption coefficient α(λ) of the dye OPc.

Previous reports on the same system revealed that OPc is contributing to the charge

carrier generation as seen from external quantum efficiency (EQE) measurements (fig-

ure 5.20).[168] For a blend ratio of P3HT:PCBM:OPc = 1:1:0.1, OPc contributed to the

charge carrier generation with 10% at 800 nm, determined with EQE. As P3HT and

PCBM do not absorb in this region the charge carriers originate from OPc. Besides the

additional OPc contribution, also a slight decrease of the EQE in the wavelength range

from 400 nm to 650 nm was observed. For higher OPc content the EQE is decreasing

dramatically. The authors also performed investigations with transient absorption mea-

surements and suggested a reaction path after the OPc molecule absorbed the incoming

light [168]: due to light absorption, an electron is excited on the OPc molecule and directly

transferred to a PCBM molecule. The remaining hole is transferred to a P3HT molecule

afterwards. Subsequently, the free charge carriers are transported to the electrodes in the

P3HT and PCBM phases, respectively. It was concluded that the OPc molecule has to be

in contact with both, PCBM and P3HT phases, and therefore resides at the interface of

P3HT and PCBM. The strong decrease of the EQE for higher OPc content was related to

OPc molecules with no contact to both phases and in addition a disturbed conductivity

in P3HT due to the incorporated OPc molecules.[168] However, no additional structural
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Figure 5.20: External quantum effi-

ciency of P3HT:PCBM devices with dif-

ferent concentrations of the dye OPc. The

figure is taken from reference [168].

investigations and no further photovoltaic characterization were presented.

The absorption coefficient spectra of as-spun and annealed P3HT:PCBM:OPc ternary

blend films (4.8 wt% OPc content) are shown in figure 5.21a. Features of all three com-

ponents are well represented. In the as-spun case, the P3HT contribution reveals no

shoulder-like features as already found for as-spun P3HT:PCBM films (section 5.2). Con-

sequently, P3HT exhibits no or only very low crystallinity. While thermal annealing at

140 °C for 10 min does not change the PCBM features and results in only slight broaden-

ing of the OPc peak at 780 nm, the P3HT contribution changes clearly. On the one hand,

the main absorption peak is red-shifted which is an indication for increased ordering of

the P3HT chains. On the other hand, shoulder-like features appear due to vibrational

excitations in P3HT crystals. Consequently, P3HT crystallizes although PCBM and OPc

are present. For further analysis, a calculated absorption coefficient spectrum of a ternary

film is shown in figure 5.21a. The calculated spectrum is a simple superposition of the

as-spun P3HT, PCBM and OPc absorption coefficient spectra weighted with their respec-

tive ratios. It is clearly visible that the absorption coefficient of the calculated spectrum

is higher compared to the measured ones. This difference in absorption coefficient is

attributed to the close interaction of the single molecules which alters the absorption co-

efficient. Consequently, a simple superposition is not sufficient to estimate the spectra.

Nevertheless, the peak position and the shape still reveal information.
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Figure 5.21: a) Comparison of the measured wavelength dependent absorption coefficient α(λ) of as-spun

(black dashed line) and annealed (black solid line) P3HT:PCBM:OPc ternary blend films (ratio 1:1:0.1)

with the corresponding calculated absorption coefficient (red line). b) X-ray reflectivity data (symbols)

with fit (red line) of a ternary blend film (bottom) and an OPc film (top). The Bragg reflection of OPc

aggregates is highlighted by the arrow. The curves are shifted along the y-axis for clarity.

The PCBM contribution at 335 nm stays unchanged when blended with P3HT and

OPc regarding peak position and shape. Otherwise the P3HT absorption contribution

changes with blending. The position of the main P3HT peak of the calculated spectrum

lies between the as-spun and annealed measured spectra. The same is observed for the de-

velopment of the shoulder-like features representing P3HT crystallization. Consequently,

the as-spun ternary film is less ordered than the as-spun P3HT film but thermal annealing

reveals an ordering lying between the as-spun and annealed case of pure P3HT. The most

remarkable difference of the calculated absorption spectrum and the measured spectra is

the large blue shift of the Q-band absorption of OPc from 850 nm to 775 nm. The blue

shift is due to a less extended π-electron system. It was reported earlier that the Q-band

position is directly connected to the size of the π-conjugated system of the phthalocyanine

ring.[169] Due to π-π-stacking of phthalocyanine molecules, i.e. aggregation, the conju-

gated system is enlarged. In the case of porphyrin aggregates [165] and the confinement

of the conducting homopolymer polypyrrole [114], blue shifts were observed.

To probe the film thickness and the ordering of OPc directly, X-ray reflectivity (XRR) is

used (figure 5.21b). The thickness is determined to be 64 nm which is extracted from the

distances of the Kiessig fringes as the data cannot be fitted due to the high roughness (see

section 2.3.2). XRR is typically not applied to detect molecular ordering but to measure

film thicknesses. However, XRR is using the same geometry as X-ray diffraction (XRD)

measurements just for smaller angles. As the lattice constants of organic crystals are large
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in comparison to their inorganic counterparts, the XRR setup used here can detect crys-

talline order for organic materials with lattice constants above 1.45 nm. In figure 5.21b

the XRR curve of an OPc and a ternary blend films are shown. The OPc film reveals a

pronounced Bragg reflection at 3.93 nm−1 which corresponds to a distance of 1.60 nm.

This distance was found for chemically similar phthalocyanine molecules and corresponds

to their interstack spacing in aggregates.[170] The XRR curve of the ternary blend film

does not reveal a Bragg reflection. So, while OPc aggregates in pure OPc films, no or

only little aggregations are formed in the blended films. Consequently, OPc molecules

are homogeneously distributed in the ternary film. The vanishing Bragg reflection due to

blending is in agreement with the large blue shift of the Q-band found in the absorption

spectrum. Thus, the aggregation of OPc can be probed by the Q-band position. The

constant Q-band position in the measured absorption spectra of the ternary films (fig-

ure 5.21a) is an evidence that OPc does not aggregate even when the system is annealed.

Figure 5.22: Wavelength dependent absorbance spectra of as-spun (a) and annealed (b) ternary

P3HT:PCBM:OPc blend films with different OPc content (from 0 wt% to 33 wt%). The arrows indi-

cate the increasing OPc content.

The influence of the OPc content up to 33 wt% on the molecular ordering is probed by

absorption measurements. In figure 5.22a the absorbance spectra of the as-spun ternary

blend films are shown. The OPc Q-band absorption peak increases with the OPc content.

In addition, the absorption in the UV-range is enhanced due to the OPc Soret absorption

band. The absorption of the P3HT decreases when adding OPc, but then stays unal-

tered for changing OPc content. The initial drop of the absorbance is due to less P3HT

which arises mainly from a smaller film thickness. For the 33 wt% ternary blend film,

the absorption peak at 500 nm changes in position and shape which is due to the OPc
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absorption. The most remarkable feature is the constant Q-band position which means

that OPc forms no or just small aggregates in ternary P3HT:PCBM:OPc films with at

least up to 33 wt% OPc content.

Thermal annealing changes the absorbance spectra only partly (figure 5.22b). The major

changes are the appearance of shoulder-like features at 550 nm and 600 nm which are due

to the crystallization of P3HT. These shoulders do not change with OPc concentration

and it therefore seems that OPc does not incorporate inside the P3HT crystals. This

finding is in agreement with the results on molecularly dispersed PCBM which are dis-

cussed in section 5.3. It was found that PCBM does not embed in the P3HT crystals but

in the amorphous P3HT phase.[150, 151, 152] The PCBM contribution stays unaltered as

already known from thermal annealing of P3HT:PCBM systems without dye. The OPc

Q-band absorption changes only slightly in absorbance and reveals a red shift of about

1 nm. Consequently, also thermal annealing does not result in a significant aggregation of

OPc which leads to the conclusion that the dye molecules are homogeneously distributed

in the ternary blend.

In figure 5.23 optical micrographs of the ternary P3HT:PCBM:OPc blend films with dif-

ferent OPc content are shown. With increasing dye concentration the overall color of the

micrographs changes due to the altered absorption of the films. Except for the change

of color, no significant difference are observed. Homogeneous films form independently of

the OPc content. In addition, the dye content does not enhance PCBM cluster formation

or cluster itself.

Figure 5.23: Optical micrographs of as-spun ternary P3HT:PCBM:OPc blend films with 0.0 wt% (a),

1.0 wt% (b), 2.0 wt% (c), 2.9 wt% (d), 4.8 wt% (e), 10 wt% (f), 17 wt% (g) and 33 wt% (h) OPc content.

The micrograps are taken at magnifications of 10× (a-d) and 100× (e-h). The scale bars are valid for all

micrographs with a magnification of 10×.
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5.4.2 Photovoltaic characterization

P3HT:PCBM:OPc ternary blend solar cells are characterized to determine the photo-

voltaic performance as a function of the OPc content. While P3HT:PCBM solar cells

without dye reached an efficiency of 3.3% under AM1.5G illumination (100 mw/cm2),

already the addition of 0.01 wt% OPc decreases the efficiency. OPc and P3HT compete

for photons as both components have an overlap in absorption. However, due to the

smaller absorption coefficient in the overlap region and less amount of OPc compared to

P3HT this cannot explain the drop in efficiency to 0.6%. In figure 5.24 the open-circuit

voltage UOC and the short-circuit current ISC are shown as a function of the OPc content.

The decrease of the open-circuit voltage is due to a higher internal resistance in the solar

cell. Similar behaviors were already reported for porphyrins and phthalocyanine dyes

in ternary systems.[166, 167] Additionally, dye molecules act as traps and increase the

recombination and therefore decrease the open-circuit voltage.

Figure 5.24: Double-logarithmic presen-

tation of the open-circuit voltage UOC (red

open circles) and the short-circuit current

ISC (blue filled triangles) as a function of

the OPc content cdye.

The incorporation of OPc in the P3HT:PCBM bulk heterojunction film decreases also

the short-circuit current ISC . A two step process is suggested by the initially smaller

decrease and the following dramatic drop of the short-circuit current for OPc contents

above 2 wt% (figure 5.24). The EQE characterization in figure 5.20 shows besides the

additional contribution from OPc also a slight decrease for the P3HT contribution and

a drastic reduction over the full wavelength range for higher dye concentrations.[168]

Considering the decrease of the photovoltaic performance, it has to be concluded that the

gain of additional charge carriers due to OPc absorption cannot compensate the decrease

of P3HT and PCBM EQE. Therefore, OPc has to increase the recombination of charge

carriers and thus influence the charge transport negatively. From the absorbance data it

is concluded that OPc does not incorporate in the ordered P3HT phases. Consequently,

OPc is distributed in the amorphous P3HT and in the PCBM phases. The energy levels
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of OPc are unknown. However, from the OPc absorption bands in the UV-range (around

3.7 eV), it is concluded that OPc can also act as a trap for charge carriers. Therefore, OPc

affects the charge carrier transport and increases recombination. In addition, the influence

of already small amounts of OPc on the P3HT:PCBM bulk heterojunction morphology,

which influences the photovoltaic performance, cannot be eliminated. The dramatic drop

in efficiency might be connected to major morphology changes due to the increasing

OPc content. Honda et al. suggested a decreasing absorption due to aggregation of a

phthalocyanine dye.[167] However, OPc aggregation does not take place as confirmed by

absorption measurements (figure 5.22).

5.4.3 Results

It is shown by XRR measurements that the aggregation of OPc can be probed by the

Q-band position of OPC in the absorption spectra. The Q-band is blue-shifted in its

unaggregated state. In ternary blend P3HT:PCBM:OPc films, OPc does not aggregate

at least up to a OPc content of 33 wt%. Even thermal annealing does not influence OPc

aggregation while P3HT does order. From the absorbance data, it can be concluded that

OPc does not disturb P3HT ordering and that OPc therefore incorporates preferentially

in the PCBM and amorphous P3HT phases. Although EQE characterization by previous

reports showed additional charge carrier generation due to OPc (figure 5.20) and the

absorption increases with OPc content, the photovoltaic performance in ternary blend

P3HT:PCBM:OPc systems is reduced. For small OPc content the reduction in efficiency is

attributed to OPc acting as charge carrier traps. Major changes of the bulk heterojunction

morphology are suggested as the dominating parameter for the drop in efficiency at high

OPc concentration.

5.5 Summary

In this chapter the influence of thermal annealing, solvent and composition on the mor-

phology of P3HT:PCBM bulk heterojunction systems are investigated. The comparison of

the exact morphology and the photovoltaic performance of

P3HT:PCBM solar cells cast from different solvents reveals that significantly different

morphologies can result in similar IV-curves. The favorable structural features, such as

length scales in the range of the exciton diffusion length, and the unfavorable morphol-

ogy, such as small P3HT crystals, cancel each other out. Consequently, it is not possible

to gather the morphology of active layers in organic solar cells only from IV-curves and

topography measurements. For an entire understanding, the complete morphology has to

be determined which is obtained for the first time in this thesis.
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For the first time the fraction of molecularly dispersed PCBM in the amorphous P3HT

phase of a P3HT:PCBM bulk heterojunction is determined. It is found that the molec-

ularly dispersed PCBM fraction increases linearly with the overall PCBM content. In

addition, the detailed morphology, in terms of PCBM objects distributed in a P3HT

phase, is obtained. The crystallinity of P3HT is estimated by fitting absorption data by

a weakly coupled H-aggregate model. For the most efficient P3HT:PCBM composition of

1:1, the largest PCBM objects with a structure size in the range of the exciton diffusion

length are found.

To extend the absorption range of P3HT:PCBM to the IR-range, the dye OPc is added.

The dye is homogeneously distributed in the ternary P3HT:PCBM:OPc film independent

of the dye fraction. Clustering of the dye does not take place. Although the dye ab-

sorption results in additional charges, the total efficiency decreases. The reduction of the

photovoltaic performance is explained by a two step process. At low dye concentrations,

the dye acts as a trap and decreases the charge carrier mobility. For higher dye content,

the efficiency drops dramatically which is attributed to major changes of the morphology.
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Chapter 6

Characterization of polymer-polymer

systems

Besides the combination of a conjugated polymer with a fullerene derivative, the compo-

sition of two conjugated polymers is used as the active layer in organic solar cells.[105]

However, these so-called all-polymer systems have suffered from low efficiencies so far. The

most efficient solar cells are based on the combination of different polyphenylenevinylenes

(PPVs) and polythiophenes and show efficiencies of approximately 2%.[106, 171, 172, 173]

The low photovoltaic performance was attributed to the typical low electron mobilities

and suboptimal LUMO levels in conjugated polymers. It was stated that the synthesis

of new electron-accepting polymers with high electron mobilities and low LUMO levels,

which drive the charge separation, would improve the photovoltaic performance.[105]

The advantage of the usage of polymers as electron accepting materials instead of fullerene

derivatives is the higher variability in terms of adapting the chemical structure of poly-

mers. Moreover, the mechanism of structure formation in polymer blends is already well

understood (see section 2.2.2) and relatively pure phases are achieved in polymer blends.

In particular, the fast diffusion of fullerene derivatives in conjugated polymers [151, 153]

as discussed in section 5.3 does not take place in all-polymer systems. In addition, it

was shown that in the case of the combination of poly((1-methoxy)-4-(2-ethylhexyloxy)-

p-phenylene-vinylene) (MEH-PPV) and P3HT a minimum structure size was found at

the critical blend ratio calculated from the Flory-Huggins theory.[174]

Similar to polymer:fullerene systems, the morphology formation in all-polymer systems

is a self-assembly process and influenced by external parameters.[9] In this chapter, the

morphology of all-polymer systems is investigated as a function of the annealing tem-

perature and blend ratio using scattering techniques. The investigated systems contain

polyalkylthiophenes as the electron donors and different electron acceptor polymers.

The influence of the annealing time on the internal structure and photovoltaic perfor-

111
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mance of one of the most efficient all-polymer systems, P3HT:F8TBT [173], is examined

using by GISAXS (section 6.1). In section 6.2 the polymer blend P3HT:MEH-CN-PPV

is investigated. The blend ratio dependent structure formation is probed using grazing

incidence RSoXS and imaging methods. Finally, the process of thermal annealing on the

morphology and especially the crystallinity of P3OT:CN-PPV is studied (section 6.3).

Results of this chapter have been published in references [138, 175].

6.1 Influence of annealing temperature

Organic solar cells made of P3HT and F8TBT have shown an efficiency of 1.8% [173] and

are therefore one of the all-polymer systems with the highest photovoltaic performance.

Previous investigations revealed an increase in photovoltaic performance due to annealing.

This improvement was attributed to a more efficient electron-hole pair separation resulting

from an increased hole mobility in P3HT and advanced phase separation. Thereby, higher

hole mobilities arise from enhanced P3HT ordering.[176]

In this section, the knowledge about photophysics and photovoltaic performance of these

systems is summarized [138] and then compared to GISAXS measurements performed in

the framework of this thesis. P3HT:F8TBT films with a thickness of 70-80 nm are spin

coated from a 70 °C hot, anhydrous xylene solution. The blend ratio is chosen to be 1:1.

The films are thermally annealed at different temperatures (up to 220 °C) for 10 min.

The sample preparation is performed in an inert gas atmosphere.

6.1.1 Photophysics and device characteristics

The absorption and photoluminescence (PL) behavior of P3HT is described above (see

section 5.1). F8TBT absorbs in the same region as P3HT due to similar band gaps.

However, F8TBT revealed a narrower absorption spectrum with no vibronic features. In

contrast, F8TBT showed a higher photoluminescence quantum efficiency (PLQE) of 35%

compared to 4% for P3HT. In the P3HT:F8TBT blends the PL intensity was quenched

below 4%.[138]

The absorption and PL spectra of P3HT:F8TBT blends altered due to annealing. Al-

ready at 100 °C vibronic features in the P3HT contribution of the absorption spectrum

appeared. Consequently, intermolecular ordering of P3HT chains took place. Also for

higher temperatures the vibronic features were observed whereby the vibronic contribu-

tions stayed constant. The overall absorption decreased for temperatures above 180 °C.

Furthermore, the PL intensity decreased for annealing temperatures below 120 °C due

to ordering of P3HT. For higher temperatures the PL spectra was dominated by F8TBT

and therefore the PL intensity increased. However, the PLQE was found to be still low
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Figure 6.1: Wavelength dependent

external quantum efficiency (EQE) of

P3HT:F8TBT photovoltaic devices. EQE

curves for devices annealed at different

temperatures are shown. The figure is

taken from reference [138].

compared to pure F8TBT which was attributed to F8TBT domains with a size of the ex-

citon diffusion length or a small P3HT content in the F8TBT phases. Therefore, excitons

were quenched before radiative recombination.[138]

In figure 6.1 the external quantum efficiencies (EQE) of organic solar cells with an active

layer made of P3HT and F8TBT are shown as a function of the annealing temperature.

With increasing annealing temperature the EQE increased over the whole wavelength

range. A maximum was reached for thermal treatment at 140 °C. For higher temper-

atures the efficiency decreased again. Also for the photovoltaic performance measured

under AM1.5 (100 mW/cm2) conditions a maximum was found for systems annealed at

140 °C.[138]

6.1.2 Structural characterization

Besides the knowledge on intermolecular ordering of P3HT extracted from the absorption

and PL data, the phase separation on mesoscopic length scales is important to understand

the obtained photovoltaic behavior. Therefore, GISAXS measurements are performed

to probe the inner film morphology. The 2d GISAXS data of as-spun and annealed

P3HT:F8TBT films are shown in figure 6.2. A narrowing of the scattering pattern is

observed with increasing annealing temperature which is due to a coarsening of the inner

film structure. Although the intermolecular ordering, i.e. crystallization, in the polymer

blends showed no further development for temperatures above 100 °C as seen in the ab-

sorption spectra, phase separation is ongoing with higher temperatures. In addition, the

scattering pattern elongates in vertical direction resembling changes perpendicular to the

sample surface.

For a quantitative analysis out-of-plane and detector cuts for the as-spun as well as the
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Figure 6.2: 2d GISAXS data of P3HT:F8TBT blend films a) as-spun and annealed at b) 100 °C, c)

140 °C and d) 180 °C for 10 min. The same color coding is used for all images.

annealed samples are shown (figure 6.3). The out-of-plane cuts (figure 6.3a) are fitted

using the effective surface approximation within the DWBA (section 2.3.3). Independent

of the annealing temperature a structure size of several hundred nanometers is extracted

from the fitting. The distribution of the structure size narrows with annealing tempera-

ture. Consequently, these large structures are predominant as the width of the distribution

represents the polydispersity of this large structure. For the as-spun film no additional

lateral length scale is revealed. However, with annealing a second, smaller structure size

appears. This smaller, temperature dependent structure size resembles the evolution of

phase separation. For an annealing temperature of 100 °C a structure size of about 25 nm

is found. The structure size grows for higher temperatures to 100 nm and 150 nm for

140 °C and 180 °C, respectively. The large structure sizes and the low PLQE for the

blends annealed at 180 °C provide evidence that there are still small portions of P3HT in

the F8TBT phases and no pure F8TBT phases are formed. The P3HT portion quenches

the PL signal of F8TBT resulting in a low PLQE.

The maximum in photovoltaic performance is found for systems annealed at 140 °C al-

though a structure size of 100 nm, which is significantly larger than the exciton diffusion

length known for P3HT, is revealed for such a system. For F8TBT a slightly higher exci-

ton diffusion length was suggested.[177] In addition, as the phases in all-polymer systems

are purer compared to fullerene-based systems (see previous chapter), the effective exci-
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Figure 6.3: a) Double-logarithmic plot of out-of-plane cuts taken at the critical angle of P3HT and b)

logarithmic plot of detector cuts of 2d GISAXS measurements of P3HT:F8TBT blend films. From bottom

to top the data for as-spun and annealed at 100 °C, 140 °C and 180 °C films are shown. The red solid

lines are fits to the data using the effective surface approximation model. The dashed line indicates the

resolution limit. The curves are shifted along the y-axis for clarity.

ton diffusion length of P3HT in all-polymer systems will be higher than in P3HT:PCBM

systems due to fewer recombination sites. Furthermore, structure sizes larger than the

exciton diffusion length are favorable as charge carrier recombination during the charge

transport to the electrode is reduced.

In figure 6.3b the detector cuts around the Yoneda region of the P3HT:F8TBT GISAXS

data are shown. The Yoneda peak position is independent of the annealing temperature as

it is defined by the material investigated. Interesting features are the oscillations between

the Yoneda peak (αf +αi = 0.72°) and the specular peak (αf +αi = 1°). These oscillations

represent correlated roughness which means that a layer follows the structure or roughness

of an underlying interface. The periodicity of the correlated roughness corresponds to a

multiple of the layer thickness. In addition, a beat frequency of the correlated roughness

is found. A beat frequency appears when the scattering signal of two layers with similar

thicknesses interferes. With annealing temperature the beat frequency changes which is

direct evidence for material segregation in vertical direction. Previous investigations with

X-ray photoelectron spectroscopy (XPS) of the same system demonstrated the existence

of P3HT-rich capping and wetting layers [176] and are therefore consistent with the results

presented in this thesis.
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6.1.3 Results

GISAXS is used to probe the inner film morphology of the all-polymer system P3HT:

F8TBT as a function of annealing temperature and to understand the findings from spec-

troscopic and photovoltaic characterization. For an annealing temperature of 140 °C a

maximum in device performance was found. Intermolecular ordering of P3HT extracted

from absorption and PL measurements reached a plateau at 100 °C. GISAXS provided

evidence for vertical stratification of the P3HT and F8TBT due to thermal annealing. In

addition, a coarsening of the structure in the polymer blend film occurs with annealing.

A structure size of 100 nm is found for the system with the maximum photovoltaic perfor-

mance. An optimal structure size above the exciton diffusion length is a best compromise

between effective exciton dissociation and charge extraction. Whereas a small structure

size in the range of the exciton diffusion length improves the exciton dissociation, it is

also disadvantageous for charge extraction as the probability of charge carrier recombi-

nation increases. In contrast, large structures favor charge extraction but excitons will

rather recombine than reach an interface for dissociation. So, the highest photovoltaic

performance is expected at intermediate length scales.

6.2 Influence of composition and annealing

In this section, the morphology of the all-polymer system P3HT:MEH-CN-PPV as a

function of blend ratio is investigated using imaging techniques and soft X-ray scattering

(GI-RSoXS). Both materials have been used in the most efficient all-polymer solar cells

[106, 173]. However, no study using the combination of both polymers in one system has

been published yet. In such a combination, P3HT acts as the electron donor and MEH-

CN-PPV as the electron acceptor. After the characterization of the spectral properties of

this system, the crystalline properties of pure P3HT and pure MEH-CN-PPV as well as of

the corresponding blends are presented. In addition to the investigations of the structure,

the options of GI-RSoXS in terms of tuning the X-ray energy are demonstrated.

P3HT:MEH-CN-PPV films are spin coated from chloroform solution with different blend

ratios. The ratios are varied from 21 wt%, 28 wt%, 44 wt%, 54 wt% to 70 wt% P3HT

content. Annealing is performed at 200 °C for 10 min in air.

6.2.1 Spectral characterization

In figure 6.4a the absorbance spectra of as-spun and annealed (200 °C) P3HT and MEH-

CN-PPV homopolymer films are shown. Annealed P3HT reveals vibrational shoulders

which is indication for crystalline P3HT as has been discussed in section 5.1. In compar-
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Figure 6.4: a) Wavelength dependent absorbance spectra and b) photoluminescence (PL) of as-spun

(dashed lines) and annealed (solid lines) P3HT (red) and MEH-CN-PPV (blue) thin homopolymer films.

The excitation wavelengths are 485 nm and 425 nm for P3HT and MEH-CN-PPV, respectively. The

PL spectra of MEH-CN-PPV are corrected for different slit settings. Both absorbance curves and the

as-spun PL curve of MEH-CN-PPV are multiplied by 3 and 0.5, respectively. Both PL curves of P3HT

are multiplied by 20.

ison, MEH-CN-PPV shows no features which indicates that no crystalline fractions exist

although MEH-CN-PPV has been annealed. However, the main absorption peak narrows

which is an evidence for molecular rearrangement due to annealing. In addition, MEH-

CN-PPV shows a smaller absorption compared to P3HT. The main absorption takes place

from the UV range up to a wavelength of 550 nm. The corresponding PL spectrum ex-

hibits a very high luminescence for as-spun MEH-CN-PPV (figure 6.4b) which diminishes

due to annealing. The decrease in PL originates from molecular ordering of the polymer

chains whereas no crystallization occurs. Also in the PL spectrum of MEH-CN-PPV no

crystalline features such as shoulders are observed. The luminescence of P3HT also de-

creases due to annealing but not as dramatic as for MEH-CN-PPV.

When P3HT and MEH-CN-PPV are blended (28 wt% P3HT content), the absorbance

spectrum follows a linear superposition of the homopolymer absorbance spectra (fig-

ure 6.5). Therefore, no significant ground-state charge transfer occurs.[123] Although

MEH-CN-PPV is the majority component, the spectra are dominated by the P3HT con-

tribution. Due to annealing shoulder-like features of P3HT representing crystallinity

appear. In contrast, the PL spectra are dominated by MEH-CN-PPV. Compared to the

PL of the homopolymer films, the blended films reveal a reduced signal which is an in-

dication for exciton dissociation arising from the blending of P3HT and MEH-CN-PPV.

Similar to the homopolymer films the PL signal decreases with annealing of the blend

film.
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Figure 6.5: a) Wavelength dependent absorbance spectra and b) photoluminescence (PL) of as-spun

(dashed line) and annealed at 140 °C (dotted-dashed line) and 200 °C (solid line) P3HT:MEH-CN-PPV

blended films. The P3HT content is 28 wt%. The PL spectra are measured with an excitation wavelength

of 485 nm.

Consequently, blending seems not to hinder the molecular rearrangement of P3HT and

MEH-CN-PPV when annealed. In fact, excitons are separated at the polymer-polymer

interface.

6.2.2 Crystalline structure

To probe the crystalline order directly, GIWAXS measurements of the P3HT and MEH-

CN-PPV homopolymer films are carried out (figure 6.6). The data of MEH-CN-PPV re-

veal no Bragg peaks even when annealed. Thus, MEH-CN-PPV is amorphous as already

indicated by the missing features in the absorbance and PL spectra. The crystallization

of MEH-CN-PPV is most probably prevented by the branched side chains and the cyano-

groups which are attached to the polymer backbone, but stick out of the conjugation plane

(figure 4.1). Thus, both hinder ordering sterically. In contrast, P3HT exhibits already

(100) and (010) Bragg peaks in the as-spun case. Furthermore, the Bragg peaks amplify

with annealing and higher orders appear. As the (100) and the (010) Bragg peaks are

more pronounced in the horizontal and the vertical sector integrals, respectively, than in

the other directions, it can be concluded that P3HT orders in a face-on arrangement in

this case.
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Figure 6.6: Vertical (upper three curves)

and horizontal (lower three curves) sec-

tor integrals of GIWAXS measurements

of as-spun (dashed lines) and annealed

(solid lines) P3HT (red) and MEH-CN-

PPV (blue) homopolymer films. Ther-

mal annealing is performed at 160 °C for

10 min. Bragg peaks are indicated. The

curves are shifted along the y-axis for clar-

ity. The orientation of the sector integrals

is illustrated by the pictograms (inset).

In figure 6.7a the sector integrals of P3HT:MEH-CN-PPV bulk heterojunction films with

different blend ratios are shown. With increasing P3HT content, the Bragg reflections

get more pronounced as can be seen from the (100) signal. The increase in intensity is

simply due to the higher amount of P3HT. However, the (010) peak intensity depends

on the blend ratio which means that the orientation of the P3HT crystals relative to the

substrate, i.e. face-on or edge-on orientation, depends on the P3HT content. The sys-

tems with 70 wt% and 44 wt% show face-on orientation while P3HT is edge-on oriented

in the systems with the other ratios. In the annealed systems, the main orientation of

the P3HT crystals is edge-on for all blend ratios (figure 6.7b) which is also found for

the P3HT:PCBM system (section 5.2). However, the systems which reveal initial face-on

orientation also exhibit a higher portion of face-on oriented crystals after annealing. In

addition, for the P3HT:MEH-CN-PPV bulk heterojunction film with a P3HT content of

28 wt% the weakest Bragg reflections are found. Consequently, this blend ratio shows the

lowest crystallinity. The orientation of polymer crystals can be altered by changing the

substrate cleaning procedure or the introduction of self-assembled monolayers.[178] In the

case of the blended P3HT:MEH-CN-PPV films, no artificially modified substrate surface,

but the formation of blend ratio dependent enrichment layers might have changed the

crystal orientation.

A quantitative analysis of the Bragg peaks is performed via the Scherrer equation (2.64)

using the peak position and width. The P3HT (100) and (010) lattice constants are

1.66 nm and 0.38 nm, respectively, and are independent of the blend ratio. These values

are in accordance with the values found in section 5.2 and in literature.[130, 131, 132] The

(100) crystal size increases slightly from 14 nm to 17 nm with increasing P3HT content.

Although MEH-CN-PPV does not influence the lattice constants in a P3HT crystal, the

crystal growth is hindered by the presence of MEH-CN-PPV.
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Figure 6.7: Vertical (upper five curves) and horizontal (lower five curves) sector integrals of GIWAXS

measurements of as-spun (a) and annealed (b) P3HT:MEH-CN-PPV bulk hetrojunction films with P3HT

content of 21 wt% (black), 28 wt% (red), 44 wt% (green), 54 wt% (blue) and 70 wt% (magenta). Thermal

annealing is performed at 200 °C for 10 min. Bragg peaks are indicated. The curves are shifted along the

y-axis for clarity.

There is no crystalline signal corresponding to MEH-CN-PPV. Consequently, the ordering

due to annealing deduced from the PL data is an intramolecular order, i.e. an increase in

conjugation length, or closer packing of amorphous chains.

Concerning the crystalline orientation of P3HT, changing the blend ratio seems to be a

possibility to tune the orientation. In principle, face-on orientation is advantageous as

the charge mobility along the (010) direction is higher as compared to the (100) direction

because of the π-π-stacking. Thus, in the case of face-on orientation a better contact to

the electrodes can be achieved.

6.2.3 Surface structure

While the blend ratio dependence of the crystalline orientation is not discussed in litera-

ture so far, the phase separation of two polymers is widely studied and can be described

via the Flory-Huggins theory (section 2.2.2). To observe the influence of the blend ratio

on the surface structure on the micro- and mesoscale, the topography is investigated by

optical microscopy and AFM.

In figure 6.8 optical micrographs of P3HT:MEH-CN-PPV bulk heterojunction films with

different blend ratios are shown. All films show structures on the low micrometer scale.

However, the structures depend on the blend ratio. The largest structures are revealed

for a blend ratio of 44 wt% P3HT content (figure 6.8c). The other ratios show smaller
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Figure 6.8: Optical micrographs of as-spun (a-e) and annealed (f-j) P3HT:MEH-CN-PPV bulk hetero-

junction films with different blend ratios of 21 wt% (a,f), 28 wt% (b,g), 44 wt% (c,h), 54 wt% (d,i) and

70 wt% (e,j) P3HT content. Annealing is performed at 200 °C. The micrographs are taken with 100×
magnification.

structures. While most blend ratios breed an island-like structure, the topography of the

28 wt% system is meander-like or bicontinous. With thermal annealing at 200 °C for

10 min, the structures coarsen except for the film with 28 wt% content. A blend ratio of

28 wt% correponds to the critical blend ratio for this system calculated by equation (2.38)

using the molecular weights of P3HT (Rieke Metals Inc.) and MEH-CN-PPV (table 4.1).

The critical blend ratio is obtained from the Flory-Huggins theory (section 2.2.2). Al-

though the Flory-Huggins theory is based on bulk systems, it has already been shown

that it can also be used to estimate the critical blend ratio for thin films.[174] At the

critical blend ratio, the spinodal and binodal phase lines are identical. Consequently,

only spinodal phase separation takes place at the critical blend ratio.

The structural stability on the micrometer scale for the thin bulk heterojunction film

with 28 wt% might be a reason for the low improvement in crystallinity due to thermal

annealing. Obviously, thermal annealing does not coarsen the structure. Nevertheless,

the change in the PL spectra suggest molecular rearrangement of the amorphous MEH-

Figure 6.9: AFM images (8×8 µm2) of as-spun P3HT:MEH-CN-PPV bulk heterojunction films with

different blend ratios of 21 wt% (a), 28 wt% (b), 44 wt% (c), 54 wt% (d) and 70 wt% (e) P3HT content.

The color coding spans a height of 60 nm (a,b), 20 nm (c,d) and 30 nm (e).
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CN-PPV. Therefore, purification of the phases most probably takes place. However, the

PL decrease upon annealing implies the presence of some P3HT in the MEH-CN-PPV

phase acting as quenching state for excitons. A similar observation has been made by

McNeill et al. who reported on intermixed phases in all-polymer systems using scanning

transmission X-ray microscopy (STXM).[179] The authors found primary purification of

the phases due to thermal treatment before coarsening occured. For the P3HT:MEH-

CN-PPV system with a 28 wt% P3HT content, at 200 °C the coarsening has not yet set

in. Therefore, also the temperature at which coarsening after purification sets in is blend

ratio dependent.

Figure 6.10: a) Power spectral density curves obtained from AFM images with scan size from 1×1 µm2

to 16×16 µm2 of as-spun P3HT:MEH-CN-PPV bulk heterojunction films with different blend ratios. The

features at q ≈ 0.5 nm−1 are artifacts originating from the AFM measurement. Prominent features are

highlighted by arrows. b) Line cuts of AFM images (16×16 µm2) with scratch of as-spun P3HT:MEH-

CN-PPV bulk heterojunction films with different blend ratios. The solid and dashed lines indicate the

substrate and the edge of the scratch, respectively. The P3HT content of 21 wt%, 28 wt%, 44 wt%,

54 wt% and 70 wt% increases from bottom to top. The curves are shifted in y-direction for clarity.

To determine the surface structure on the nanometer scale, AFM measurements are car-

ried out. In figure 6.9 the AFM images of the surface of as-spun P3HT:MEH-CN-PPV

bulk heterojunction films are presented. The films with a low P3HT content of 21 wt%

and 28 wt% reveal pronounced island- and meander-like structures while the systems with

higher P3HT content reveal crater-like structures with small height differences. A more

homogeneous structure is found for the system with the highest P3HT content. For a

quantitative analysis the AFM images are Fourier transformed and so-called power spec-

tral density (PSD) curves are extracted (figure 6.10). Peaks and shoulders in the PSD
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curves represent a characteristic length scale. The observed length scales are compared

with the results from the scattering data and discussed below (section 6.2.5).

In addition to the structural information, AFM is also used to detect the thicknesses of the

films as XRR measurements are not suited for this type of sample due to the large surface

structures. Therefore, the polymer films are scratched with a needle and measured with

AFM (see section 3.2.2). The corresponding line cuts are shown in figure 6.10b. Both

systems with the highest P3HT content reveal a film thickness of about 60 nm without

any pronounced surface structures. The rms-roughnesses are found to be 2.8 nm and

4.3 nm for 54 wt% and 70 wt%, respectively. The films with lower P3HT ratio have an

homogeneous underlying film with additional structures on top. The films with 21 wt%,

44 wt% and 54 wt% P3HT content reveal film thicknesses plus additional structures of

(70 + 40) nm, (60 + 40) nm and (60 + 30) nm, respectively. The uncertainty of the deter-

mined film thickness is estimated to be 10 nm by taking several line cuts.

In principle, a structured surface on top of a homogeneous film can be beneficial for pho-

tovoltaic applications. Due to this structured surface in an organic solar cell the incoming

light is refracted. As a consequence, the light path through the active layer is longer

which directly results in more absorbed photons and ultimately in more charge carriers.

Typically, such structures are installed artificially by mechanical treatment of the polymer

layers of an organic solar cell like imprinting or soft embossing.[180] However, by adapting

the blend ratio in the all-polymer system P3HT:MEH-CN-PPV, the surface is directly

structured by a self-assembly process without any additional mechanical treatment.

6.2.4 Soft X-ray spectroscopy and scattering

Resonant soft X-ray scattering in grazing incidence geometry (GI-RSoXS) is used to

reveal structural information of the P3HT:MEH-CN-PPV bulk heterojunction systems

averaged over an area of mm2 which is orders of magnitudes larger than the areas probed

with AFM or optical microscopy. So far, soft X-ray scattering has only been used

in transmission geometry investigating a variety of systems also including conjugated

polymers.[86, 181, 182, 183]

In figure 6.11a the dispersion δ and the absorption β of P3HT and MEH-CN-PPV as a

function of X-ray energy are plotted. The spectra are obtained using near edge X-ray ab-

sorption fine structure (NEXAFS) spectroscopy. The calibrated P3HT spectra obtained

from the Ade database [184] are plotted for comparison. The measured and the calibrated

spectra differ slightly but the main features are present in both spectra. The deviation

might result from an insufficient calibration of the beamline. However, the relative dif-

ference of the MEH-CN-PPV and P3HT spectra are more important than the absolute

values.
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Figure 6.11: a) The dispersion δ and the absorption β of P3HT (red solid lines) and MEH-CN-PPV

(blue solid lines) as a function of the X-ray energy. For comparison the calibrated P3HT spectra from

the Ade database (red dashed lines) are plotted.[184] b) The penetration depth Λ of X-rays in P3HT (red)

and MEH-CN-PPV (blue) as a function of X-ray energy calculated from the absorption spectra.

The dispersion δ spectra of P3HT and MEH-CN-PPV reveal positive and negative values

and differ strongly depending on the X-ray energy. Therefore, the scattering contrast also

depends on the X-ray energy. From the absorption β spectra the penetration depth Λ of

the X-rays into P3HT and MEH-CN-PPV is calculated (figure 6.11b). The penetration

depth is defined as the depth at which the X-rays have an intensity of 1/e of the initial

intensity (section 2.3.4). For energies below 284 eV a penetration depth Λ for P3HT and

Figure 6.12: 2d GI-RSoXS data of a P3HT:MEH-CN-PPV film with a P3HT content of 70 wt% as a

function of X-ray energy. The X-ray energy is changing from 282 eV (a) to 289 eV (h) in steps of 1 eV.

The 2d GI-RSoXS data are composites of two measurements with two different detector positions. The

specular reflection is shielded with a beam stop. The same color coding is used for all 2d data.
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Figure 6.13: a) Off-detector cuts and b) out-of-plane cuts of GI-RSoXS measurements of a P3HT:MEH-

CN-PPV film with a P3HT content of 70 wt% as a function of X-ray energy. The X-ray energy is changing

from 280 eV (bottom curve), 283 eV to 287 eV (top curve) in steps of 1 eV. The out-of-plane and the

off-detector cuts are taken at an angle above the specular reflection and along the highest intensity in

qz-direction, respectively. b) The red solid lines are fits to the data using three Lorentzian functions. The

curves are shifted along the y-axis for clarity.

MEH-CN-PPV of about 45 nm and 60 nm is obtained, respectively. At higher energies

the penetration depth Λ decreases below 20 nm. Consequently, X-rays with an energy

above 284 eV cannot penetrate the P3HT:MEH-CN-PPV films completely.

The 2d GI-RSoXS data of P3HT:MEH-CN-PPV bulk heterojunction films with a P3HT

content of 70 wt% are shown in figure 6.12 for different X-ray energies from 280 eV to

289 eV. This energy range corresponds to X-ray wavelengths from 4.29 nm to 4.43 nm.

Although the energy and accordingly the wavelength are only varied by 3%, the scattering

data change dramatically. For energies below 284 eV an intensity oscillation in vertical

direction (correlated roughness) is visible. The correlated roughness originates from the

interference of scattered X-rays from different interfaces most probably including the sub-
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strate. Thus, such a correlated roughness is a strong evidence that the full polymer film is

probed. With increasing X-ray energies the correlated roughness vanishes indicating that

no scattering signal from the substrate interface is detected and the film is only partly

penetrated. These findings are in accordance with the drop in penetration depth above

284 eV (figure 6.11b) and the film thickness of 60 nm (figure 6.10b). In horizontal di-

rection strong intensity features are observed as well. The low intensity of the scattering

data with an X-ray energy of 284 eV (figure 6.12c) is due to the very low initial intensity

at this energy (section 3.2.4.4).

For a quantitative analysis, off-detector and out-of-plane cuts are presented in figure 6.13.

The off-detector cuts are not taken at qy = 0, but along the highest intensity in vertical

direction. Due to the different X-ray energies, different qz ranges are probed. However,

the deviations are only 3%. At low energies (280 eV) the dispersion δ is positive and

the corresponding off-detector cut reveals a similar shape as known from GISAXS exper-

iments with hard X-rays. However, a distinct Yoneda peak cannot be observed as the

incident angle αi = 2° and the averaged critical angle αc of the polymer film are similar,

i.e. αc = 2.3° and 1.5° for X-ray energies of 280 eV and 283 eV. Consequently, the Yoneda

peak is hidden by the specular intensity. No total reflection occurs for higher X-ray ener-

gies as the dispersion is negative and therefore no Yoneda peak exists in this energy range.

In addition, the correlated roughness is visible. With increasing X-ray energy the overall

shape of the curves changes and the correlated roughness vanishes. The frequency of the

oscillation for the 280 eV measurement with the largest penetration depth corresponds to

a length scale of 213 ± 13 nm which is about 3.6 times the found film thickness.

The out-of-plane cuts (figure 6.13b) reveal a structure peak at 0.01 nm−1 which corre-

sponds to a length of 600 nm and is not changing with energy. The structure is obtained

by fitting Lorentzian functions to the peaks. Thus, the same structure is detected inde-

Figure 6.14: NEXAFS spectra (black

symbols) of P3HT:MEH-CN-PPV films

with different P3HT contents of 21 wt%,

28 wt%, 44 wt%, 54 wt% and 70 wt%

(from bottom to top) and the correspond-

ing sum of P3HT and NEXAFS spectra

weighted with the blend ratios (red solid

lines). The curves are shifted along the

y-axis for clarity.
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Figure 6.15: 2d GI-RSoXS data of P3HT:MEH-CN-PPV films with different P3HT contents of 21 wt%

(a,f), 28 wt% (b,g), 44 wt% (c,h), 54 wt% (d,i) and 70 wt% (e,j) for X-ray energies of 282 eV (a-e) and

288 eV (f-j). The specular reflection is shielded with a beam stop. The same color coding is used for all

2d data.

pendent of the X-ray energy or rather the penetration depth. Consequently, the same

structure sizes are found on the sample surface as also seen in the AFM images and in

the film or the scattering is dominated by the surface structures. For more details on the

structure, see the next section.

For both, detector and out-of-plane cuts, the overall intensity of the features is changing

with energy. These differences are an interplay of the different intensities of the primary

beam and the varying scattering contrast depending on the X-ray energies.

6.2.5 Blend ratio dependent morphology

In figure 6.14 the NEXAFS spectra of P3HT:MEH-CN-PPV bulk heterojuntion films with

different blend ratios are shown. In addition, the linear superposition of the NEXAFS

spectra of P3HT and MEH-CN-PPV homopolymer films weighted with the corresponding

blend ratio are plotted. The measured data and the calculated spectra are in good agree-

ment and confirm therefore the blend ratios of the bulk heterojunction films calculated

from the polymer solutions which are used initially. The gradually changing blend ratio is

well expressed by the superposition. Typically, NEXAFS is used in scanning transmission
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Figure 6.16: a) Off-detector cuts and b) out-of-plane cuts of GI-RSoXS measurements of P3HT:MEH-

CN-PPV films with different P3HT contents of 21 wt%, 28 wt%, 44 wt%, 54 wt% and 70 wt% (from

bottom to top) for an X-ray energy of 282 eV. The out-of-plane and the off-detector cuts are taken at an

angle above the specular reflection and along the highest intensity in qz-direction, respectively. b) The red

solid lines are fits to the data using three Lorentzian functions. The curves are shifted along the y-axis

for clarity.

X-ray microscopy to map the ratio locally in polymer blend films or also in biological

materials.[185, 186]

In the following part, the discussion of scattering data obtained from the P3HT:MEH-CN-

PPV bulk heterojunction films with different blend ratios is limited to two X-ray energies.

To account for scattering with high and low penetration depths, X-rays with energies of

282 eV and 288 eV are chosen. In figure 6.15 the 2d GI-RSoXS data are shown. Again,

the scattering at 282 eV reveals correlated roughness which is not observed for the scat-

tering at 288 eV. The features in qy direction strongly depend on the blend ratio. While

for the system with 70 wt% P3HT content small structures are expected, the scattering

data of the 44 wt% does not reveal features in horizontal direction, i.e. structures are not

within the resolvable length scale range. The lateral structure information is visible in

the scattering data of both energies and therefore for low and high penetration depths.

The corresponding detector and out-of-plane cuts of the GI-RSoXS data obtained at an

energy of 282 eV, i.e. the X-rays are probing the whole film, are presented in figure 6.16.

For all films correlated roughness is detectable whereas it is most pronounced for P3HT

contents of 21 wt% and 28 wt%. These films reveal length scales of about 235 ± 15 nm

which is 3.3 and 4.1 times the corresponding film thickness, respectively. The length scales

of the other blend ratios are 290 nm, 260 nm and 225 nm for the films with P3HT contents

of 44 wt%, 54 wt% and 70 wt%, respectively. These length scales are 4.7, 4.3 and 3.6 times
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Figure 6.17: a) Off-detector cuts and b) out-of-plane cuts of GI-RSoXS measurements of P3HT:MEH-

CN-PPV films with different P3HT contents of 21 wt%, 28 wt%, 44 wt%, 54 wt% and 70 wt% (from

bottom to top) for an X-ray energy of 288 eV. The out-of-plane and the off-detector cuts are taken at an

angle above the specular reflection and along the highest intensity in qz-direction, respectively. b) The red

solid lines are fits to the data using three Lorentzian functions. The curves are shifted along the y-axis

for clarity.

the film thicknesses. Although correlated roughness is an evidence that the full polymer

film is probed, it is not possible to relate the corresponding length scales clearly to the

film thicknesses. Most probably dynamical effects due to scattering at graded interfaces

and multiple scattering [73], which cannot be neglected for angles near the critical angle

αc, are the main reason for this deviation. Consequently, also an inner layering of the film

influences the correlated roughness. Such a layering has been found before for blended

films of standard polymers, like PS and PMMA,[187] and also for related all-polymer bulk

heterojunction films (M3EH-PPV:CN-ether-PPV and P3HT:MEH-PPV).[107, 174] The

layering is typically solubility driven. During solvent evaporation one component is pref-

erentially transported to the film surface and thus a layering develops. In addition, the

surface structures found with AFM (figure 6.9) can influence the correlated roughness.

The detector cuts measured at an X-ray energy of 288 eV with low penetration depth

show no correlated roughness (figure 6.17a).

In figure 6.16b the out-of-plane cuts for different blend ratios are shown for an X-ray

energy of 282 eV. The full polymer film is penetrated. Except for the films with 44 wt%

P3HT content, all curves reveal a peak or a pronounced shoulder. The same tendencies

are observed in the out-of-plane cuts detected with an X-ray energy of 288 eV, that is,

the condition for a low penetration depth (figure 6.17). Therefore, only structures near

the surface are probed. The corresponding lateral structure sizes are obtained by fitting
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Figure 6.18: Lateral length scales deter-

mined by AFM (green squares) and GI-

RSoXS at two different energies, 282 eV

(black circles) and 288 eV (red triangles).

The solid line is a guide to the eye.

the data with Lorentzian functions.

The extracted lateral structure sizes obtained from the GI-RSoXS experiments are

plotted together with the lateral structure sizes revealed from the AFM measurements

(figure 6.10a) in figure 6.18. No characteristic structure size for the P3HT:MEH-CN-PPV

bulk heterojunction film with a P3HT content of 44 wt% is detected neither with scatter-

ing nor with AFM. This means that this film shows no characteristic length scale in the

resolvable range from 30 nm to about 5 µm. For the other blend ratios the structure sizes

of the scattering with high and low penetration depth are similar. Moreover, the length

scales of the surface structures obtained from AFM measurements also show only little

deviations. Consequently, the same structure exists in the film and on the film surface.

In addition, no further structural length scales are observed.

In figure 6.19 a schematic morphology describing an all-polymer system with similar inner

film and topography structures. Hoppe et al. found a similar morphology for the poly-

mer:fullerene system MDMO-PPV:PCBM.[122] In that case, PCBM clusters surrounded

by a MDMO-PPV skin were observed. Nevertheless, the structure in the film and the

topography showed similar length scales. However, such a behavior is not a general rule

as already discussed in section 5.2 where the topography and the inner film morphology

showed large deviations. Consequently, both, topography and inner film morphology, have

to be probed to conclude an overall morphology.

6.2.6 Results

The structure of the all-polymer system P3HT:MEH-CN-PPV is characterized on dif-

ferent length scales. Both conjugated polymers were already used in all-polymer solar

cells with the highest efficiencies reported so far.[105] The absorption and photolumines-
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Figure 6.19: Schematic morphology of an all-polymer film with a structural length scales d. The polymers

are depicted in red and blue.

cence measurements of the homopolymer films revealed features for crystalline ordering

of P3HT, but not for MEH-CN-PPV due to annealing. However, the PL of MEH-CN-

PPV decreases dramatically which is a sign for a higher packing of the MEH-CN-PPV

chains. The GIWAXS results confirm the crystallinity of P3HT, which is increasing with

annealing, and shows no indication for crystallinity in MEH-CN-PPV. The branched side

chains and the cyano-groups sticking out of the conjugation plane hinder crystallization

of MEH-CN-PPV.

The blend ratios of P3HT:MEH-CN-PPV bulk heterojunction films calculated from the

initial solutions are confirmed by NEXAFS measurements. Also in the blended films,

the absorption and the PL measurements show features related to crystallization and to

packing of P3HT and MEH-CN-PPV, respectively, due to thermal annealing. GIWAXS

measurements confirm this trend. In addition, GIWAXS measurements reveal a blend ra-

tio dependent orientation of P3HT crystals. While for annealed bulk heterojunction films

the main orientation is edge-on for all blend ratios, the portion of face-on oriented crys-

tals is higher for films with 44 wt% and 70 wt% P3HT content. Overall, the crystallinity

increases dramatically with thermal annealing with the exception of the film containing

28 wt% P3HT. In this case, only a small increase in crystallinity is observed.

The blend ratio of 28 wt% corresponds to the critical blend ratio calculated from the

molecular weights of P3HT and MEH-CN-PPV using the Flory-Huggins theory. Op-

tical microscopy reveals a bicontinous surface structure in the µm-range for this blend

ratio. In addition, the bicontinous structure does not change even when annealed to

200 °C while the structure of the systems with other blend ratios coarsens with annealing.

Consequently, it seems that the crystallization of the polymer chains and the coarsening

processes fo the surface structure are inhibited at the critical blend ratio. Nevertheless,

some molecular rearrangement occurs since the PL of MEH-CN-PPV decreases signifi-

cantly.

The lateral structure sizes are probed using AFM and GI-RSoXS with low and high pen-
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etration depths, i.e. the structures near the surface and the morphology in the full film

are probed, respectively. Both methods reveal similar lateral structure sizes which de-

pend on the blend ratio. Consequently, the topography and the inner film morphology

have the same structural length scales. Further characteristic structures in the film are

not observed. The pronounced surface structures can improve the light absorption in an

organic solar cell due to light refraction resulting in higher absorption.

In conclusion, on the one hand the blend ratio can be used to tune the orientation of

P3HT crystals which is important for charge carrier mobilities. On the other hand sur-

face structures for increased light absorption are also altered with the blend ratio. The

origin of the blend ratio dependent crystal orientations might be a result of the formation

of enrichment layers which alter the influence of the substrate. However, a final explana-

tion can not be given so far. Further investigations, also with other polymer combinations,

are needed to gain further insight in this tuning possibility.

6.3 Influence of blending and annealing

Other polymers of the polythiophene and cyano-PPV groups are P3OT and CN-PPV.

P3OT has a similar structure as the above discussed P3HT. The side chains are just

extended by two carbon atoms. Therefore, the lattice constants of P3OT crystals are

bigger compared to P3HT.[188] CN-PPV and MEH-CN-PPV also differ only in the type

of side chain whereas the differences are bigger compared to the polythiophenes. P3OT

and CN-PPV are an electron donor and an electron acceptor, respectively, and can be

combined and used as an all-polymer system for organic photovoltaics concerning their

electronic properties.

In this section, the morphology with special focus on the crystallinity of the homopolymers

P3OT and CN-PPV and their blend is investigated. P3OT and CN-PPV are blended

with a ratio of 1:2 or 33 wt% P3OT content which is the critical blend ratio for this

system. The critical blend ratio is calculated using the molecular weights (table 4.1)

and equation (2.38). The molecular weight of CN-PPV is estimated by the spin coating

method (section 4.3). For related polythiophene:PPV systems a minimal structure size

[174] and a bicontinous morphology (section 6.2) have been found.

The absorption and photoluminescence (PL) of the homopolymers and blended films are

presented. In addition, the lateral structures in the blended films are investigated by

AFM and GISAXS. Finally, the crystallinity of the homopolymer and the blended films

are probed by GIWAXS. The results are discussed with focus on thermal annealing and

blending.

P3OT and CN-PPV are dissolved in tetrahydrofuran (THF) by heating to 50 °C. Thin
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Figure 6.20: a) Wavelength dependent absorbance spectra and b) photoluminescence PL of as-spun

P3OT (red) and CN-PPV (blue) thin homopolymer films. For the blended P3OT:CN-PPV film (black)

with 33 wt% P3OT content the absorption spectrum is shown. The PL excitation wavelength is 485 nm.

The PL spectrum of P3OT is multiplied by 14 for better visibility.

films are prepared via spin coating and are annealed at 130 °C for 15 min in vacuum.

6.3.1 Spectral characterization

In figure 6.20a the absorption spectra of P3OT and CN-PPV and their blend are shown.

The main absorption peak of P3OT is at 520 nm which is slightly red shifted compared

to P3HT. However, the absorption peak positions of P3OT and P3HT films are hardly

comparable since the main peak position strongly depends on the molecular packing. The

P3OT spectra also reveals vibronic excitation features originating from crystalline P3OT

portions at 540 nm and 600 nm. CN-PPV exhibits its main absorption peak at 472 nm

and smaller contributions in the near-UV range at 300 nm and 342 nm. However, no

additional vibronic features are observed. Thus, both polymers absorb at the maximum

of the solar spectrum. When P3OT and CN-PPV are blended, all features are found at

the same wavelength, but the intensities change. As peak intensities are related to molec-

ular order, blending influences the molecular ordering of the polymer chains. However, no

additional features appear which is an evidence that no significant ground-state charge

transfer is taking place.[123]

The PL spectra of the homopolymers are presented in figure 6.20b. Similar to MEH-CN-

PPV discussed in section 6.2, CN-PPV has a much higher luminescence than P3OT. In

addition, CN-PPV shows no vibronic features which is evidence for the presence of a fully

amorphous polymer. P3OT reveals a crystalline contribution comparable to P3HT. The

PL spectrum of the P3OT:CN-PPV bulk heterojunction film (figure 6.21) is dominated
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Figure 6.21: Wavelength dependent

photoluminescence (PL) of as-spun

(dashed line) and annealed (solid line)

of P3OT:CN-PPV bulk heterojunction

films with 33 wt% P3OT content. The

excitation wavelength is set to 485 nm.

by CN-PPV which is due to the higher intrinsic PL of CN-PPV and its higher content.

Nevertheless, the total PL is quenched compared to the CN-PPV homopolymer PL which

is evidence for exciton separation due to blending of P3OT and CN-PPV. Thermal an-

nealing changes the PL of the blend only slightly which is a strong hint that no molecular

arrangement is taking place.

6.3.2 Mesoscopic morphology

The surface structures of the P3OT:CN-PPV bulk heterojunction film with 33 wt% P3OT

content is investigated using AFM. The surface shows a drop-like structure (figure 6.22a)

with a structure size of about 1.4 µm as obtained from the PSD curve (figure 6.23b).

In addition, a structure size of several hundred nanometers is apparent. To obtain the

film thickness and the height of the drop structure, AFM images are taken from a blend

film with a scratch (section 3.2.2). Figures 6.22b and 6.22c show the AFM image of the

scratch and the corresponding line cut. The drops have a height of about 70 nm and the

underlying film a thickness of 60 nm. This pronounced surface structure can again act as

a pattern to diffract light and thus increase light absorption in an organic solar cell.

To obtain information of the inner film morphology GISAXS measurements are per-

formed. The incident angle is set above the critical angles of the material, so that the

full film is probed. The detector cuts (figure 6.23a) exhibit no significant changes due to

annealing. However, a peak at qz = 0.42 nm−1 appears due to the drop structure already

detected with AFM. The detector cut gives information on the structure vertical to the

film surface. Thus, a pronounced surface structure is observed as a layer with a density

averaged over islands and the vacuum/air in between. Consequently, this layer has a
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Figure 6.22: a) AFM image (8×8 µm2) of a P3OT:MEH-CN-PPV bulk heterojunction film with a blend

ratio of 33 wt% P3OT content. The color coding spans a heigth of 220 nm. b) AFM image (20×20 µm2)

of the same film with a scratch. The green line indicates the position of the taken line cut (c).

smaller critical angle which appears as an additional peak in the detector cut. From the

peak position the surface coverage is determined. The observed peaks exhibit a surface

coverage of only 8% and 6% for the as-spun and the annealed films, respectively. This sur-

face coverage is considerably smaller than the one measured with AFM which is 75%. In

figure 6.24a the height distribution of the AFM image in figure 6.22a is shown. A surface

coverage of 8% corresponds to objects with a height above 168 nm which is depicted in a

mask presentation of the AFM image (figure 6.24b). Blue regions illustrate objects with

Figure 6.23: a) Detector cuts and b) out-of-plane cuts of 2d GISAXS data of as-spun (bottom curve) and

annealed (upper/middle curve) P3OT:CN-PPV films with 33 wt% P3OT content. The out-of-plane cuts

(bottom and middle curves) are taken at the critical angle of P3OT. The data (black symbols) are fitted

(red solid line) with the effective surface approximation within the DWBA. The resolution is given by the

dashed line. The curves are shifted along the y-axis for clarity. The PSD curve (top curve) obtained from

the AFM measurements is plotted for comparison. The data (black symbols) is fitted (red solid line) using

two Lorentzian functions. Prominent length scales are highlighted with arrows and discussed in the text.



136 CHAPTER 6. POLYMER-POLYMER SYSTEMS

a height above 168 nm. Consequently, GISAXS probes not the same surface coverage as

seen by AFM but only the top part of the objects which are higher than 168 nm. Nev-

ertheless, the additional peak in the detector cut is direct evidence for surface structures

although the surface coverage differs from that measured with AFM.

In figure 6.23b the fitted out-of-plane cuts of the P3OT:CN-PPV films are shown. Fitting

reveals a constant structure size of 300 nm for the as-spun and the annealed film. In

addition, a smaller length scale of 60 nm in the as-spun case is detected. After thermal

annealing this length scale shifts to 35 nm. In addition, the width of the peak which

is a sign for polydispersity of the structure decreases due to annealing. Consequently,

the 60 nm structure size corresponds to weakly pronounced structures which consist most

probably of intermixed phases. Due to annealing, smaller purified structures evolve which

correspond to the length scale of 35 nm. These detected length scales are favorable for

photovoltaic application as they are in the range of the exciton diffusion length.

Figure 6.24: a) Height distribution in the AFM image in figure 6.22a. Heights below and above 168 nm

are presented in red and blue, respectively. b) Mask of the AFM image in figure 6.22a with regions of

height below (red) and above (blue) 168 nm.

For comparison the PSD curve obtained from the AFM measurements is shown (fig-

ure 6.23b). The 1.4 µm structures found with AFM are not on the resolvable length scale

range of the GISAXS experiment and are therefore not detected with GISAXS. At the

same time, the structure size of 60 nm observed in GISAXS is not found in the AFM.

Hence, these small structures are formed in the polymer film rather than at the surface

and both, surface and inner film sensitive techniques are needed to gain full information

on the morphology of a bulk heterojunction polymer film.
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Figure 6.25: Vertical (upper curves) and horizontal (lower curves) sector integrals derived from 2d GI-

WAXS data of as-spun (dashed lines) and annealed (solid lines) P3OT (a) and CN-PPV (b) homopolymer

films. Prominent scattering features are indicated.

6.3.3 Crystalline structure

Besides the morphology on mesoscopic length scales, the molecular ordering is also im-

portant for photovoltaic applications, especially for the charge carrier mobility. GIWAXS

is used to resolve the crystalline structure of the P3OT and CN-PPV homopolymer films

(figure 6.25). The vertical and horizontal sector integrals of P3OT films show already

Bragg reflections before thermal annealing whereas the peaks are less pronounced in the

horizontal direction. The (100), (200) and (300) as well as the (010) Bragg reflections

are detected. This shows that P3OT is already highly crystalline in the as-spun case

and reveals edge-on orientation as the main crystal orientation. With thermal annealing

the overall crystallinity increases. Furthermore, the distribution of the crystal orientation

changes which is seen from the increase of the (010) Bragg reflection and the reduction

of the (100) peak in the vertical sector integrals. Accordingly, the fraction of face-on ori-

entated P3OT crystals increases with annealing. The reorientation of the P3OT crystals

regarding the substrate is depicted in figure 6.26. In principle, the face-on orientation

is favorable for charge carrier transport to the electrodes as the charge carrier mobility

along the π-π-stacking is higher than along the (100) direction.

From the peak positions the lattice constants are calculated and shown in table 6.1. The

(100) and (010) lattice constants decrease by 9% which is due to higher ordering of the

polymer chains with thermal annealing (figure 6.27a). The found values are higher than

the values measured for P3HT (section 6.2) originating from the longer side chains. In ad-

dition, the lattice constants are also higher than the reported values for P3OT. Urbina et

al. used XRD in transmission geometry to detect the crystal properties of P3OT in thick
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polymer lattice constant [nm]

as-spun annealed

(100) (010) (100) (010)

P3OT 2.47 0.45 2.27 0.41

CN-PPV 1.93 − 2.05 −
blend 2.01 0.39 2.01 0.39

Table 6.1: Lattice constants of P3OT crystallites in as-spun and annealed P3OT homopolymer and

P3OT:CN-PPV blend films. Lattice constants of CN-PPV crystallites in as-spun and annealed CN-

PPV homopolymer films. The data are obtained from vertical sector integrals of GIWAXS data. The

uncertainty obtained from the Gaussian fits to the Bragg peaks is smaller than 0.1%.

films and found a lattice constant of 4.13 nm which corresponds to the distance between

every second polymer backbone.[189] Also GIXRD measurements revealed smaller lattice

constants of 2.05 nm with the conclusion of tilted side chains.[190] The reported values

are 10% higher than the values found in this study. These differences result from different

preparation techniques. It is well known that the preparation method strongly influences

the molecular ordering.[191] While the samples in the XRD study were solution-casted

systems, in this study spin coated films are investigated. In addition, also the annealing

conditions which alter the crystallization process are different compared to the literature.

Finally, various molecular weights and polydispersity of the polymers used also modify

the molecular packing.

Contrary to P3OT, as-spun CN-PPV films have only a small (100) Bragg reflection in the

vertical sector integral (figure 6.25b). Thus, CN-PPV is less crystalline than P3OT in the

as-spun case. After thermal annealing, the (100) Bragg reflection increases and higher

orders appear. In addition, also Bragg reflections in horizontal direction are observed.

No (010) reflections are detected and therefore no π-π-stacking occurs. This can be ex-

plained by the cyano-groups attached to the polymer backbone. These cyano-groups stick

out of the conjugation plane and hinder π-π-stacking. Due to the different side chains of

Figure 6.26: Schematic representation of

the reorientation of P3OT crystals from

edge-on (left) to face-on (right) arrange-

ment due to annealing.
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Figure 6.27: Molecular structure of P3OT (a) and CN-PPV (b) within crystalline domains. The change

of the (100) lattice constants due to thermal annealing is depicted.

MEH-CN-PPV and CN-PPV, CN-PPV shows crystallization in the direction of the side

chains, although MEH-CN-PPV is found to be totally amorphous (section 6.2). While

CN-PPV has linear alkyl side chains which can order nicely, MEH-CN-PPV has branched

side chains which sterically hinder crystallization.

From the ratio of the (100) peak intensities in horizontal and vertical direction, it is

concluded that CN-PPV crystals order mainly in edge-on orientation. The (100) lattice

constant for CN-PPV increases by 6% due to thermal annealing (table 6.1). The change

of the molecular packing of CN-PPV due to annealing is illustrated in figure 6.27b.

In figure 6.28a the sector integrals of 2d GIWAXS data of as-spun and annealed P3OT:CN-

PPV bulk heterojunction films are shown. The (100) Bragg reflections with its higher

orders is observed for the as-spun films. The (100) intensity is higher in vertical than in

horizontal direction as also found for the homopolymer films. Thus, the main portion of

the P3OT crystals are edge-on oriented. The P3OT lattice constants are smaller com-

pared to the homopolymer films (table 6.1). In addition, the Bragg reflections are not

as pronounced as for the homopolymer films. The differences in molecular packing also

influence the absorption behavior and therefore the observed changes in intensity in the

absorption spectrum (figure 6.20a). Furthermore, no CN-PPV related feature is observed

in the GIWAXS data although CN-PPV is the majority component. Consequently, blend-

ing hinders crystallization of both polymers and even influences the crystalline order in

terms of the lattice constants (figure 6.28b).

Furthermore, thermal annealing changes the Bragg reflection very little and thus the
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Figure 6.28: a) Vertical (upper curves) and horizontal (lower curves) sector integrals derived from 2d

GIWAXS data of as-spun (dashed lines) and annealed (solid lines) P3OT:CN-PPV bulk heterojunction

films with a blend ratio of 33 wt% P3OT content. Prominent scattering features are indicated. b) Molec-

ular structure of P3OT within crystalline domains in the blended film. The (100) lattice constant is

depicted.

crystallinity in the P3OT:CN-PPV bulk heterojunction film increases only slightly. Just

the (100) Bragg reflection of the vertical sector integral changes. Consequently, mixing

retarded the crystallization process dramatically. In addition, even annealing at 130 °C

does not influence the crystallinity significantly. This is in accordance with the PL data

of the polymer film which also hardly changes. Due to the phase separation, the volume

of the conjugated polymers is reduced and therefore the mobility of the polymer chains

is decreased. Even elevated temperatures of 130 °C cannot increase the mobility to allow

further crystallization.

A similar behavior is found for the P3HT:MEH-CN-PPV bulk heterojunction system at

the critical blend ratio discussed in section 6.2. However, the effect of hindered crys-

tallinity is not as dramatic as for P3OT:CN-PPV. Also, for the system P3HT:F8BT hin-

dered crystallization of P3HT was found.[138] However, the conclusion was drawn from

efficiency and absorption measurements and not directly determined as in this study.

6.3.4 Results

The all-polymer system P3OT:CN-PPV with a P3OT content of 33 wt%, which is at

the critical blend ratio, is characterized. The homopolymer films show absorption at the

maximum of the solar spectrum. GIWAXS measurements reveal already high crystallinity

for as-spun P3OT. Due to thermal annealing the crystallinity increases accompanied by a

decrease in the lattice constant and a reorientation of the P3OT crystals from edge-on to
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face-on. CN-PPV exhibits lower crystallinity even after thermal annealing. Furthermore,

π-π-stacking is not taking place due to the sterical hindrance of the cyano group attached

to the polymer backbone.

Blending of P3OT and CN-PPV results in polymer films with a pronounced drop-like sur-

face structure. GISAXS reveals a lateral structure size of 60 nm which develops to a more

pronounced structure of 35 nm. However, GIWAXS measurements reveal that blending

influences the polymer crystallization dramatically. For P3OT lower lattice constants are

found which explain the changes in the absorption spectra due to blending. In addition,

the crystallization process is hindered. While P3OT shows smaller crystallinity, CN-PPV

does not crystallize at all. In addition, thermal annealing alters the crystallinity only very

little according the PL data which does not change with thermal annealing.

In conclusion, the retarded crystallization of P3OT and CN-PPV due to blending is the

main reason for the low efficiencies of photovoltaic devices made of this combination.

The significant lower mobility in amorphous phases prevents charge carrier transport al-

though the lateral mesoscopic structures in the range of the exciton diffusion length would

be advantageous for photovoltaics.

6.4 Summary

This chapter discusses the morphologies of all-polymer systems with a polyalkylthiophene

as the electron donor material. The electron acceptor polymers are varied.

GISAXS measurements of the all-polymer system P3HT:F8TBT reveals that the opti-

mum structural length scale in an organic solar cell is larger than the exciton diffusion

length. While a length scale in or smaller than the range of the exciton diffusion length

maximizes the exciton dissociation, such small length scales do not provide sufficient per-

colation paths for the charge carrier transport to the electrodes. Therefore, the probability

for recombination of charge carriers increases for smaller length scales. Consequently, a

structural length scale larger than the exciton diffusion length balances exciton dissocia-

tion and charge transport and is therefore most efficient.

The possibility of tuning the morphology by changing the blend ratio is investigated

for the all-polymer system P3HT:MEH-CN-PPV. Thereby the scattering technique GI-

RSoXS is used for the first time. By changing the X-ray energy it is possible to probe

the full polymer film or the film surface only without changing the setup. Besides the

strong blend ratio dependence of the surface and inner film structure, it is also revealed

that the orientation of P3HT crystallites can be altered by the composition. Finally, the

morphology on micrometer and crystalline length scales is found to be less sensitive to

thermal annealing at the critical blend ratio.
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In addition, it is shown that a polymer combination (P3OT:CN-PPV) with fitting ener-

getic properties and optimum structural length scales has a very low photovoltaic per-

formance because blending of these polymers retards the crystallization process. This

finding was assumed for other systems [138] but never directly measured before.



Chapter 7

Characterization of block copolymer

systems

In the previous chapters the bulk heterojunction concept for polymer-based solar cells is

discussed. Bulk heterojunction films consist of a blend of polymers and fullerenes or two

polymers. The optimum structure of such a bulk heterojunction for photovoltaic applica-

tions is typically a non-equilibrium structure.[9] As detailed in the previous chapters, the

preparation processes are crucial for the structure formation. Already small deviations of

the preparation process change the bulk heterojunction morphology resulting in a subop-

timal morphology.

To obtain nano-structured polymer films with length scales in the range of the exciton

diffusion length, diblock copolymers can be used. The resulting structures are typically

equilibrated structures and therefore less sensitive to preparation processes. A diblock

copolymer consists of two different polymers which are covalently bound together. Due to

the repulsion from each other, the two blocks phase separate, but on the nanometer scale

as the blocks are covalently bound. Therefore, the phase separation of block copolymers is

named micro-phase separation. The structures created by micro-phase separation, such as

lamellar, gyroid and hexagonally ordered, cylindric morphologies, are mainly depending

on the volume ratio of the two blocks. The phase diagram of coil-coil block copolymers

is well understood and theoretically described. A detailed description is found e.g. in

references [192, 193, 12].

However, block copolymers containing conjugated polymers behave differently as com-

pared to common coil-coil ones. Already the chemical synthesis has been a major chal-

lenge. Furthermore, conjugated polymers tend to crystallize and therefore a competition

between micro-phase separation and crystallization occurs.[194] The resulting structure

is referred to as supramolecular structure [195] containing crystalline parts which are or-

dered by micro-phase separation. Nevertheless, there are reports on different types of

143
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diblock copolymers solar cells. However, these solar cells reveal only very low efficiencies

so far and a breakthrough has not been achieved yet.[10, 196]

In this chapter, the block copolymer poly(styrene-b-p-phenylene) (P(S-b-PP)) [197] con-

sisting of a standard coil-like polymer and a conjugated polymer is investigated. This

block copolymer cannot be used in organic solar cells as it contains only one semicon-

ducting polymer, poly-p-phenylene (PPP). Nevertheless, P(S-b-PP) can be seen as model

block copolymer with the coil-like polymer, polystyrene, and a simple conjugated poly-

mer without side chains (PPP). The structure of P(S-b-PP) films made from toluene was

investigated previously as a function of film thickness.[198] The authors have shown that

the structures are formed from P(S-b-PP) micelles. In addition, the formation of a gold

contact on P(S-b-PP) films with micellar structure was probed.[199] It has been found

that gold diffuses into a top layer of the P(S-b-PP) film and most probably alters the

electronic structure at the contact.

The solvent is changed to tetrahydrofuran (THF) in this thesis to avoid micelle formation.

First, the P(S-b-PP) films are characterized with spectroscopic and structural methods

(section 7.1). In the second section P(S-b-PP) is used as a template for the incorpora-

tion of TiO2 nanoparticles resulting in a hybrid film. The tuning of the supramolecular

structure of P(S-b-PP) by adding an additional polymer is studied in section 7.3.

7.1 Characterization of P(S-b-PP)

The block copolymer P(S-b-PP) is dissolved in tetrahydrofuran (THF) and stirred for

12 h. Before spin coating on HF cleaned silicon substrates, the solution is filtered with a

0.2 µm PTFE filter. To reach structural equilibrium of the P(S-b-PP) films, the films are

annealed for 42 h in a saturated THF atmosphere.

In figure 7.1a the absorbance of P(S-b-PP) films made from solutions with different

concentrations are shown. With increasing concentration also the absorbance increases

which is direct evidence for increasing film thickness. The position of the main absorption

peak is 329 nm which is independent of the concentration or rather the film thickness.

The absorption is at the edge of the solar spectrum, and thus, disadvantageous for photo-

voltaic applications. Nevertheless, as P(S-b-PP) is used as a model system for structural

characterization, its absorption is secondary. However, PPP can also be doped, with

e.g. AsF5, which extends its absorption range to higher wavelength due to additional

electronic states.[200] In this thesis the undoped system is investigated. Only very weak

additional features at a wavelength of about 400 nm are observed.

The absorbance at 329 nm follows a linear relation as a function of the concentration up

to 10 mg/ml (figure 7.1b). As the absorbance is directly proportional to the film thickness,
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Figure 7.1: a) Wavelength dependent absorbance of P(S-b-PP) films made from THF solutions with

concentrations of 2 mg/ml (black), 4 mg/ml (blue), 6 mg/ml (red), 8 mg/ml (green), 10 mg/ml (magenta)

and 12 mg/ml (cyan). b) Concentration dependent absorbance of the maximum at 329 nm. The solid

line is a linear fit to the data up to a concentration of 10 mg/ml. The right y-axis corresponds to the film

thickness determined from the absorbance.

the concentration-thickness dependence follows a linear relation which is already known

for standard and also conjugated polymers (see section 4.3 and references [112, 113, 174]).

The film made from a solution with 12 mg/ml has a higher thickness as expected from

the linear relationship between concentration and thickness as shown in figure 7.1b which

is in agreement with other polymers and is due to the higher viscosity which starts to

influence the film thickness at higher concentrations.[113]

The linear absorbance-thickness dependence can be used to obtain the film thickness if the

absorption coefficient α(λ = 329 nm) is known. Therefore, a P(S-b-PP) film made from

Figure 7.2: XRR data (black symbols)

with fit (red solid line) of a P(S-b-PP) film

made from THF solution with a concentra-

tion of 8 mg/ml.
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Figure 7.3: 2d GISAXS data (a) and the corresponding 2d IsGISAXS simulation (b) of a solvent-

annealed P(S-b-PP) film made from THF solution with a concentration of 8 mg/ml. The intensity color

coding is valid for both 2d data.

a solution with a concentration of 8 mg/ml is measured by X-ray reflectivity (XRR)

(figure 7.2) and the thickness h is determined by fitting the data. The thickness is

h = (78 ± 1) nm. Thus, an absorption coefficient of α(λ = 329 nm) = 0.0089 nm−1

results. Hence, a 78 nm thick film absorbs 50 % of the incoming light with a wavelength

of 329 nm. In figure 7.1b an additional y-axis with the corresponding thickness h is plot-

ted. For example, a film made from a solution with a concentration of 10 mg/ml is about

100 nm thick.

P(S-b-PP) films with a thickness of 78 nm are chosen for further structural investiga-

tions. In figure 7.3a the corresponding 2d GISAXS data is shown. In horizontal direction,

wing-like features are visible which are already a sign for lateral phase separation in the

nanometer range. In addition, the scattering in vertical direction reveals a modulation

which is correlated roughness originating from interference effects of the substrate and the

film surface or inner film layering. The corresponding 2d IsGISAXS simulation is shown in

figure 7.3b. Both 2d data are in good agreement with each other. The horizontal as well

as the vertical features are present. However, the frequency of the vertical modulation

differs. This deviation is due to the missing possibility to insert multilayer structures and

an appropriate interface roughness in the IsGISAXS model. These limitations give also

rise to the additional features next to the beam stop in the simulated 2d pattern. The

corresponding line cuts are discussed in the following section.

The model used for the IsGISAXS simulation is presented in figure 7.4. Cylindrical PPP

objects with a diameter 2r of 10 nm embedded in a PS matrix are used. The distance

between the PPP domains is determined to be 16 nm. A second type of PPP domains



7.2. NANOPARTICLE INCORPORATION 147

Figure 7.4: Schematic representation of

the IsGISAXS model used for the simu-

lation shown in figure 7.3. The blue and

red areas depict PPP and PS, respectively.

The radius r of the cylindrical PPP ob-

jects, the interparticle distance d and the

film thickness h are shown.

with a diameter of 40 nm and a probability of 0.1% is needed to fit the data. For clarity

this second object is not included in the schematic representation. For the arrangement

of the PPP domains a 1d paracrystal (1DDL) is used (section 2.3.3). The film thickness

is set to 78 nm which is known from the XRR measurements.

Although the material system cannot be used for photovoltaic applications, the revealed

structure is promising. The found length scales are on the order of the exciton diffusion

length and the structure is most probably near equilibrium due to the solvent annealing

of the block copolymer for over 40 h. However, further studies are required to give a con-

clusion on the equilibrium structure of P(S-b-PP) as the mobility of the polymer chain is

decisive when equilibrium is reached, i.e. for a low chain mobility equilibrium might not

be reached after 40 h of solvent annealing.

7.2 Nanoparticle incorporation

A new approach to use a diblock copolymer with only one semiconducting block in a pho-

tovoltaic device, is to incorporate additional components such as semiconducting nanopar-

ticles (NP). Thus, a donor-acceptor system is obtained which can be used in photovoltaic

applications. Due to the combination of organic polymers and inorganic NPs, such as

titania, these systems are assigned to the class of hybrid materials. Other hybrid material

systems for photovoltaics are the so-called solid state dye sensitized solar cells (ssDSSC)

in which inorganic and polymeric semiconductors are combined. In such a ssDSSC, typ-

ically a nanostructured titania foam is created by a sol-gel process and the polymer is

incorporated after calcination of the titania.[201, 202, 203]

In the combination of block copolymers and NPs, the diblock copolymer acts as the

structure determining agent. This combination is already widely studied in the case of

standard coil-coil block copolymers and magnetic NPs. In such a combination, the block

copolymer defines the structure and the NPs account for the function, e.g. as magnetic

storage device. Important is the selective incorporation of the NPs which is achieved with
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Figure 7.5: a) Wavelength dependent absorption of P(S-b-PP) films with embedded titania NP with a

NP content of 1 wt% (black), 3 wt% (blue), 5 wt% (red), 10 wt% (green), 20 wt% (magenta), 30 wt%

(brown), 40 wt% (violet) and 50 wt% (orange). b) The position of the main absorption maximum of

P(S-b-PP) as a function of NP content φNP . The dashed line highlights the critical NP concentration.

The red solid line is a guide to the eye.

the surface modification of the nanoparticles.[204, 205] However, only limited reports on

semiconducting NPs embedded in a partly semiconducting block copolymer exist. Also, in

this case a selective incorporation is crucial to separate the electron and hole conducting

materials. In addition, the NP-load has to be sufficiently high to assure charge transport

from NP to NP.

In this section, the incorporation of titania NPs in a block copolymer matrix and the influ-

ence on the morphology is investigated as a function of the NP content. For this study the

model system of titania NPs with 4-tert-butylcatechol (TBC) surface modification and a

diameter of 10 nm embedded in P(S-b-PP) is investigated. The surface modification is

chosen to prevent agglomeration of NPs. Although the material combination is not ideal

for photovoltaic applications, principal knowledge can be extracted.

The film preparation is done by spin coating on HF cleaned silicon substrates with sub-

sequent annealing in a saturated THF atmosphere for 42 h. 8 mg/ml is chosen as the

solution concentration to achieve a pure P(S-b-PP) film with a thickness of 78 nm as

introduced in the previous section.

7.2.1 Spectral characterization

To probe the selectivity of the NP incorporation, absorption measurements are used. From

the absorption spectra the molecular order of the PPP-block is extracted as the position of

the main absorption peak is directly related to the molecular order (section 2.1.2) because
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Figure 7.6: XRR data (black symbols)

with fit (red solid line) of a P(S-b-PP)

film containing 5 wt% titania NP made

from THF solution with a concentration

of 8 mg/ml.

the NPs do not exhibit an absorption maximum in the probed range. In figure 7.5a the

absorbance spectra of P(S-b-PP) films with different NP content are shown. The exact

peak position is extracted by fitting the spectra by a Gaussian function and plotted in

figure 7.5b. The peak position at low NP concentrations is constant at about 327 nm up

to at least 10 wt% NP content. Thus, the molecular ordering is not influenced due to NP

incorporation which is direct evidence that the titania NP are not located in the PPP

phases. For higher NP content the spectra is blue shifted which means that the molecular

arrangement off PPP is disturbed.

At lower wavelengths the absorbance increases with increasing NP content which is due

to the strong absorption of titania in the UV range.[206] Compared to the absorbance of

a pure P(S-b-PP) film (figure 7.1a green line) the absorbance decreases. This reduction

is due to less amount of P(S-b-PP) as well as a small decrease in film thickness when

the NPs are incorporated. The films with 5 wt% NP content exhibit a film thickness

of 74 ± 1 nm as measured by XRR (figure 7.6). In addition to the film thickness, XRR

revealed also a 4 nm thick layer near the substrate with increased electron-density due to

enrichment of titania NP at the substrate. Also the films with other NP concentrations

have smaller film thicknesses as seen from the analysis of the correlated roughness in the

GISAXS data (see next section).

7.2.2 Structural characterization

GISAXS is used to probe the influence of the titania NP on the mesoscopic morphology

of the P(S-b-PP) film. The 2d GISAXS data of systems with and without different NP

contents are shown in figure 7.7. The 2d scattering data without NPs is discussed in the

previous section and its IsGISAXS simulation reveals cylindrical PPP objects embedded
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Figure 7.7: 2d GISAXS data of P(S-b-PP) films with embedded titania NP with a NP content of 0 wt%

(a), 1 wt% (b), 3 wt% (c), 5 wt% (d), 10 wt% (e) and 20 wt% (f). The intensity color code is valid for

all 2d data.

in a PS matrix. With incorporation of the NPs the 2d data changes. Already for small

NP content the intensity of the horizontal scattering at the Yoneda peak increases which

is due to the higher contrast between titania and the polymers than between PS and PPP.

In addition, a vertical splitting of the horizontal scattering is visible. The lower and up-

per scattering correspond to the Yoneda peaks of the polymers and titania, respectively.

Thus, titania can be resolved by GISAXS in systems with NP content as low as 1 wt%.

The allover shape of the scattering data, in particular in the Yoneda region, stays con-

stant up to a NP concentration of 5 wt%. For higher concentrations the Yoneda peak

broadens. Consequently, major structural changes occur at these NP concentrations.

For a quantitative analysis detector and out-of-plane cuts are obtained. The detector cuts

are shown in figure 7.8a. The oscillations at angles above αf + αi = 0.8°, i.e. correlated

roughness, correspond to the film thickness of P(S-b-PP). With increasing NP content

the correlated roughness is less pronounced which is due to less homogeneous films. The

zoom-in into the Yoneda region (figure 7.8b) shows additional oscillations which change

with NP content and are therefore an indication that structural changes vertical to the

film surface occur. These oscillations correspond to multiples of a layer thickness and are

called waveguide effects. For the pure P(S-b-PP) film without NPs the thickness deter-

mined by XRR and from the correlated roughness are in good agreement. In addition,

the length scale obtained from the waveguide effect is exactly three times the thickness



7.2. NANOPARTICLE INCORPORATION 151

Figure 7.8: a) Logarithmic plot of detector cuts of P(S-b-PP) films with embedded titania NPs. b) Zoom

into the Yoneda region of the detector cuts. The NP contents are 0 wt%, 1 wt%, 3 wt%, 5 wt%, 10 wt%

and 20 wt% from bottom to top, respectively. The curves are shifted along the y-axis for clarity.

value.

In figure 7.9 the length scales obtained from XRR and GISAXS, i.e. the correlated

roughness (αf + αi > 0.8°) and the wave guide effect (αf + αi < 0.8°), are shown. The

length scale retrieved from the wave guide effect is divided by three as this corresponds to

the multiple found for the pure P(S-b-PP) film. When NPs are added to the P(S-b-PP)

film, the length scales obtained from the correlated roughness decreases. The thickness of

films with 5 wt% NP as measured by XRR is in accordance with the length scales obtained

from the correlated roughness. The difference of the length scales retrieved from the cor-

related roughness and the wave guide effects is constant at 7 nm for all films containing

NPs, except for the film with 3 wt% NP content which shows a 20 nm difference. As the

wave guide effect can originate from interference at interfaces of an inner film layering, it

seems that the found difference of these length scales is a measure for enrichment layers.
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Figure 7.9: Thicknesses of P(S-b-PP)

films as a function of NP content as de-

termined by XRR (black circles), from the

correlated roughness at angles above (red

triangles) and below (green squares) the

specular reflection.

In addition, the difference of 7 nm is in the range of the 4 nm thick enrichment layer

measured by XRR. Thus, the P(S-b-PP) film with NPs has a NP enrichment layer with

a constant thickness independent of the NP content, except for the film with 3 wt% NP

content. Consequently, the NP have to incorporate into the film as the thickness of the

enrichment layer stays constant with increasing NP content.

In the case of 20 wt% NP content, the detector cut reveals additional features at

αf + αi ≈ 0.4° (highlighted by an arrow in figure 7.8b). These features are strong in-

dications for island-like surface structures as discussed in detail in section 6.3.2. For a

system with three different components it is impossible to calculate the surface coverage

from this feature as long as the composition of the island-like structure is unknown.

Besides the structural information vertical to the sample surface, GISAXS probes also

the lateral morphology. The out-of-plane cuts are shown in figure 7.10. For the pure

P(S-b-PP) film a pronounced peak is observed. With increasing NP content the peak

gets less pronounced which is either due to structural changes or due to decreasing scat-

tering contrast of PS (δPS = 2.9 · 10−6) and PPP (δPPP = 3.6 · 10−6). For the latter one,

this means that the difference in refractive index has to be decreased. As the dispersion

of titania is δtitania = 9.48 · 10−6, the titania NPs have to be incorporated selectively into

the PS phase to decrease the contrast. To get no contrast, 10 vol% of NP content in the

PS phase, which corresponds to about 19 wt% overall NP content, have to be embedded

selectively whereas the block ratio of PS and PPP of 61 vol% (PS-block) or rather 64 wt%

(PS-block) is taken into account.

To distinguish between the structural changes and the loss of contrast, the data is fitted

using the effective surface approximation within the DWBA (section 2.3.3). For the pure

P(S-b-PP) film the fit shows a structural length of 19 nm which is slightly above the

structural length found by IsGISAXS (see previous section). Additionally, a structure of
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Figure 7.10: Double-logarithmic plot of

out-of-plane cuts (black symbols) with cor-

responding fits (red solid lines) of P(S-b-

PP) films with embedded titania NP. The

NP contents are 0 wt%, 1 wt%, 3 wt%,

5 wt%, 10 wt% and 20 wt% from bot-

tom to top, respectively. The effective sur-

face approximation in the framework of

the DWBA is used for fitting. The curves

are shifted along the y-axis for clarity.

500 nm is present which is kept constant for all curves. The small structure size increases

continuously with increasing NP content from 19 nm up to 50 nm for a NP content of

10 wt%. Furthermore, the distribution of this structure increases. Consequently, the NPs

swell the PS phase and the distance between the PPP domains increases. In addition,

the long range order is lost as revealed from the increased polydispersity of the struc-

ture. For the system with 20 wt% NP content no small structures are resolved but only

large structures in the range of 400 nm. At this NP content the contrast between the

two phases vanishes if the NPs are only incorporated in the PS phase. However, as seen

from the absorption measurements the PPP phase is already perturbed. Consequently,

for low content the NPs are selectively incorporated in the PS phase resulting in a swollen

structure. With further increase of the NP content the initial morphology is disturbed

and NP incorporation is non-selective anymore.

For intermediate qy values at about 0.02 nm−1, the fits deviate from the data for the

P(S-b-PP) films with a NP content from 1 wt% to 10 wt%. This additional structure or
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form factor cannot be fitted with the effective surface approximation based on only two

structure sizes.

The NPs do not seem to cluster as no additional structure peak corresponding to a length

of 10 nm (NP diameter) appears. For magnetic particles such a clustering was found for

already low concentrations below 1 %.[205]

7.2.3 Results

The incorporation of inorganic semiconducting nanoparticles in a partly semiconducting

diblock copolymer is studied using the model system P(S-b-PP) with titania NPs. The

focus is put on the selectivity of incorporation rather than application. GISAXS revealed

a morphology of cylindrical PPP objects in a PS phase. When adding titania NPs, the

main absorption peak of PPP stays constant for low NP contents. Thus, the NPs do not

disturb the molecular ordering of PPP and are selectively incorporated in the PS phase.

As a consequence the PS phase swells and the distance of the PPP phases increases. Ad-

ditionally, the scattering features get less pronounced due to loss in scattering contrast

with selective incorporation. Besides the surface modification, the selective incorporation

is most probably driven by the crystallization of the PPP phase. During crystallization of

polymers, impurities, which includes also the NP, are ejected from the crystalline phase.

XRR data and the analysis of the correlated roughness and the waveguide effect observed

in the GISAXS data suggest a thin enrichment layer of titania NPs at the substrate in-

terface which is independent of the NP content. Such an additional layer acting as a type

of blocking layer would be favorable in the case of application.

Figure 7.11: Schematic representation

of the suggested model extracted from the

scattering data. The blue and red areas de-

pict PPP and PS, respectively. The gray

spheres represent the titania NP. The ra-

dius r of the cylindrical PPP objects, the

interparticle distance d and the film thick-

ness h are shown.

In figure 7.11 a model of selectively incorporated titania NPs in a P(S-b-PP) film in the

case of low NP content is presented. The enrichment of NPs at the substrate interface is

not shown for enhanced clarity.

For high NP content, the absorption of PPP changes and the molecular order is influenced
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by the NPs. This is a strong indication that the NPs are incorporated in both phases. In

addition, the distance of the PPP phases cannot be resolved which is due to the decreased

contrast and the loss of structure.

To use this new approach in photovoltaic applications, further structural investigations,

such as topographical characterizations, on the model system and finally, photovoltaic

characterizations are needed. Most probably, a different material combination with an

absorption in the main part of the solar spectrum may be required.

7.3 Swelling of P(S-b-PP)

In the previous section, P(S-b-PP) is used as the structure determining agent. In prin-

ciple, the structure resulting from a diblock copolymer is defined by the ratio of the two

blocks. Thus, the block ratio has to be changed chemically to alter the structure. Such a

chemical modification is tedious work, in particular for copolymers containing conjugated

blocks. Besides chemical modifications, it is also possible to add a homopolymer which is

identical to one of the two blocks. By adding the homopolymer the corresponding block

swells which is equivalent to a change of the block ratio. Consequently, the resulting struc-

ture will be modified. The homopolymer has to be a low molecular weight homopolymer

to avoid the destruction of the initial structure due to large scale phase separation. This

swelling approach to modify the morphology of block copolymers has been applied for

several other systems before.[207, 208, 209, 210, 211, 212] Perlich et al., for example, used

the swelling approach to tune the structure of titania obtained from a sol-gel process for

photovoltaic applications.[212]

A fully deuterated polystyrene d8-PS homopolymer with a molecular weight of

MW = 2.4 kg/mol is chosen to be incorporated in P(S-b-PP). The d8-PS content is set

to 1 wt%, 5 wt%, 10 wt%, 25 wt% and 50 wt%. The polymer is spin coated from a THF

solution with 25 mg/ml on HF cleaned silicon and solvent cleaned FTO substrates. The

resulting films are thermally annealed at 150 °C, which is well above the glass transition

temperature of PS (Tg,PS =100 °C), for 48 h. Due to the deuteration of the homopolymer

the contrast in neutron scattering experiments is enhanced and the d8-PS can be probed

directly.

7.3.1 Surface structure

In figure 7.12 scanning electron microscopy (SEM) images of P(S-b-PP) films with dif-

ferent d8-PS contents are shown. Large round structures with a diameter of 100 nm to

200 nm are visible for films with 1 wt%, 5 wt% and 10 wt% d8-PS content. These large

structures reveal a white rim. Between the large domains, smaller structures in the range
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Figure 7.12: Scanning electron microscopy images of P(S-b-PP) films swollen with different d8-PS

contents of 1 wt% (a), 5 wt% (b) and 10 wt% (c). The images are obtained with a field-emission SEM

(FESEM, Zeiss LEO 1530 Gemini) operating at an accelerating voltage of 1 kV.

of 10 nm to 20 nm are observed. This structure size is in good aggreement with the

length scales seen for P(S-b-PP) in the previous sections. Thus, also in thicker, thermally

annealed P(S-b-PP) films structures on the nanometer scale are formed.

Since it is not possible to distinguish between hole- and island-like structures in the SEM

images additional AFM images are taken (figure 7.13). The round objects found in the

SEM are also visible in the AFM images and are identified as holes with a depth of up

to 20 nm. It seems that the surface coverage of holes is decreasing with d8-PS content

at least for the 25 wt% d8-PS films. The 1 wt% d8-PS film reveals a hole density of 10%

while for the 25 wt% d8-PS film only a density of 7% is found. For diblock copolymer

films a surface with holes or islands is common and is due to deficit or excess of material

to fill the next layer. For the film with the higher d8-PS content the addition of d8-PS

compensates the missing material and therefore, the hole density is decreased. The small

structures observed in the SEM images are not resolved with AFM at the chosen magni-

fication.

Figure 7.13: AFM images (8 × 8 µm2)

of P(S-b-PP) films swollen with different

d8-PS contents of 1 wt% (a) and 25 wt%

(b). The scale bar is valid for both images.

The color coding spans a height of 20 nm

(a) and 12 nm (b)
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Figure 7.14: a) Neutron reflectivity data (black symbols) with fits (red solid lines) of P(S-b-PP) films

swollen with different d8-PS contents of 1 wt%, 5 wt%, 10 wt%, 25 wt% and 50 wt%. The d8-PS is

increasing from bottom to top. The curves are shifted along the y-axis for clarity. b) Scattering length

density (SLD) profiles of P(S-b-PP) films swollen with different d8-PS contents of 1 wt% (black), 5 wt%

(red), 10 wt% (green), 25 wt% (blue) and 50 wt% (magenta). The left and right red dashed lines represent

the SLDs of P(S-b-PP) and d8-PS, respectively.

7.3.2 Vertical material composition

To probe the vertical distribution of d8-PS, neutron reflectivity experiments are performed

(figure 7.14a). Due to the lower SLD of the silicon substrate (2.08 · 10−6 Å) compared to

d8-PS (5.99 · 10−6 Å), the critical edge in the reflectivity data is defined by the polymer.

With increasing d8-PS content the edge shifts to higher qz values. In addition, Kiessig

fringes are observed which reveal the film thickness. At higher qz values a lower resolution

is chosen for the measurements.

Vertical scattering length density (SLD) profiles are extracted from the fitting of the

reflectivity data (figure 7.14b). The top of the graph (depth = 0 nm) corresponds to the

film surface. As the films consist of three components, PS, PPP and d8-PS, with different

SLDs, a non-ambiguous material composition profile cannot be calculated from the SLD

profile. For clarification the averaged SLD of P(S-b-PP) (1.81 · 10−6 Å) and the SLD

of d8-PS (5.99 · 10−6 Å) are depicted as red dashed lines. The SLD of the substrate is

unchanged for all systems. The film thickness is constant at about 220 nm for all systems

except for the film with 10 wt% which revealed a slightly lower thickness of 200 nm. With

increasing d8-PS content the SLD in the film increases. In the bulk of the film the SLD

is constant which is direct evidence that the d8-PS is incorporated homogeneously. Only

for the system with 1 wt% d8-PS content a thin enrichment layer of 10 nm is found at

the substrate. In addition, a depletion layer near the surface with a SLD below the SLD
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Figure 7.15: 2d GISANS data of P(S-b-PP) films swollen with different d8-PS contents of 1 wt% (a),

5 wt% (b), 10 wt% (c), 25 wt% (d) and 50 wt% (e). Inclined scattering features are highlighted by γ. The

reflection (upper) and transmission (lower) scattering are seperated by a dashed white line.

of P(S-b-PP) is found. This can be explained by the holes already observed in the AFM

and SEM images which result in a top layer with an average SLD below P(S-b-PP). This

low SLD corresponds to a hole density of 5% surface coverage under the assumption of

a pure P(S-b-PP) film. The hole density is lower than the value of 10% as obtained by

AFM. However, taking the presence of d8-PS with a higher SLD into account a hole den-

sity of 10% is obtained with 2 wt% d8-PS content in the top layer. This d8-PS content

is slightly larger than the d8-PS content in the full film. Consequently, already a small

d8-PS enrichment exists at the film surface of the 1 wt% film.

AFM and SEM show also holes for films with higher d8-PS content. However, the cor-

responding layer in the SLD profile cannot be distinguished anymore as the overall SLD

increases due to the higher d8-PS content and the hole density decreases. In addition, a

d8-PS enrichment layer on the film surface forms for higher d8-PS contents. These effects
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Figure 7.16: Schematic representation of the model explaining inclined scattering features. The PPP,

PS and d8-PS phases are depicted in blue, light red and red, respectively. The gray box represents the

substrate. The radius r of the cylindrical PPP objects, the measured and the corrected interparticle

distances d and d′ and the film thickness h are shown.

contribute to the SLD of the very top layer and make it difficult to resolve a thin depletion

layer.

The formation of the d8-PS enrichment layer is found for d8-PS contents of 25 wt% and

50 wt%. For these films the excess d8-PS is rejected from the block copolymer. It seems

that for systems with lower d8-PS content the homopolymer is fully incorporated in the

P(S-b-PP). Concerning photovoltaic applications an enrichment layer at the substrate

interface or the film surface is favorable as it acts as a blocking layer and, thus, avoids

short cuts.

7.3.3 Lateral structure

In figure 7.15 2d GISANS data of P(S-b-PP) films with different d8-PS contents on silicon

are shown. As silicon is almost transparent for neutrons the transmitted signal is also

observed. However, due to refraction of the neutron beam this transmitted signal is not

comparable with standard SANS experiments in transmission geometry. In the following,

the data analysis focuses on the reflected signal.

The scattering data show the specular reflection as well as the material sensitive Yoneda

peak. In addition, broad diffuse scattering is observed. For the films with low d8-PS con-

tent the 2d data look very similar but change for the higher d8-PS contents (25 wt% and

50 wt%). In particular, for the system with 50 wt% d8-PS content the scattered signal

increases dramatically which is due to the higher scattering contrast of the deuterated

homopolymer.

The scattering data reveal additional inclined features with an inclination of

γ = (23 ± 2)° independent of the d8-PS content. For the film with 50 wt% d8-PS content

no inclined feature is visible. This inclined scattering originates from tilted structures with

a base angle of γ = (23±2)°. Starting from the cylindrical morphology found for the pure
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Figure 7.17: a) Logarithmic plot of detector cuts and b) double-logarithmic plot of out-of-plane cuts of

2d GISANS measurements of P(S-b-PP) films swollen with different d8-PS contents of 1 wt%, 5 wt%,

10 wt%, 25 wt% and 50 wt% from bottom to top. The dashed lines indicate the specular reflection in

a) and the resolution limit in b). b) The red solid lines are fits to the data using the effective surface

approximation model. The curves are shifted along the y-axis for clarity.

P(S-b-PP) film, in figure 7.16 a schematic model with inclined structures is presented.

The homopolymer is incorporated in the PS phase and consequently increases the size of

the PS domains. The structures, including the PPP and PS phases, are tilted with the

base angle γ. Similar tilted scattering features were already found for channel structures

with inclined walls in the case of mechanically nanostructured PEDOT:PSS.[213]

The detector cuts of the swollen P(S-b-PP) films are shown in figure 7.17a. The mate-

rial sensitive Yoneda peak shifts to higher qz values with increasing d8-PS content as the

average SLD value is also increasing. This observation is in agreement with the shift of

the critical edge observed in the neutron reflectivity data (figure 7.14a). For the systems

with d8-PS content up to 10 wt% the detector cuts exhibit a very similar shape without

any additional features which is in good agreement with the neutron reflectivity data
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Figure 7.18: Plots of the neutron reflec-

tivity data (black circles) with fit (red solid

line) in the Fresnel normalized presenta-

tion and the detector cut (blue circles) of

a P(S-b-PP) film with a d8-PS content of

25 wt%.

revealing no strong layering. The detector cut of the film with 25 wt% d8-PS content

reveals a shoulder-like feature which is an indication of an enrichment layer. For the

same film neutron reflectivity shows a d8-PS enrichment layer at the sample surface. To

confirm that the shoulder-like feature is originated from the same enrichment layer, the

detector cut and the reflectivity curve are plotted in figure 7.18. The reflectivity curve

is displayed in the Fresnel normalized presentation, i.e. the intensity is multiplied by q4
z ,

which is used to enhance weak features. It is clearly visible that both curves exhibit a

schoulder-like feature with similar length. Consequently, the feature in the detector cut

represents the same enrichment layer as revealed with neutron reflectivity. The detector

cut of the P(S-b-PP) film with 50 wt% d8-PS content has much higher intensity as already

observed in the 2d data. However, a clear feature representing an enrichment layer is not

observed.

Due to the inclined structures and therefore inclined scattering features, it is not possible

to extract exact lateral length scales from the out-of-plane cuts (figure 7.17b). A 2d sim-

ulation would be necessary to achieve this. Unfortunately, IsGISAXS, which is typically

used for 2d simulations (section 5.3), can only simulate objects with tilted walls but not

fully tilted objects. Nevertheless, the out-of-plane cuts give an idea on the rough structure

sizes but it is important to keep in mind that the extracted length scales are estimated

values. To obtain the estimated structure sizes, the effective surface approximation model

(section 2.3.3) is used for fitting the out-of-plane cuts.

The out-of-plane cuts exhibit a pronounced lateral length scale d which increases from

104 nm to 130 nm with increasing d8-PS content. To account for the tilt in the structure,

the structure size has to be corrected with d′ = d sin γ. The resulting length scale d′

changes from 41 nm to 51 nm with increasing d8-PS content. These values are more than

double the structure sizes found for the pure P(S-b-PP) film by GISAXS and observed
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Figure 7.19: 2d GISANS data of P(S-b-PP) films swollen with different d8-PS contents of 5 wt% (a) and

50 wt% (b) on FTO substrates. The reflection (upper) and transmission (lower) scattering are seperated

by a dashed white line.

for the swollen films with SEM. Nevertheless, these values are on the same order of mag-

nitude, particularly keeping in mind that this is just an estimate. The increase in the

length scale is a strong evidence that swelling of the PS block due to the incorporation of

d8-PS is taking place.

Besides the mentioned length scale of the tilted structures, a broadly distributed length

scale of 200 nm is found for P(S-b-PP) film with a d8-PS content up to 25 wt% which

is in good agreement with the length scales of the hole-like structure obtained by AFM.

The system with the highest d8-PS content (50 wt%) exhibits another pronounced feature

corresponding to a size of 28 nm which cannot be assigned to a particular structure so

far.

7.3.4 Influence of substrate

Up to now, P(S-b-PP) films on HF cleaned silicon substrates are characterized. To probe

the influence of the type of substrate on the structure, P(S-b-PP) films with 5 wt% and

50 wt% d8-PS content are prepared on solvent cleaned FTO substrates. FTO is a trans-

parent conducting oxide which is typically used as electrode in organic solar cells.

In figure 7.19 the 2d GISANS data is shown. In comparison to the 2d data of P(S-b-PP)

films on silicon (figure 7.15), the 2d data of the films on FTO exhibit less transmitted

signal due to the thicker FTO substrate. Furthermore, higher intensities are observed, in
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Figure 7.20: a) Logarithmic plot of detector cuts and b) double-logarithmic plot of out-of-plane cuts of

2d GISANS measurements of P(S-b-PP) films swollen with different d8-PS contents of 5 wt% (lower two

curves) and 50 wt% (upper two curves) on Si substrates (cricles) and FTO substrates (squares). The

dashed lines indicate the specular reflection in a) and the resolution limit in b). b) The red solid lines are

fits to the data using the effective surface approximation model. The curves are shifted along the y-axis

for clarity.

particular, in the Yoneda region. Altogether, the rough FTO surface [214] dominates the

scattering signal and thus, the inclined scattering features are not observed.

For a detailed analysis detector and out-of-plane cuts are obtained and compared with

the corresponding data of the films made on silicon (figure 7.20). An additional Yoneda

peak appears in the detector cut of the P(S-b-PP) film with 5 wt% d8-PS which is due

to FTO (arrow in figure 7.20a). For higher d8-PS content the new Yoneda peak is not

observed as it is superimposed by the Yoneda peak of d8-PS. Furthermore, the specular

intensity decreases for the systems on FTO substrates due to the increased roughness of

FTO. The overall shape of the detector cuts does not change when replacing the smooth

silicon substrate with the rough FTO.

The out-of-plane cuts containing information on lateral length scales are shown in fig-

ure 7.20b. The scattering is dominated by the FTO substrate as already seen in the

2d data. However, there are still features originating from the P(S-b-PP) films visible.

Fitting the scattering data using the effective surface approximation exhibits the same

length scales as for the films on silicon substrates. This includes the constant structure

size of 200 nm, which is most probably related to the hole-like surface structures, and the

increasing structure size, which corresponds to the distance between PPP domains. Only

the 28 nm length scale found for the P(S-b-PP) film with 50 wt% d8-PS content is not

observed on the FTO substrate. In summary, the substrate type does not influence the
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structure formation of P(S-b-PP) in this case.

The influence of the FTO substrate on the morphology of nanostructured titania has

previously been studied. In that case, the structure changed depending on the underlying

substrate material.[215] However, the material system differed from the copoylmer used in

this thesis. Thus, the influence of the substrate on the structure depends on the material

system used.

7.3.5 Results

Swelling of the PS block of P(S-b-PP) with different d8-PS contents is used to tune the

morphology of P(S-b-PP). Imaging techniques (AFM and SEM) reveal hole-like surface

structures with a depth up to 20 nm. This perforated top layer appears in the neutron

reflectivity data as a layer with decreased SLD. However, the reflectivity data exhibit a

homogeneous distribution of d8-PS throughout the 220 nm thick films. For the systems

with high d8-PS content (25 wt% and 50 wt%), d8-PS enrichment layers at the sample

surface are observed. These enriched layers form most probably due to excess material of

d8-PS which can no longer be incorporated in the PS domains as this would destroy the

overall morphology. The existence of the enrichment layer is confirmed by GISANS mea-

surements. Such enrichment layers are favorable as blocking layers regarding application

in organic electronics if a fully conjugated diblock copolymer instead of the model system

P(S-b-PP) is used.

The lateral structure is probed by GISANS. The main difference of the morphology found

in the P(S-b-PP) films swollen by d8-PS compared to pure P(S-b-PP) films (section 7.1) is

the inclined structure with a tilt angle of about 23°. The inclination is already present for

d8-PS contents of only 1 wt%. The inclination results either from the addition of d8-PS or

from the increased film thickness of about 220 nm. The inclined structures would require

a full 2d simulation of the scattering data to obtain exact length scales. Nevertheless,

standard GISANS analysis using the effective surface approximation gives an estimate on

the length scales. The increase of the structure size with addition of d8-PS gives direct

evidence that the morphology is succesfully swollen by incorporation of d8-PS.

Finally, the influence of the substrate material is investigated. It is found that the mor-

phology does not change when the silicon substrate is replaced by FTO. Thus, the results

obtained for the P(S-b-PP) films on silicon can be transferred to other substrates, in

particular to FTO.
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7.4 Summary

The morphology of the diblock copolymer P(S-b-PP) consisting of the standard coil-like

polystyrene (PS) and the semiconducting rod-like poly-p-phenylene (PPP) is investigated

as a model system for photovoltaic applications. The advantage of block copolymers com-

pared to polymer blends is that the optimum morphology is the equilibrium structure.

Thus, these systems are more stable concerning structural aging.

It is found that P(S-b-PP) fulfills a linear concentration-thickness dependence in the case

of spin coating like other homopolymers. A 78 nm thick P(S-b-PP) film forms cylindrical

PPP objects embedded in a PS phase. The radius of the cylinders is 10 nm, which fits

the typical exciton diffusion length.

The combination of semiconducting titania NPs selectively incorporated in the PS phase

of P(S-b-PP) is used as a new approach which might work for hybrid organic photovoltaic

devices in future. In this case, the block copolymer is the structure determining agent.

The NPs form a constant 7 nm thin enrichment layer which is revealed by the correlated

roughness and the wave guide effect in the GISAXS measurements. From the absorption

data, in particular the peak position of the main absorption maximum of PPP, it is re-

vealed that the molecular order of PPP is not disturbed by the incorporation of the NPs

up to a content of 10 wt%. Thus, the NPs are selectively embedded in the PS phase. These

findings are confirmed by GISAXS as the scattering contrast between PS and PPP is bal-

anced by the NP incorporation. In addition, the dominant structural length increases with

increasing NP content which is due to the swelling of the PS phase. In summary, up to a

critical concentration the NPs incorporate selectively in the PS phase which is attributed

to the NP modification and the crystallization of the PPP block ejecting the NPs. This

approach is used for the first time and might be sucessfully applied for block copolymers

and NPs which fit better concerning electronic properties and absorption spectra.

Additionally, the morphology of P(S-b-PP) is tuned by swelling the PS block by a PS ho-

mopolymer with a low molecular weight. For the homopolymer the deuterated derivative

d8-PS is used to increase the contrast for neutron scattering experiments. The swollen

P(S-b-PP) films reveal inclined structures which increase with increasing homopolymer

content. Thus, the selective swelling of a single block of the block copolymer is successful.

In addition, an enrichment of the homopolymer near the surface forms. Such a morphol-

ogy would generally be favorable for photovoltaic applications as the lateral length scales

are in the range of the exciton diffusion length and additionally an enrichment layer, which

could act as a blocking layer, exists. Finally, it is revealed that the found morphology is

independent of the substrate used, at least for silicon and FTO substrates. Consequently,

this system can be characterized on silicon and the information directly transferred to

FTO substrates.
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Chapter 8

Conclusion and outlook

Material combinations resembling the different possible classes in organic photovoltaics

for the active layer of an organic solar cell are investigated in this thesis. For all systems

the modification of an external parameter results in an altered morphology. It is compre-

hensively shown that these structures are highly sensitive to the environmental conditions

and control parameters. Furthermore, it is found that gaining knowledge on the detailed

morphology needs a combination of several complementary investigation techniques. Scat-

tering techniques in addition to imaging techniques provide an excellent possibility to

probe surface morphology and buried structures without destroying the sample and the

results have a similar statistical relevance as the photovoltaic characteristics obtained

from measuring IV-curves. Therefore, the comparison of structure obtained from scatter-

ing with the photovoltaic performance is powerful for gaining fundamental understanding.

The standard system today in organic photovoltaics, P3HT:PCBM, is investigated in the

first part of this thesis. The bulk heterojunction morphology of this polymer-fullerene

system is fully characterized as a function of the solvent used. Despite similar photo-

voltaic characteristics, the morphologies differ significantly. Variations in lateral structure

sizes, vertical material composition and crystallinity are found. These differences cancel

each other out regarding photovoltaic performance. Furthermore, surface imaging reveals

surface structures with different length scales than found in the bulk of the film. Con-

sequently, the exact determination of the morphology is necessary to obtain a complete

understanding of an organic solar cell. Probing only the solar cell topography and its

electronic properties is insufficient and can result in misinterpretations.

Moreover, in this thesis the novel concept of fullerenes being dissolved in the P3HT matrix

is confirmed for bulk heterojunction systems for the first time. The molecularly dispersed

fullerene ratio is determined. It increases linearly with the overall fullerene content. These

findings are crucial for the modeling of charge carrier transport processes in organic solar

167
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cells, since so far in simulations only pure phases have been taken into account.

One step towards a further improvement of organic solar cells is the extension of the

absorption range of the active layer. This is realized by the addition of a dye with a

complementary absorption range. Although the dye contributes to the charge carrier gen-

eration, the overall photovoltaic performance decreases for the system under investigation.

The reduction of efficiency is attributed to the dye acting as a trap for low dye concentra-

tions and initializing major changes of the morphology for higher dye content. Therefore,

including an additional component to an organic photovoltaic system can cause a change

in morphology and thereby influence the photovoltaic performance.

Besides standard polymer-fullerene systems, polymer-polymer bulk heterojunction films

have the potential for high performance organic solar cells. In a first step, one of the

most efficient material combinations, P3HT:F8TBT, is investigated. It is found that the

optimum structural length scale in the active layer of an organic solar cell is larger than

the actual exciton diffusion length. While small length scales are ideal for exciton disso-

ciation, the charge carrier transport is hindered due to increased recombination. At the

observed length scale these effects are balanced and thus the most efficient solar cell is

obtained.

Moreover, a new scattering technique (GI-RSoXS) is applied to probe the morphology of

the polymer-polymer system, P3HT:MEH-CN-PPV, with varying blend ratio. The ad-

vantage of changing the film depth sensitivity without changing the setup is highlighted.

The observed structures are present at the film surface and inside the film, as well. Be-

sides the strong influence of composition on the mesoscopic structures, it is shown that

the main crystal orientation of the polymer also depends on the blend ratio. At the crit-

ical blend ratio the structural changes are less sensitive to annealing. Polymer-polymer

bulk heterojunction systems offer a good possibility to tune the morphology on different

length scales by adjusting the composition.

Finally, the widely used assumption that blending of some polymers can retard the crys-

tallization process and therefore result in very inefficient devices is directly proven for the

first time. Although the investigated samples match concerning electronic properties and

mesoscopic length scales, the missing crystallinity is the limiting factor in this system.

The optimum morphology of the systems summarized so far is mostly not in structural

equilibrium and therefore in a potentially unstable state. Therefore, diblock copolymers

are studied which can form equilibrated structures favorable for photovoltaic applications.

The diblock copolymer P(S-b-PP) consisting of a semiconducting and a non-conducting

polymer is characterized as a model system for photovoltaic applications in this thesis.

The combination of inorganic, semiconducting nanoparticles and the diblock copolymer

is presented as a novel approach for photovoltaic applications. To obtain two separated
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phases of the nanoparticle and the semiconducting block, the nanoparticles have to be

embedded selectively. It is shown that up to a nanoparticle content of 10 wt% the initial

block copolymer structure is preserved and the nanoparticles are embedded in the non-

conducting polymer phase. The selectivity is attributed to the nanoparticle modification

and the crystallization of the semiconducting block.

The morphology of a diblock copolymer mainly depends on its block ratio. Thus, the

block ratio has to be changed to tune the morphology. Besides synthesizing a new poly-

mer, the selective swelling of a single block with an identical homopolymer is used in

this thesis. Due to this swelling, the structure size in the block copolymer films increases

and the phases are tilted. However, the length scales are still in the range of the exciton

diffusion length. In addition, the homopolymer is ejected for higher concentrations and

forms an enrichment layer near surface which would act as a favorable blocking layer in

photovoltaic applications. Additionally, the structures are found to be independent of the

substrate used.

It is found that all investigated systems are sensitive to changes in the preparation history

concerning the morphology and the photovoltaic performance. Although this gives the

possibility to tune the structure and therefore optimize the solar cell efficiency, these sys-

tems are also vulnerable to unintentional changes. In principle, bulk heterojunction sys-

tems have the best photovoltaic performance if structural length scales are in the range or

slightly above the exciton diffusion length, crystalline fractions exist and a correct vertical

material distribution forms. Nevertheless, in detail every material combination behaves

differently to modifications and thus no exact general rule can be extracted. Hence, new

material combinations have to be optimized individually.

In summary, this thesis demonstrates possible effects on the morphology for different ma-

terial combinations and proves widely used assumptions by direct measurements.

Future projects concerning the morphology of the active layer in organic solar cells should

include its long term structural stability. In particular, in the case of bulk heterojunction

systems which are not in equilibrium, structural changes will most probably occur on

longer timescales. Local heating due to solar radiation, which is not contributing to charge

carrier generation, can induce mobility of the polymer chains and result in structural

changes. The main challenge will be to distinguish the effect of structural degradation

from chemical aging of the polymer and to develop an analytic mechanism accordingly.

Finally, this mechanism has to be related to the change in photovoltaic performance.

Especially, the high diffusivity of fullerenes has to be taken into account. The observation

that structural changes in polymer-polymer systems are retarded at the critical blend
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ratio is promising, as this might open a possibility to reduce structural degradation.
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[104] J. Stöhr. NEXAFS spectroscopy. Springer, Berlin, 2003.

[105] C. R. McNeill and N. Greenham. Conjugated-polymer blends for optoelectronics.

Adv. Mater., 21:3840, 2009.

[106] M. Granström, K. Petritsch, A. C. Arias, A. Lux, M. R. Andersson, and R. H.

Friend. Laminated fabrication of polymeric photovoltaic diodes. Nature, 395:257,

1998.

[107] T. Kietzke, H.-H. Hörhold, and D. Neher. Efficient polymer solar cells based on

M3EH-PPV. Chem. Mater., 17:6532, 2005.

[108] B. C. O’Regan, I. Lopez-Duarte, M. V. Martinez-Diaz, A. Forneli, J. Albero,

A. Morandeira, E. Palomares, T. Torres, and J. R. Durrant. Catalysis of recombi-

nation and its limitation on open circuit voltage for dye sensitized photovoltaic cells

using phthalocyanine dyes. J. Am. Chem. Soc., 130:2907, 2008.

[109] Johann Szeifert. Mesoporous Titania Materials - Tuning and Optimizing Nanostruc-

tures and Porous Morphologies. PhD thesis, LMU München: Fakultät für Chemie

und Pharmazie, 2011.



180 BIBLIOGRAPHY

[110] P. Müller-Buschbaum, N. Hermsdorf, S. V. Roth, J. Wiedersich, S. Cunis, and

R. Gehrke. Comparative analysis of nanostructured diblock copolymer films. Spec-

trochimica Acta Part B, 59:1789, 2004.

[111] P. Müller-Buschbaum. Influence of surface cleaning on dewetting of thin polystyrene

films. Euro. Phys. J. E, 12:443, 2003.

[112] D. W. Schubert. Spin coating as a method for polymer molecular weight determi-

nation. Pol. Bull., 38:117, 1997.

[113] D. W. Schubert and T. Dunkel. Spin coating from a molecular point of view: its

concentration regimes, influence of molar mass and distribution. Mat.Res. Innovat.,

7:314, 2003.

[114] M. A. Ruderer, M. Hirzinger, and P. Müller-Buschbaum. Photoactive nanostruc-

tures of polypyrrole. ChemPhysChem, 10:2692, 2009.

[115] C. J. Brabec, S. Gowrisanker, J. J. M. Halls, D. Laird, S. Jia, and S. P. Williams.

Polymer-fullerene bulk-heterojunction solar cells. Adv. Mater., 22:3839–3856, 2010.

[116] Y. Liang, Z. Xu, J. Xia, S.-T. Tsai, Y. Wu, G. Li, C. Ray, and L. Yu. For the bright

future-bulk heterojunction polymer solar cells with power conversion efficiency of

7.4%. Adv. Funct. Mater., 22:E135, 2010.

[117] B. A. Collins, J. R. Tumbleston, and H. Ade. Miscibility, crystallinity, and phase

development in organic solar cells: Towards an enlightened understanding of device

morphology and stability. J. Phys. Chem. Lett., 2:3135–3145, 2011.

[118] M. A. Ruderer, S. Guo, R. Meier, H.-Y. Chiang, V. Körstgens, J. Wiedersich,

J. Perlich, S. V. Roth, and P. Müller-Buschbaum. Solvent-induced morphology in

polymer-based systems for organic photovoltaics. Adv. Funct. Mater., 21:3382–3391,

2011.

[119] M. A. Ruderer, R. Meier, L. Porcar, R. Cubitt, and Müller-Buschbaum P. Phase

separation and molecular intermixing in polymer-fullerene bulk heterojunction thin

films. J. Phys. Chem. Lett., 3:683–688, 2012.

[120] M. A. Ruderer, M. Hinterstocker, and Müller-Buschbaum P. Structure in ternary

blend systems for organic photovoltaics. Synth. Met., 161:2001–2005, 2011.

[121] S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, and J. C.

Hummelen. 2.5% efficient organic plastic solar cells. Appl. Phys. Lett., 78:841–843,

2001.



BIBLIOGRAPHY 181

[122] H. Hoppe, M. Niggemann, C. Winder, J. Kraut, R. Hiesgen, A. Hinsch, D. Meissner,

and N. S. Sariciftci. Nanoscale morphology of conjugated polymer/fullerene based

bulk-heterojunction solar cells. Adv. Funct. Mater., 14:1005–1011, 2004.

[123] M. M. Wienk, J. M. Kroon, W. J. H. Verhees, J. Knol, J. C. Hummelen, P. A.

van Hal, and R. A. J. Janssen. Efficient methano[70]fullerene/MDMO-PPV bulk

heterojunction photovoltaic cells. Angew. Chem., 115:3493–3497, 2003.

[124] A. C. Arias, J. D. MacKenzie, R. Stevenson, J. J. M. Halls, M. Inbasekaran, E. P.

Woo, D. Richards, and R. H. Friend. Photovoltaic performance and morphology

of polyfluorene blends: A combined microscopic and photovoltaic investigation.

Macromolecules, 34:6005–6013, 2001.

[125] M. T. Rispens, A. Meetsma, R. Rittberger, C. J. Brabec, N. S. Sariciftci, and

J. C. Hummelen. Influence of the solvent on the crystal structure of PCBM and

the efficiency of MDMO-PPV:PCBM ’plastic’ solar cells. Chem. Commun., pages

2116–2118, 2003.

[126] Andrew R. Campbell, Justin M. Hodgkiss, Sebastian Westenhoff, Ian A. Howard,

Robert A. Marsh, Christopher R. McNeill, Richard H. Friend, and Neil C. Green-

ham. Low-temperature control of nanoscale morphology for high performance poly-

mer photovoltaics. Nano Lett., 8:3942–3947, 2008.

[127] J. Moule and K. Meerholz. Controlling morphology in polymer-fullerene mixtures.

Adv. Mater., 20:240–245, 2008.

[128] C. Uhrich, R. Schueppel, A. Petrich, M. Pfeiffer, K. Leo, E. Brier, P. Kilickiran,

and P. Baeuerle. Organic thin-film photovoltaic cells based on oligothiophenes with

reduced bandgap. Adv. Funct. Mater., 17:2991–2999, 2007.

[129] D. M. DeLongchamp, B. M. Vogel, M. C. Jung, Y.and Gurau, C. A. Richter, O. A.

Kirillov, J. Obrzut, D. A. Fischer, S. Sambasivan, L. J. Richter, and E. K. Lin.

Variations in semiconducting polymer microstructure and hole mobility with spin-

coating speed. Chem. Mater., 17(23):5610–5612, 2005.

[130] S. Hugger, R. Thomann, T. Heinzel, and T. Thurn-Albrecht. Semicrystalline mor-

phology in thin films of poly(3-hexylthiophene). Colloid. Polym. Sci., 282:932–938,

2004. 10.1007/s00396-004-1100-9.

[131] Zhiyong Wu, Albrecht Petzold, Thomas Henze, Thomas Thurn-Albrecht, Ruth H.

Lohwasser, Michael Sommer, and Mukundan Thelakkat. Temperature and molecu-



182 BIBLIOGRAPHY

lar weight dependent hierarchical equilibrium structures in semiconducting poly(3-

hexylthiophene). Macromolecules, 43:4646–4653, 2010.

[132] K. Sethuraman, S. Ochiai, K. Kojima, and T. Mizutani. Performance of poly(3-

hexylthiophene) organic field-effect transistors on cross-linked poly(4-vinyl phenol)

dielectric layer and solvent effects. Appl. Phys. Lett., 92:183302, 2008.

[133] L. Chang, H. W. A. Lademann, J.-B. Bonekamp, K. Meerholz, and A. J. Moule.

Effect of trace solvent on the morphology of P3HT:PCBM bulk heterojunction solar

cells. Adv. Funct. Mater., 21:1779–1787, 2011.

[134] H. Zhong, X. Yang, B. deWith, and J. Loos. Quantitative insight into morphology

evolution of thin PPV/PCBM composite films upon thermal treatment. Macro-

molecules, 39:218–223, 2006.

[135] D. Kronholm and J. Hummelen. Fullerene-based n-type semiconductors in organic

electronics. Material Matters, 2:16–20, 2007.

[136] P. A. Troshin, H. Hoppe, J. Renz, M. Egginger, J. Y. Mayorova, A. E. Gory-

achev, A. S. Peregudov, R. N. Lyubovskaya, G. Gobsch, N. S. Sariciftci, and V. F.

Razumov. Material solubility-photovoltaic performance relationship in the design

of novel fullerene derivatives for bulk heterojunction solar cells. Adv. Funct. Mater.,

19:779–788, 2009.

[137] C. R. McNeill, B. Watts, L. Thomsen, H. Ade, N. C. Greenham, and P. C. Dastoor.

X-ray microscopy of photovoltaic polyfluorene blends: Relating nanomorphology to

device performance. Macromolecules, 40:3263–3270, 2007.

[138] C. R. McNeill, A. Abrusci, I. Hwang, M. A. Ruderer, P. Müller-Buschbaum,

and N. C. Greenham. Photophysics and photocurrent generation in polythio-

phene/polyfluorene copolymer blends. Adv. Funct. Mater., 19:3103–3111, 2009.

[139] Manfred Stamm, Günter Reiter, and Klaus Kunz. The use of x-ray and neutron

reflectometry for the investigation of polymeric thin films. Physica B, 173:35–42,

1991.

[140] K. B. Burke, W. J. Belcher, L. Thomsen, B. Watts, C. R. McNeill, H. Ade, and

P. C. Dastoor. Role of solvent trapping effects in determining the structure and

morphology of ternary blend organic devices. Macromolecules, 42:3098–3103, 2009.

[141] J. Perlich, V. Körstgens , E. Metwalli, L. Schulz, R. Georgii, and P. Müller-

Buschbaum. Solvent content in thin spin-coated polystyrene homopolymer films.

Macromolecules, 42:337–344, 2009.



BIBLIOGRAPHY 183

[142] A. Diethert, Y. Peykova, N. Willenbacher, and P. Müller-Buschbaum. Near-surface

composition profiles and the adhesive properties of statistical copolymer films being

model systems of pressure sensitive adhesive films. ACS Appl. Mater. Interfaces,

2:2060–2068, 2010.

[143] G. Kaune and P. Müller-Buschbaum. Gradient-doping of a conductive polymer film

with a layer-by-layer approach. Phys. Status Solidi RRL, 4:52–54, 2010.

[144] C. M. Björström, S. Nilsson, A. Bernasik, A. Budkowski, M. Andersson, K. O.

Magnusson, and E. Moons. Vertical phase separation in spin-coated films of a low

bandgap polyfluorene/PCBM blend-effects of specific substrate interaction. Appl.

Surf. Sci., 253:3906–3912, 2007.

[145] X. Wang, T. Ederth, and O. Inganäs. In situ wilhelmy balance surface energy de-

termination of poly(3-hexylthiophene) and poly(3,4-ethylenedioxythiophene) during

electrochemical doping-dedoping. Langmuir, 22:9287–9294, 2006. PMID: 17042544.

[146] A. Kumar, G. Li, Z. Hong, and Y. Yang. High efficiency polymer solar cells with

vertically modulated nanoscale morphology. Nanotechnology, 20:165202, 2009.

[147] A. J. Parnell, A. D. F. Dunbar, A. J. Pearson, P. A. Staniec, A. J. C. Dennison,

H. Hamamatsu, M. W. A. Skoda, D. G. Lidzey, and R. A. L. Jones. Depletion of

PCBM at the cathode interface in P3HT/PCBM thin films as quantified via neutron

reflectivity measurements. Adv. Mater., 22:2444–2447, 2010.

[148] J. W. Kiel, B. J. Kirby, C. F. Majkrzak, B. B. Maranville, and M. E. Mackay.

Nanoparticle concentration profile in polymer-based solar cells. Soft Matter, 6:641–

646, 2010.

[149] M. Campoy-Quiles, T. Ferenczi, T. Agostinelli, P. G. Etchegoin, Y. Kim, T. D. An-

thopoulos, P. N. Stavrinou, D. D. C. Bradley, and J. Nelson. Morphology evolution

via self-organization and lateral and vertical diffusion in polymer:fullerene solar cell

blends. Nat. Mater., 7:158–164, 2008.

[150] B. A. Collins, E. Gann, L. Guignard, X. He, C. R. McNeill, and H. Ade. Molecular

miscibility of polymer-fullerene blends. J. Phys. Chem. Lett., 1:3160–3166, 2010.

[151] N. D. Treat, M. A. Brady, G. Smith, M. F. Toney, E. J. Kramer, C. J. Hawker,

and M. L. Chabinyc. Interdiffusion of PCBM and P3HT reveals miscibility in a

photovoltaically active blend. Adv. Energy Mater., 1:82–89, 2011.



184 BIBLIOGRAPHY

[152] D. Chen, F. Liu, C. Wang, A. Nakahara, and T. P. Russell. Bulk heterojunction

photovoltaic active layers via bilayer interdiffusion. Nano Lett., 11:2071–2078, 2011.

[153] B. A. Collins, Z. Li, C. R. McNeill, and H. Ade. Fullerene-dependent miscibility in

the silole-containing copolymer PSBTBT-08. Macromolecules, 44:9747–9751, 2011.

[154] F. C. Spano. Modeling disorder in polymer aggregates: The optical spectroscopy of

regioregular poly(3-hexylthiophene) thin films. J. Chem. Phys., 122:234701, 2005.

[155] Jenny Clark, Jui-Fen Chang, Frank C. Spano, Richard H. Friend, and Carlos Silva.

Determining exciton bandwidth and film microstructure in polythiophene films us-

ing linear absorption spectroscopy. Appl. Phys. Lett., 94:163306, 2009.

[156] O. F. Pascui, R. Lohwasser, M. Sommer, M. Thelakkat, T. Thurn-Albrecht, and
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Roth, R. Döhrmann, R. Gehrke, R. Gebhardt, M. Burghammer, and P. Müller-

Buschbaum. Determination of the ordered structure in conjugated-coil diblock

copolymers films from a thickness gradient prepared by spin-coated drop technique.

Macromolecules, 42(12):4230–4236, 2009.

[199] M. A. Ruderer, V. Körstgens, E. Metwalli, M. Al-Hussein, U. Vainio, S. V.
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Prof. Dr. P. Böni and B. Russ who provided the possibility to use the X-ray reflectometer

at the Lehrstuhl E21. Furthermore, I want to thank S. Schoell from the WSI for helping

me with the HF cleaning of my substrates and Dr. J. M. Szeifert and Prof. Dr. T. Bein

(LMU) for providing the titania nanoparticles.

Special thanks go to ’my’ diploma and master, bachelor and working students S. Prams,

A. Nathan, S. Guo, M. Hirzinger, M. Krawczyk, M. Hinterstocker, R. Roßner and N.
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