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Abstract

In this thesis the morphology and the functional properties of two kinds of semiconductor
thin films based on conjugated diblock copolymer and organometal halide perovskite
are investigated. The focus is on tailoring the film nanostructure and on elucidating
its impact on the optoelectronic and optical behaviors. Advanced X-ray and neutron
scattering techniques are combined with surface sensitive imaging methods to obtain a
full picture of the resulting morphology. We find that, the self-assembly of P3HT-b-PS
is dramatically influenced by the addition of PCBM, which accordingly effects on the
exciton dissociation behavior. The crystal orientation of lead bromide perovskite crystal
can be effectively tuned by adding long organic ligands. An identical crystal orientation
between 3D and 2D perovskite crystals as well as a compact film domain structure lead
to the arise of the amplified spontaneous emission (ASE).

Zusammenfassung

In dieser Dissertation wurden die Morphologie und die funktionellen Eigenschalten von
zwei dünnen Halbleiterfilmen am konjugiertem Diblockcopolymeren und Organometall
Halogenid-Perovskit untersucht. Der Fokus lag darauf, die Nanostruktur der Filme zu
verändern und dessen Einfluss auf optoelektronische und optische Verhaltensweisen zu
erläutern. Moderne Röntgen- und Neutronenstreumethoden wurden in Kombination mit
oberflächensensitiven Bildgebungsverfahren verwendet, um die resultierenden Morpholo-
gie zu bestimmen. Es wurde gezeigt, dass P3HT-b-PS durch die Zugabe von PCBM
stark beeinflusst wird, was folglich ein Einfluss auf die Exzitonen-Dissoziation hat. Die
Kristallorientierung des Bleibromid Perowskitkristalls kann wirksam durch Hinzufügen
von langen organischen Liganden abgestimmt werden. Mit einer identischen Kristallori-
entierung zwischen 3D und 2D Perowskitkristallen in Kombination mit einer kompakten
Filmdomänenstruktur wird eine verstärkte spontane Emission erreicht.
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1 Introduction

The rapid growth of global industrialization and the evolving ecological concerns in last
decades post new challenges for the application of advanced technologies. In order to meet
the requirements of modern society, innovative materials with outstanding properties hold
the key to the technological advances since the performance of devices and the properties
of materials are closely interrelated.

Among the emerging new materials, nanostructured materials have gathered great in-
terests not only in science, but also play an ever increasing role in the daily life in twenty-
first century. [1] More and more products based on nanostructured materials have been
realized in markets, covering diverse applications such as energy conversion, energy stor-
age, semiconductor devices and biotechnology. [2–5] With dimensions been tailored with
atomic accuracy, nanostructured materials experience tremendous changes of both the
physcial and the chemcial properties. [3] The surface to volume ratio changed incremen-
tally in nanostructured materials due to size tuning. The interface phenomenon becomes
notable and both bulk and surface properties are combined in such materials. [6] As a
consequence, unique mechanical, electrical and optical properties appear. In the present
thesis, two nanostructured semiconductor material systems, conjugated diblock copoly-
mers:fullerene blends and organometal halide perovskite are investigated as model systems
for their potentially applications of organic photovaltics (OPV) and optical gain media,
respectively. For both systems, samples are prepared in thin films with respect to the
geometry of real device.

Conjugated polymers exhibit intriguing optical and optoelectronic properties due to
their overlapping π-orbitals that creates delocalized π-electrons. In polymer-based or-
ganic solar cells, conjugated polymers act as electron donor and blended with fullerene
derivatives (typically, PCBM), which act as electron acceptor. A high performance organic
solar cell features a so-called bulk heterojunction (BHJ) morphology, in which electron
donor and electron acceptor form an interpenetrating network with structure sizes on the
same length scale of the exciton diffusion length (10-20 nm). [7, 8] This structural layout
exhibit shorten domain sizes for exciton transportation and large interface areas for charge
carriers separation. According to such crucial requirement, conjugated diblock polymers
attract high expectation for OPV application due to its intrinsic microphase separation
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2 1. Introduction

behavior. In conjugated diblock copolymers, the conjugated polymer is connected with
another polymer moiety via covalent bond. Instead of macrophase separation, conjugated
diblock copolymers can form a various kinds of nanostructures via self-assembly due to
microphase separation. [9, 10] The morphology of conjugated diblock copolymers can be
tuned by the addition of functional additives. The ordered nanoscale morphology of the
pristine conjugated diblock copolymer becomes disordered at higher loading of PCBM
content. [11] However, by directly blending diblock copolymer with PCBM, so far no
good OPV device as compared to homo-polymer:PCBM blends can be obtained. There-
fore, it is important to obtain a detailed understanding about the morphology evolution
of the diblock copolymer:fullerene blends at different blending stages.

Organometal halide perovskite materials emerged as a promising material for optoelec-
tronic and optical applications in last decades due to their outstanding dielectric properties
and tunable wide absorption spectrum. [12, 13] The dimensional structures of perovskite
crystals can be nanostructured from three-dimensional (3D) bulk crystals down to zero-
dimensional (0D) nanoparticles by using long organic ligand as structural template. [14]
In response to the sizable changes, nanostructured perovskite crystals can exhibit quan-
tum confinement effects, which accordingly impacts on the optoelectronic behavior. By
decreasing the size of perovskite crystals smaller than the de Broglie wavelength and the
mean free path of electrons, discrete energy levels arise instead of the continuous density
of states (DOS) for bulk materials. As a consequence, the resulting perovskite crystals
exhibit an increased band gap and its absorption shifts toward large energies. [15,16] Fur-
ther, for perovskite films containing both 3D and low dimensional crystals, the resulting
optoelectronic devices enjoy increased performance as a consequence of the interaction
between different dimensional structures. [17, 18] In order to better control the crystal
formation and further boost these materials in industrial application, the understanding
of the interaction between different dimensional perovskite crystals and its correlation on
the functional property is essential.

The fundamental aspects in this thesis contain three chapters. The theoretical back-
ground is first detailed in chapter 2 in terms of the basics of polymers, organometal halide
perovskite and the fundamentals of the scattering methods that used for structure inves-
tigation. Thereafter, chapter 3 describes all the used characterization methods as well as
the experimental parameters, followed by the sample preparation of diblock copolymer
and perovskite thin films and a description of the involved materials in chapter 4. Re-
search highlights as the main part of this thesis are presented in chapter 5 and chapter
6.

Chapter 5 elucidates the influence of the addition of PCBM on the P3HT-b-PS thin
films. The weight fraction of PCBM in the BHJ films is varied from 9% to 67%. This
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wide range of compositional variation is expected to distinctly affects the self-assembly
of P3HT-b-PS. Further, the morphological changes is assumed to directly impact on the
optoelectronic property of the BHJ films. Through the comparison between the obtained
morphological and spectroscopy results, the following questions are addressed:
• How does PCBM distribute in the BHJ film at different compositions?
• Can the addition of PCBM effects on the molecular order of the P3HT-block?
• Does the PCBM addition has an impact on both, mesoscale and microscale structures

of P3HT-b-PS? How does it correlate to the exciton dissociation quality?
In chapter 6, a mixture of organic ligands with different molecular lengths are used

to prepare perovskite thin films. Due to the sizable effect of the longer organic ligand
on the formation of perovskite crystal, the resulting crystals are expected to be mixed
dimensions, i.e. a mixture of both 3D bulk and 2D platelets perovskite crystals. As
a consequence, the functional property of the prepared thin films is assumed to have a
combined characteristic of different crystal families. The resulting perovskite thin films
are thoroughly characterized in terms of optical property, crystal structure, film morphol-
ogy, and amplified spontaneous emission (ASE) behavior, aiming to answer the following
questions:
• How do different dimensional crystals grow in the perovskite thin films?
• How does the addition of long organic spacer impact on the resulting film morphology?
• Can energy transfer from 2D platelets to 3D bulk crystals exists? Will the resulting

morphology effects on the energy transfer efficiency? How does it correlate to the resulting
ASE behavior?

At the end, the obtained results and a short outlook for future projects on the basis of
this thesis is given in chapter 7.





2 Theoretical aspects

2.1 Polymer basics

This section covers some aspects of the fundamental background of polymer physics.
Firstly, the theoretical definition of polymeric materials is presented (Section 2.1.1), fol-
lowed by the introduction of diblock copolymers (Section 2.1.2). Both the phase separa-
tion behavior of polymer blends (Section 2.1.3) and the polymer crystallization behavior
(Section 2.1.4) are described in details. Afterwards, the origin of the conductivity in poly-
meric materials is explained (Section 2.1.5). Lastly, a brief introduction of optoelectronic
properties in polymer:fullerene blends closes this section (Section 2.1.6).

2.1.1 Basic definitions

Polymers are a kind of macromolecule that consist of a sequence of one or more covalently-
bond repeating units, i.e. monomers. For example, N numbers of monomer A are cova-
lently linked to each other and therefore created a polymer (named polyA or in short,
PA) with molecular structure A-A-...-A-A. N is the degree of polymerization of a polymer,
which defines the number of monomer units in a polymer. Typically, for a macromolecule
called polymer the corresponding molecular weight Mw is higher than 104 g mol−1. In con-
trast, macromolecules with Mw smaller than 104 g mol−1 are generally named as oligomers.

The process that describes the covalent linking of monomer units in polymer synthesise
is called polymerization. However, the yielded polymer chains are hardly monodisperse in
length, but rather have a certain length of distribution. Therefore, statistical mean values
are used to describe synthetic polymers. Depending on the molar mass Mi of component
i and the number of chains ni of component i, the so-called number average molar mass
Mn is defined as the first central moment of the statistical distribution of molar mass

Mn =
∑
i niMi∑
i ni

(2.1)

In addition, the so-called weight average molar mass Mw of a synthetic polymer is
defined as the ratio of the second central moment to the first central moment

5



6 2. Theoretical aspects

Mw =
∑
iwiMi∑
iwi

(2.2)

with wi being the total mass of polymer chains for component i

wi =
∑

i
niMi (2.3)

On the basis of Mn and Mw, the polydispersity index P that describes the heterogeneity
of the molar masses and the inconsistency U are

P = Mw

Mn

= U + 1 (2.4)

In the ideal case for monodisperse polymers, P = 1. However, besides nature-abundant
macromolecule like proteins, the synthetic polymers generally exhibit a statistically dis-
tributed degree of polymerization with P > 1.

Three terms are highly important to define polymer architectures, which are consti-
tution, configuration, and conformation. Depending on the types and the sequences of
monomers, polymers can be categorized into different groups. In the simplest case, ho-
mopolymers only constituting of one type of monomer, such as the aforementioned PA.
Polymers that are constructed from more than one type of monomers are caller copoly-
mers. On the basis of architecture of different monomers, copolymers can be partitioned
into different groups. For example, if copolymers contain an alternating sequence of dif-
ferent monomers, a so-called alternating copolymer is defined, e.g. A-B-A-B-...-B-A-B-A.
In the case of diblock copolymers, the covalently-bond momoners are distributed in a spe-
cific sequence, e.g. A-A-A-...-block-...-B-B-B. More details are illustrated in the coming
Section 2.1.2. An overview of polymer naming and descriptions can be found in IUPAC
(International Union of Pure and Applied Chemistry) definitions. [19]

The configuration of the polymer chain describes the physical arrangement of the
monomer residues along the backbone of the polymer chain. For example, depending
on the geometrical arrangement for all the side groups, either on one side or on opposite
sides with respect to the backbone, cis- or trans- configuration can be defined. Further-
more, polymers with configurationally identical repeating units are tactic polymers. If
all the substitutes are located on the same side of the polymer backbone, it is called
the isotactic polymer. Otherwise, syntactic polymer describes that the substitutes are
alternating along the backbone. In addition, a regioregular polymer is derived from the
same isomer of the monomer, otherwise a regiorandom polymer is defined. The degree
of regioregularity in conjugated polymers is closely related to the crystallinity and subse-
quently optical properties.
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The term confirmation describes the configuration of a polymer chain, which arises from
the rotation of molecules or chain segments around single bonds within the polymer. The
final shape of polymer chains are strongly dependent on the local environment. In the case
of polymers dissolved in a so-called good solvent that favors intermixing with polymers,
all chains are more stretched. However, in the case of a bad solvent environment, polymer
chains tend to be tightly coiled in order to reduce the interface to the solvent molecules.

Different characteristic length scales can be used to describe the states of polymer
conformation. The so-called contour length of polymer refers to the maximum length of
a fully stretched chain. The conformation of polymer chain can be described using the
end-to-end distance Re

Re = |−→rN −−→r1 | (2.5)

where −→rN and −→r1 are the first and last position of an atom in the polymer chain with
the degree of polymerization N, respectively. [20] However, the volume information of a
polymer chain is not included in Re. A more generally used term is the so-called radius
of gyration Rg

Rg = 1
M

∑
i
mi(−→ri −−→rc ) (2.6)

where M is the total mass of the polymer chain, mi and ri are the mass and the position
of the i-th component of the polymer, and rc is the center of mass position. [20] Typically,
Rg is widely used in describing polymer chains with Gaussian coil conformation and the
value is on the order of several nanometers.

2.1.2 Diblock copolymers

As briefly described in the previous section, diblock copolymers consist of two identical
monomers A and B, in which A and B are distributed in two individual chains and
covalently-bond together. The resulting polymers is named polyA-block-polyB or in short
as PA-b-PB. [21] In general, the two monomers have different degrees of polymerization
NA and NB, from which, the block ratios fA and fB are defined as

fA = NA

NA +NB

(2.7)

fB = NB

NA +NB

= 1− fA (2.8)
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In general, macrophase separation occurs in the case of blending different types of
immiscible polymers. That is, the respective polymer chains demix and form domains
on the order of several micrometer. [20] However, the components in diblock copolymers
are covalently linked and therefore, macrophase separation cannot take place. Instead,
diblock copolymers are self assembling into fine patterns on the order of chain length,
i.e. nanometer scale, by microphase separation. The generated sizes of domains are
determined by the chain fractions of each block. A detailed introduction is depicted in
Section 2.1.3.

2.1.3 Phase separation

In applications, polymers can be blended, i.e. mixing of two or more different homopoly-
mers. Homogeneous mixtures are commonly hard to achieve due to the incompatibility
among different homopolymers. Therefore, multi-phase materials are deduced depending
on Gibb’s free energy. [22] Based on the mean-field theory, the Flory-Huggins equation
(Equation 2.9) is widely used to describe the organization of a two components sys-
tem. [23,24]

MGm

kB T
= φA lnφA

NA

+ φB lnφB
NB

+ χφA φB (2.9)

where MGm is the free energy of mixing per unit voclume, kB the Boltzmann’s constant, T
is the absolute temperature, φi and Ni are volume fractions and degrees of polymerization
of component i, v is an arbitrary reference value, and χ denotes the interaction parameter
between the two components. The first two parts describe the entropic contribution
for randomly mixed chain molecules, whereas the enthalpic contribution is described by
the last part through the interaction parameter χ. The interaction parameter can be
empirically rewritten as [22]

χ = χh
T

+ χs (2.10)

where χh and χs denote the enthalpic and entropic parts of χ, respectively. The entropic
component χs accounts the contributions from chain conformation, chain-end effects,
monomer molecular structure and excess free volume. For a small value of χ, the two
components are generally alike and establish a better mixing phase. An exemplary phase
diagram is showed in Figure 2.1 for a mixture of polymers A and B with NA = NB

= N. Depending on the thermodynamic minimization of the Gibb’s free energy, either a
homogeneous phase or a phase separation system forms. The exact situation is determined
by the smaller value of Gibb’s free energy for the two cases. More specifically, the critical
point φc is determined by the third derivative of Gibb’s free energy
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φc = 1√
NB/NA + 1

(2.11)

Moreover, the critical value of polymer-polymer interaction parameter χc is calculated
by the second derivative of Gibb’s free energy that can be expressed as

χc = 1
(2NB)(1 +

√
NB

NA

)2 (2.12)

Figure 2.1: Phase diagram of a blend of polymer A and polymer B. Depending on the volume
fraction of polymer A φa and varying values of χN , different phases can be described as: (i)
a homogeneous mixture, (ii) a metastable region, and (iii) phase separated system. The image
is adapted from literature. [20] The solid line is called binodal, the dashed line is called the
spinodal, and a dot indicates the critical point.

On the condition of Nχc = 2, the miscibility gap is defined. [20] For products of stronger
interaction between high molecular mass polymers, a phase-separation is observed as
shown in Figure 2.1. For polymers with different degrees of polymerization, the phase
diagram is asymmetric with respect to χ = 0.5. [20]
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Microphase separation

As aforementioned in Section 2.1.2, instead of blending two incompatible monomers, the
two blocks are covalently-bond in diblock copolymers. As a consequence, macrophase sep-
aration is avoided and diblock copolymers are microphase separating on the nanometer
scale via self-assembly. A general phase diagram for a conformationally symmetric diblock
copolymer PA-b-PB is displayed in Figure 2.2 (adapted from [25]). The phase behavior
depends on three parameters: the degree of polymerization N, the relative volume frac-
tion of each block f and the Flory-Huggins interaction parameter χ. The self-assembled
domain structures is predominantly dependent on the block ratio f in equation 2.7 and
equation 2.8. In general, the sizes of the domains distributed from 10 nm to 100 nm can
by tuned through the controlling of the molecular weight of diblock copolymers. [25]

Figure 2.2: a) Phase diagram of a symmetric diblock copolymer PA-b-PB alongside changing the
relative volume fraction of each block f : (L) lamellae, (H) hexagonally packed cylinders, (Q230)
double-dyroid phase, (Q229) body-centered spheres, (CPS) closed-packed spheres, and (DIS)
disordered. The black dot in phase diagram indicates the man-field critical point.b) Schematic
descriptions of different structures of PA-b-PB with different degrees of fA. The PA block is
depicked in red whereas PB block in blue. The image is adapted from literature. [25]

The critical value in the case of symmetric blocks is χcN = 10.5, the so-called weak
segregation limit (WSL). For χN far below 10.5, diblock copolymers exsit as a homoge-
neous melt with no ordered structure. Upon increasing the value of χN , the two blocks
start to repeal each other, which subsequently leads to local fluctuations of the volume
concentration in the system. The so-called order-to-disorder (ODT) phase transition that
happens due to the repulsion is strong enough to drive the phase separation. Upon further
increasing the value of χN , pure domains for each block associated with sharp interfaces
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are formed, which is the so-called as strong segregation limit (SSL) for χN ≫ 10.5. [26]
WSL or SSL is hardly observed in some block copolymers due to the molecular weight.

In reality, the phase diagram of block copolymers is asymmetric. More specifically, a
diversity of structures as well as crystallization properties of the monomers can affect the
morphological development in diblock copolymers. Also, when going from bulk samples
into thin films other structures are identifiable due to the boundaries at both the substrate
and the air interfaces.

2.1.4 Polymer crystallization

The ordering of conjugated polymer chains is closely correlated to their optical properties.
For example, the charge carrier mobility in crystalline regions of P3HT is orders of mag-
nitudes highers than the amorphous parts. [27] Therefore, understanding of mechanisms
of polymer crystallization is important for organic optoelectronic devices.

In contrast to small organic molecules, polymer crystallites do not form complete crys-
tals but exist in a semicrystalline state. That is, the crystallized polymer parts distribute
in an amorphous matrix of the same polymer (Figure 2.3). Polymer crystallites posses
a lamellar-like structure with a layer thickness of dc whereas the amorphous parts in
semicrystalline polymers mainly contain entangled chains, chain ends, impurities and
defects. The lateral size for a semicrystalline polymer can grow up to several microm-
eters. [28] A complete crystallization state is entropically impeded by a high activation
barrier to fully disentangle the coiled polymer chains. Therefore, the semi-crystalline state
for polymers is kinetically determined in comparison to thermal equilibrium. In addition,
polydispersity is another factor that hinders polymers to achieve full crystallization. The
crystallinity (φc) of semi-crystalline polymers is defined by the volume fraction of the
crystalline part

φc = vc
vc + va

(2.13)

where vc and va denote the volumes of crystallized and amorphous phases, respectively.
The crystallinity of polymers is affected by varying factors, such as the type of side chains,
the flexibility of the backbone and the polydispersity.

The physical states of polymer can be described by three characteristic temperatures,
which are the glass transition temperature Tg, melting temperature Tm and crystallization
temperature Tc. Polymers behave like solid and brittle-like material below Tg while they
become soft and flexible upon heating the system temperature above Tg. This transition
can be understood as the mobility of chain segments in polymer being enhanced when the



12 2. Theoretical aspects

Figure 2.3: Sketch of polymer crystals with thickness dc. The straight lines refer to the crys-
talline part of the backbone whereas the amorphous part is described by coils-like lines.

system temperature exceeds Tg. [20] At Tm, crystallites in semi-crystallite polymer start
to be behave like amorphous liquid. Tc describes the temperature at which the polymer
gains enough energy for crystallization to build ordered structures. Tc is typically between
Tg and Tm. In the following sections, polymer crystallization is described by a multistage
model proposed by Strobl. [20, 29]

Nucleation

Polymer crystallization from an amorphous state starts with nucleation. The nucleation
rate τnuc−1 yields a proportional relationship to the volume of the crystallized domain
vc [30]

τnuc
−1 ∝ vc (2.14)

Moreover, base on the fact that Tc is located in between Tg and Tm, τnuc−1 is expo-
nentially correlated to the temperature [31]

τnuc
−1 ∝ exp(−4U +4Fc

kB T
) (2.15)

where kB is the Boltzmann constant, 4U the activation energy barrier for diffusion across
the grain boundary, and 4Fc the critical free energy barrier for primary nucleation. [32]
Nucleation in polymer crystallization can be divided into two types. Firstly, nanometer-
sized small particles with good internal ordering are formed as a consequence of thermal
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fluctuations. These particles either functionalize as nuclei that allow crystal growth or
dissociate due to thermal motion. This type of nucleation is a homogeneous process
which is thermodynamically determined. Apart from this, impurities, dusts and defects
can also behave as nuclei to affect nucleation in polymers. This process is considered as
heterogeneous nucleation, in which polymer chains attach to the surface of those nuclei
and start crystallization to build ordered structures.

Growth

After the nucleation process, polymer crystals start to grow. The folded coils in poly-
mers start to develop ordering perpendicular to the chain direction. Microscopically, large
spherulite-like structure as shown in Figure 2.4d can form on a length scale approaching
several micrometers. However, these structures are not attractive for organic optoelec-
tronic devices due to the big size compared to the exciton diffusion length (Section 2.1.6).
Therefore, only early stages in polymer crystals development are detailed in this section.

The crystal formation in polymers from melt is irreversible and vice versa. More
specificially, an intermediate mesoporphic state is introduced to explain the detailed pro-
cesses. [33] It has been experimentally demonstrated that the crystallization and melting
of polymers in the bulk can be illustrated by three characteristic temperatures: T∞am de-
scribes the transition from the melt to the mesomorphic phase, T∞ac describes the transition
from the amorphous to the crystalline phase, and T∞mc desribes a virtual transition be-
tween the mesomorphic and the crystalline phase. [20] The three controlling temperatures
are correlated as

T∞am < T∞ac < T∞mc (2.16)

The multistage model for describing polymer crystals growth is sketched in Figure 2.4.
[34, 35] Polymer coils develop ordering in the melt by epitaxial forces, whereas defects
are expelled from the mesophase associated with preliminary lamellae are formed (Fig-
ure 2.4a). After reaching a critical thickness value the core region solidifies and forms
blocks (Figure 2.4b). In a final step, coils at the surface order to further stabilize the
crystals (Figure 2.4c).

Based on this multistage model, a thermodynamic phase diagram is proposed by Strobl
as shown in Figure 2.5 as a function of the inverse crystal thickness 1/n and the temper-
ature T. [34] n represents the number of subunits and therefore the crystal thickness is
defined as

dc = n4a (2.17)
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Figure 2.4: Sketch of a multistage model for polymer crystallization process. Polymers from melt
start crystallization from (a) a mesomorphic phase, and thereafter undergoes (b) solidification by
core crystallization and stabilize by (c) surface ordering. (d) An examplary spherulite structure
formed upon crystal branching and splaying.

where4a is the length of the subunit. Four phases together with the respective transition
lines are discussed: The amorphous melt, the mesomorphic phase and the crystalline
phase which is detailed with two forms of the native crystal cn and the stabilized crystal
cs. The effect of surface free energy and transition temperatures can be described by the
Gibbs-Thomson equation

T∞ac − T ≈
2 δacs T∞ac
4hac

1
n

(2.18)

where δacs denotes the surface free energy of a stabilized crystal and 4hac is the heat
of fusion. Equation 2.18 illustrates the reduction of the melting temperature as a con-
sequence of the folded crystal surface. In more detail, the crystallization line and the
recrystallization line can be respectively described equation 2.19 and equation 2.21

T∞mc − T ≈
(2δacn − 2δam)T∞mc

4hmc
1
n

(2.19)

T∞mc − T ≈
(2δacs − 2δam)T∞mc

4hmc
1
n

(2.20)

where δacn , δacs , δam and 4hmc refer to the corresponding surface free energies and the
heat of fusion, respectively. The equilibrium melting temperature T∞ac in equation 2.18
decreases upon incorporating impurities whereas both crystallization and recrystallization
lines are impurity independent.



2.1. Polymer basics 15

Figure 2.5: T/n−1 phase diagram of layered polymer crystals in an amorphous melt. Four
phases are identified by the transition lines: (a) melt, (b) mesophase, (cn) native crystals and
(cs) stabilized crystals as described by equations 2.18 to 2.21. The image is adapted from
literature. [35]

Two identical processes of isothermal annealing followed by heating are depicted with
red lines in Figure 2.5. In the case for high crystallization temperatures (process I), the
crystal thickness is not influenced by heating until it reaches the melting line. However, in
process II the crystal thickness increases once the recrystallization line is reached. With
further heating, the crystal melts at the triple point χs. [34, 35]

2.1.5 Conductive polymers

In general, the major applications for polymers are generated from their mechanical prop-
erties and flexible processability. In the year 2000, the Nobel Prize was awarded to
Heeger, Shirakawa and MacDiarmid for their discovery of conductivity in polymers. [36]
Since then, tremendous effort had been applied to study conductive polymers. The con-
ductivity in polymers is based on the delocalized π electrons. Thus, the π-orbitals overlap
and merge together so that a large orbital is formed which secures the free movement
of electrons. The overlapping π-orbitals form bonding π- and anti-bonding π∗-bands, in
which the latter one is energetically unfavorable. The two are named the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
respectively. The molecular structure for most conducting polymers contains alternat-
ing singe and double bonds along the backbone. These conjugated double bonds allow
charge transportation in polymers. In the following sections, the conductivity in poly-
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mers is discussed in detail in terms of band structure, charge carriers, doping and charge
transport.

Band structure

The band structure of conjugated polymers can be generally described by Peierl’s theo-
rem. [37] For a one-dimensional chain with atoms all periodically located with a distance
of a, the corresponding band is half-filled up to the Fermi level EF as shown in Figure 2.6a.
In this case, the system typically exhibits metallic properties. However, if the periodic
distance is slightly distorted in case of conjugation or dimerization, a new superstructure
lattice distance of 2a is defined (Figure 2.6b). Accordingly, the Brioullin zone is bisected
and leads to the formation of an energy gap 4Egap. Since the Fermi level remains un-
changed, the system undergoes a transition from metal to insulator and generally known
as the Peierl’s instability. For polymers with atoms distributed in flexible chains, the
Peierl’s theorem is commonly applicable to understand the formation of a band gap and,
to illustrate the intrinsic insulating as well as semiconducting nature of polymers. The
band gap of polymers depends on several factors, such as molecular structure, degree of
polymerization, or doping of the polymer. Typically, the band gap of semiconducting
polymers lies in the range of 1.5-3.0 eV. [20] For P3HT studied in the present thesis, the
value is around 1.9-2.0 eV. [38]

Figure 2.6: Schematic illustration of polymer band structure derived from Peierl’s theorem: (a)
band structure of a one-dimensional metal chain along with a periodic atom distance of a, (b)
band structure of dimerized chain with a super-structural atomic distance of 2a.



2.1. Polymer basics 17

Charge carriers

In contrast to inorganic systems where charge is carried by electrons or holes, charge
carriers in conductive polymers consist of quasiparticles which account for both, charge
and lattice distortion. The atoms in polymer chains are able to move more freely in com-
parison to inorganic lattices, so the lattice distortion in polymers cannot be neglected.
The chain conformations in polymers can generally lead to stronger polarization effects.
Solitons, polarons, and bipolarons are the three types of quasiparticels with an energeti-
cally degenerate ground state in conductive polymers. In Figure 2.7, these three types of
quasiparticles are schematically illustrates using polyacetylene (PA) as an example. Al-
though the quasiparticles are represented as symbols at fixed positions, in reality they are
more freely extended over several atoms due to chain relaxation. For example, a soliton
in PA is distributed over 14 carbon atoms and possesses six times the effective mass of an
electron. As shown in in Figure 2.7a, solitons with charge are spin-zero whereas neutral
solitons have half-integer spin. Charged solitons can be created either via doping or via
light excitation, where the latter one contributes to the photoconductivity in polymers.
In contrast, polarons are charged and have half-integer spin while bipolarons are charged
and spin-zero. The combination of two neutral solitons will result in annihilation. How-
ever, the combination of a neutral and a charged soliton will lead to the formation of a
polaron.

Doping

Unlike in inorganic system where doping is carried out by the replacement of lattice
atoms with dopants, polymers are doped via reduction or oxidation. For example, iodine
is typically used as an oxidizer to dope PA and P3HT due to its high oxidation potential.
[39,40] In the case of neutral solitons, the oxidation by iodines will take the electron and
lead to the formation of charged solitons.

2.1.6 Optoelectronic properties

Organic optoelectronic devices, such as organic solar cells, are a kind of device that
can convert light into electricity. In general, the light absorbing layer (active layer) in
organic photovoltaics consists of at least one polymeric material as a light absorber. In
the present thesis, the diblock copolymer P3HT-b-PS:PCBM bulk heterojunction (BHJ)
blend is selected as a model system, which employs the conjugated diblock copolymer as an
electron donor and the small molecule PCBM as an electron acceptor. The basic principle
of light-electricity conversion in BHJ blend is schematically illustrated in Figure 2.8, which
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Figure 2.7: Schematic illustration of the quasiparticles with their respective energetic states
in an exemplary system of PA: (a) solitons, (b) polarons, and (c) bipolarons. Dots represent
electrons that are not a part of a π-bond. ⊕ and 	 indicate the net charge of the quasiparticles.

includes a) light absorption, b) exciton diffusion, c) exciton dissociation and d) charge
transportation. Herein, only the first three processes correlating to the present thesis are
discussed in sequence.

Light absorption

The solar energy conversion process starts with light absorption. A photon can be ab-
sorbed by the photo-actively functional layer on the condition of E > Eg, thereafter an
electron is excited from the HOMO level to the LUMO level in the conductive polymer.
Simultaneously, a so-called Frenkel exciton, i.e. an electron-hole pair, is created in the
polymer phase. In contrast to the Wannier-Mott excitons in inorganic semiconductors, ex-
citions in organic molecules exhibit higher binding energy on the order of 0.5-1.0 eV. [41,42]
As a consequence, the exciton cannot dissociate into charge carriers at room temperature
and additional forces are required. For example, PCBM in the studied system exhibits
a different LUMO level compared to P3HT and therefore a potential difference can be
provided at the donor/acceptor interface to separate the exciton.

For organic molecules, the shape of their absorption spectrum is presented as a function
of wavelength and determined by the type of monomer. Unlike inorganic semiconductors,
the absorption spectrum of organic molecules not only consists of a sharp peak but also ex-
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Figure 2.8: Schematic illustration of the solar energy conversion process in a BHJ blended
film: (a) light absorption and exciton generation, (b) exciton diffusion, (c) exciton dissociation
and (d) charge transportation. The bottom dark block depicts the substrate used for BHJ film
deposition.

hibits further fine structures due to vibrational excitations. Based on the Franck-Condon
principle, the electronic transition is much faster than the motion of the nucleus. Accord-
ingly, the electronic transitions are considered as vertical lines normal to the vibrational
states. In organic molecules, transitions to different vibrational states n are possible due
to the spatial displacement 4Q. More specifically, the transition probability is deter-
mined by the overlap of wavefunctions of the initial and the final state. A schematic
description for the transition process is illustrated in Figure 2.9. Once a photon with
certain energy hν is absorbed by the organic molecules, an excitation process occurs from
the vibrational ground state of m = 0 in the lower electronic level l to the vibrational
state of n = 1 in the higher electronic level u. Afterwards, the excited electron can transit
to the vibrational ground state n = 0 in the same electronic level in form of non-radiative
relaxation. The relaxed electron thereafter might then transits to the initial electronic
level. At the same time, a photon is emitted with a frequency of ν∗. So far, only the
singlet exciton is discussed since it dominants the transition process.



20 2. Theoretical aspects

Figure 2.9: Band profile of a molecule with spatial displacement 4Q between a lower (l) and
an upper (u) electronic state. The vibrational states in the corresponding electronic states of l
and u are denoted as m and n, respectively. E describes the energy whereas Q is a displacement
coordinate.

For conjugated polymers, the absorption position is determined by the intrachain or-
dering, i.e. the conjugation length, which describes the length of the conjugated portion
in the polymer chain. The conjugation length is affected by defects or kinks along the
polymer backbone. Additionally, the interchain interaction among polymer chains can
also influence the shape of the absorption spectrum. In the case of two polymeric chains
close to each other, the electronic excitations are coupled in the vibrational modes of the
molecules and consequently the absorption spectrum is affected by the type of molec-
ular aggregation. In general, the major types of aggregates are so-called as J- and H-
aggregates. For J-aggregates, dipoles align in-line whereas H-aggregates possess parallel
dipoles. [43] In literature, it was reported that the conjugated polymer P3HT can be re-
garded within the H aggregate model. Therefore, by determining the relavent absorbance
of the 0-0 and 0-1 vibronic peaks, one can address the free exciton bandwidths of W [44]
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A0−0

A0−1
= n0−0

n0−1
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Ep


2

(2.21)

where n0−i are the real parts of the refractive index at the corresponding absorption bands
and Ep is a constant value of the phonon energy of the electronically excited state. For
P3HT, Ep was reported to be 0.18 eV whereas the relevant refractive index was assumed
to be around 1. [44] Generally, the free exciton band widths W decrease with increasing
conjugation length. [45]

Exciton diffusion

As discussed in the previous section, the generated exciton can not dissociate into free
charge carriers at room temperature due to its large binding energy. Therefore, exciton
have to diffuse towards the donor/acceptor interface at which a potential differences are
provided. The exciton diffusion process can be considered as a energy transfer process
between donor and acceptor molecule. In the case of polymers, the donor molecule is the
site where excitons are located and the acceptor molecule is the site toward where excitons
are transferred. Two types of energy transfer processes are considered for conjugated
polymers depending on the distance between donor and acceptor molecule, namely the
trivial energy transfer process (Figure 2.10a) and the Förster resonant energy transfer
process (Figure 2.10b).

Figure 2.10: Sketches of band diagrams describing (a) the trivial energy transfer process and
(b) the Förster resonant energy transfer process.

The trivial energy transfer process dominates at larger distances between donor and
acceptor molecule (R > 10 nm). It represents a photon re-absorption process in which
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a photon is emitted by fluorescence in the donor molecule and subsequently absorbed by
the acceptor molecule. Afterwards, a new exciton is created in the acceptor molecule.
The transfer rate KET

D→A of the trivial energy transfer process is

KET
D→A ∝ R−2 (2.22)

where R is the distance between donor and acceptor molecule. The re-absorption process
can be analogous to excitation transference among molecules and therefore the exciton
lifetime is extended. [37]

The Förster resonant energy transfer process, which is also known as fluorescence reso-
nance energy transfer (FRET), is a radiationless process that generally occurs at smaller
distances between donor and acceptor molecule (R < 10 nm). It processes by dipole-dipole
coupling. The transfer rate KFRET

D→A for this radiationless process is

KFRET
D→A = 1

τD
(R0

R
)6 (2.23)

where τD is the natural lifetime of the donor and R0 the critical transfer distance at which
the energy transfer rate matches the radiative decay rate τ−1

D . The transfer rate correlates
to the dipoles orientation of the donoar and acceptor molecules. The transfer rate KFRET

D→A

is maximized on the condition of parallel dipoles of the donor and acceptor molecules.
The exciton diffusion process consists of several energy transfer steps, which can be

regarded as directional randomly hopping-like motion. The effective moving distance or
diffusion length lD is comparably smaller than the total moved distances. lD is described
as

lD =
√
ZD τD (2.24)

where Z is a parameter describing the dimensionality of the diffusion, D denotes the
diffusion coefficient and τD depicts the exciton lifetime. For P3HT, lD is on the order of
4-12 nm. [46,47]

Exciton dissociation

In order to create free charge carriers, exciton dissociation process takes place at the
donor/acceptor interface. Literally, excitons can be generated in both, donor and acceptor
materials. Since the absorption spectrum of P3HT is overlapping more with the solar
spectrum as compared to PCBM, in the present thesis P3HT is considered to be matrix
in which the exciton is created. Due to the energy levels, P3HT is regarded as the electron
donor whereas PCBM is the electron acceptor.
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Once an exciton reaches at an donar/acceptor interface, the exciton dissociation process
occurs in two ways: a direct charge transfer or an initial energy transfer followed by a
charge transfer. In either case, the positive and negative charge carriers in the donor and
acceptor phases exist as a Coulomb-bound polaron pair. To obtained free charge carriers,
separation of the polar pair is necessary. The Braun-Onsager model is generally applied
to explain the polaron pair dissociation, in which an external electric field is considered to
assist the separation of the Coulomb-bound pair of charges. [48,49] The bounded polaron
pair can either dissociate with a rate of kd or recombine back to the ground state with
a rate of kf . Meanwhile, it is also possible that free polarons can reform a polaron pair
with a rate of kr. The polaron pair separation yield PF is given by

PF = kd(F )
kd(F ) + kf

(2.25)

with the field-dependent dissociation rate as

kd(F ) = 3γ
4πr3

pp

exp(−Eb
kT

) J1(2
√
−2b)√
−2b

(2.26)

with γ is the Langevin recombination factor, [37] rpp the initial polaron-pair radius, Eb

the Coulombic binding energy, kT the thermal energy, J1 the first order of Bessel function
and b the reduced field. Taking into account the charger carrier mobility of µ, kd(F) in
equation 2.25 can be rewritten as

PF = κd(F )
κd(F ) + (µτf )−1 (2.27)

where κd(F ) = kd(F )/µ and τf is the polaron-pair life time. [50] Therefore, the polaron-
pair separation yield P(F) strongly correlates to the charge carrier mobilities µ and the
polaron-pair lifetime τf . For a system with high charge carrier mobility and long lifetime,
the charge carrier generation process is quite efficient. [50] In the case of the P3HT:PCBM
blend system, the exciton dissociation process is as fast as 10 fs. [51]

2.2 Organometal halide Perovskite basics

The nomenclature Perovskite initially described a calcium titanium oxide mineral with the
chemical formula of CaTiO3. Currently, this nomenclature has been extendedly applied
for materials that adopt a similar crystal structure, e.g. organometal halide perovskite
materials. In this section, the theoretical background of organometal halide perovskite
materials is introduced in detail in terms of spatial structure (Section 2.2.1) and opto-
electronic properties (Section 2.2.2).
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2.2.1 Spatial structure

The general crystal structure of organometal halide perovskite materials can be denoted
as ABX3 where the A-site is occupied by monovalent organic moieties (i.e. CH3NH3

+

(MA+), HC(NH2)2
+ (FA+)), bivalent metal cations at the B-site (i.e. Pb2+, Sn2+), and

halides (i.e. Cl−, Br−, I−) at the X-site. Due to their intrisic optoelectronic properties
that offer a multitude of possibilities based on composition, organometal halide perovskite
materials attract increasing attention in applications of solar cells, light-emitting diodes
and optical gain medias. [52–54]

3D Perovskite

Figure 2.11: Sketch of a general perovskite crystal structure with chemical formula ABX3.

Figure 2.11 depicts the general organometal halide perovskite crystal structure, where
B occupies the center of the metal-halide octahedral [BX6]4− clusters whereas A is 12-
fold cuboctahedral coordinated with halide X anions. As compared to conventional per-
ovskites, the A site in organometal halide perovskite materials contributes functionality to
the structural template and solution processibility. [55] The formability of the perovskite
structure can be estimated using the Goldschmidt tolerance factor t (Equation 2.28) and
the octahedral factor µ (Equation 2.29) [56,57]

t = rA + rX√
2 (rB + rX)

(2.28)

µ = rB
rX

(2.29)
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where ri denote the effective ionic radii of A, B and X ions. From literature, it is reported
that stable perovskite can form on the condition of 0.813 < t < 1.107 and 0.442 < t
< 0.895 [58]. Taking into account the large ionic radii of Pb (1.19 Å) and halides (e.g.
bromide 1.96 Å), the ionic radius of the A cation is constrained to ≈ 2.5 Å. Therefore,
only small organic molecules containing 2-3 C-C or C-N bonds, or small inorganic cations
such as Cs+ (1.88 Å) are considered to meet the requirement of forming 3D perovskite
structure. [59]

Low-dimensional layered Perovskite

In contrast to the 3D perovskite, the Ruddlesden-Popper layered perovskite with the
general chemical formula (RNH3)2An−1BnX3n+1 can form when the applied cations (R; e.g.
CmH2m+1; m = 4-12) are too large to fit in the cuboctahedral cavity between the [BX6]4−

octahedra. [60] To accommodate these larger cations, the 3D symmetric growth of the
cubic structure is terminated and sliced along the (001) or (110) direction (Figure 2.12a).
As a consequence, pure 2D layered (n = 1) or quasi-2D (n = defined integer) layered
structure are formed. Schematic illustrations of layered perovskite structures are depicted
in Figure 2.12b-d. The interlayer spacing increases with increasing chain length of the
larger organic cations. Moreover, the hydrogen bonding between the amine and the
terminal halides strongly directs to the orientation of the layered perovskite. [59] The
higher-order inorganic lead halide layers are held together by van-der-Waals forces and
generally are multidimensional, as their dimensional structure lies in between 2D and 3D.

2.2.2 Optoelectronic properties

Organometal halide perovskite materials have gathered remarkable attention as a photo-
active material for optoelectronic applications. A power conversion efficiency over 20 %
has been achieved in organometal halide perovskite-based solar cells, [61] which benefits
from its intrinsic photophysical properties, such as a large absorption coefficient, [62]
low trap-related recombination rates, [63] and long charge-carrier diffusion lengths in the
micrometer range. [64] In the following, the band gap tunability of organometal halide
perovskite materials is discussed, followed by the charge carrier recombination mechanism
and the quantum confinement phenomenon in layered perovskite materials.

Band gap tunability

Organometal halide perovskite materials are a kind of direct band gap semiconductor. As
for MAPbI3, the valence band maximum at the reciprocal symmetry point is formed by
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Figure 2.12: a) Sketch of the dimensionally slicing options for 3D perovskite crystal. Schematic
illustration of low-dimensional layered perovskite with b) a single layer of [BX6]4− octahedra,
c) 1 unit perovskite cell, and d) 4 unit perovskite cells along the terminated crystal growth
direction.

anti-bonding states derived from hybridization of the 5p orbitals of iodine and 6s orbitals
of lead, whereas the conduction band minimum is mainly constituted by the empty 6p
orbitals of lead. [63] Notably, the band gap in these perovskite materials can be steadily
tuned during synthesis by either partial substitution of the cation or by controlling the
mixed halide stoichiometry. As a consequence, the absorption spectrum of perovskite is
extended.

It has been demonstrated that the band gap of MAPbX3 gradually decreases from
3.11 eV, to 2.3 eV and to 1.55 eV along the line of using Cl−, Br−, and I− at the X sites. [65]
This is also in agreement with calculation results which suggested that substitution of the
bigger atomic size of halides will lead to a decrease in the band gap. Comparably, this
trend is also applicable to substitution of the organic cations, that is, the band gap of
MAPbI3 decreases from 1.6 eV to 1.5 eV when replacing a MA cation with the larger-
radius FA. [66] As compared to MA, FA is more likely to form hydrogen bonds with the
lead iodide matrix, which in turn decreases the propensity for octahedral tilting. As a
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consequence, the lead character of the conduction band states enhanced in the Pb-I bond
and therefore amplifies the effect of spin-orbit coupling.

Charge carrier recombination

Upon photoexcitation, the generated exciton is composed of a Coulomb-bond electron-
hole pair. The strength of this attractive bond is analogous to the hydrogen Rydberg
(Ry(H)) and is described by the exciton binding energy (Eb)

Eb = mre
4
0

2~2(4πεε0)2
1
n2 = (mr/m0)

ε2
1
n2Ry(H) (2.30)

with the associated exciton Bohr radius (rb) which is given by

rb = ~2(4πεε0)
mre2

0
= ε

(mr/m0)aB (2.31)

where mr is the reduced effective mass, e0 the elementary charge, ε0 the permittivity of free
space, ε the dielectric constant of the host material, n ≥ 1 the integer of excitonic states,
and ab the Bohr radius of the hydrogen n = 1 state. Excitons in conjugated polymers
are tightly bounded with small Bohr radii and therefore additional effort is needed to
dissociate excitons into free charge carriers at room temperature, e.g. morphological
nanostructuring. Contrarily, low Eb excitons with spatially delocalized radii that are
much greater compared to the host lattice are known as Wannier-Mott excitons. After
diligent research efforts in the past five years, it is now firmly established that in perovskite
materials, excitons formed after photoexcitation behave like Wannier-Mott excitons and
spontaneously dissociate into free electrons and holes. [67–69] The various photophysical
processes in perovskite materials are illustrated in Figure 2.13.

The dynamics of charge carrier recombination through monomolecular and/or higher-
order processes are determined by

dn

dt
= G− k1n− k2n

2 − k3n
3 = G− nRT (n) (2.32)

where k1 is the monomolecular charge recombination rate constant, k2 the bimolecular
electron-hole recombination rate constant, and k3 the Auger recombination rate constant,
G represents the charge-density generation rate, n denotes the charge carrier density, and
RT (n) is the total charge recombination rate described by

RT = k1 + nk2 + n2k3 (2.33)
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Figure 2.13: Schematic illustration of the various photophysical processes in perovskite materials
upon photoexcitation.

Monomolecular charge carrier recombination in organometal halide perovskite most
probably originates from trap-assisted recombination. It has a strong dependence on the
trap cross-section, energetic depth, density, and distribution characteristics, which are
closely related to the processing condition. The exact nature of trap states in organometal
halide perovskite materials is still under investigation. For perovskite thin films, it is es-
tablished that the trap densities might be significantly larger at grain boundaries, making
the trap-assisted recombination linked to crystallite size. [54]

Bimolecular recombination has a lower dependence on the processing conditions than
trap-assisted recombination. The relatively weak preferential localization of electrons and
holes in different regions of the perovskite unit cell causes reduced spatial overlap of wave
functions of electron and hole, and therefore lowers the recombination rates. [70] But a
better understanding of bimolecular recombination mechanism in perovskite materials is
still necessary.

Auger recombination is a many-body process including recombination of an electron
and a hole, associated with energy and momentum transfer to another electron or hole. A
Spin-off band originating from spin-orbit coupling is generally involved in efficient Auger
recombination. Auger recombination depends on the charge carrier density as described
by k3 in Equation 2.32 and strongly depends on the electronic band structure.
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Amplified spontaneous emission

As shown in Figure 2.14 a, the excited electron upon photoabsorption may decay to a
lower energy state without any external influence and emitting a photon. This process
is called spontaneous emission (SE). The created photon exhibits no phase relationship
with the incident photon. Stimulated emission is the process in which matter lose energy
due to preturbation by a photon and resulting in the creation of another photon. The
created photon exhibits the same phase, frequence and polarization in comparision to
the perturbing photon (Figure 2.14b). For an optical gain medium, population inversion
can be generated by an external stimulation (e.g. photopumping), in which, fluorencence
gained in intensity due to stimulated emission accompanied by the PL spectra narrowing
results from the amplified spontaneous emission (ASE). g0 is the signal gain that connected
to the population inversion [71]

Figure 2.14: Schematic illustration of a) spontaneous emission and b) stimulated emission
processes.

g0 = exp[d(N0 σem − (Ndop −N0)σabs)] (2.34)

where N0 is the initial excitation density of the laser active ions in the active material,
d the thickness, σem and σabs, the emission and absorption cross sections for the laser
wavelength of a monochromatic laser beam, and Ndop the doping concentration of the
active material. Typically, a loss term L accounting for the reduction of the gain due to
impurities or re-absorption should be included

L = 1− exp[−Ndop σabs d] (2.35)

which leads to a comprehensive description of g0 as

g0 = (1− L) exp[N0 d (σem + σabs)] (2.36)
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ASE provides an avenue to understand the dominant recombination pathways in per-
ovskite materials. A standard emergence of ASE behavior of perovskite materials under
different excitation fluence is showed in Figure 2.15. At low excitation fluence, only SE
is observed. Along with an increases in the excitation intensity, a second sharp PL peak
with narrower FWHM arises after certain fluence threshold is surpassed, which can be
assigned to the ASE peak. The gain originates from the transition from occupied ex-
cited electronic states to the ground state (Figure 2.15). The bathochromic shift of the
ASE peak is caused by parasitic self-absorption on the high-energy side of the SE, [54]
and the energy of the stimulated emission must be lower than the chemical potential of
the plasma. [72] Non-radiative processes are believed to diminish the optical gain. A
low-threshold ASE indicates that radiative recombination processes compete with Auger
recombination following trap saturation.

Figure 2.15: PL spectra of a organometal halide perovskite thin film excited with different
pumping intensities. SE and ASE peaks are marked in the spectra.

Quantum confinement

In the low-dimensional layered perovskite materials, the dielectric mismatch between the
inorganic and organic layers is expected to alter the optical and charge transportation
properties as compared to 3D perovskite materials. The organic layer surrounding the
perovskite layer contributes a strong confinement energy. Depending on the size of the
nanostructure d and the exciton Bohr raidus rb, two major regimes can be defined. On
the condition of d � rb, electron and hole bound in a pair to form an exciton. Whereas
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for d� rb, electron and hole need to be treated as separated particles and this regime is
also called the strong confinement regime.

In 3D perovskite, the Coulomb interaction between the electron and hole is greatly
screened. Upon decreasing the layered perovskite thickness, the dielectric constant be-
comes lower as an increasing amount of electric field lines between charge carriers are
outside the perovskite, therefore eliminating the screening and strongly enhancing the ex-
citon binding energy. The band gap of layered perovskite can be theoretically estimated
by

Eg ≈ E3D
g,DFT +

3D∑
+δE2D

g,DFT + δ
2D∑

(2.37)

where E3D
g,DFT +∑3D is the 3D perovskite band gap, and δE2D

g,DFT represents the quantum
confinement effect as well as lattice distortions in the layered perovskite materials.

2.3 Scattering methods

As a complementary method to various real space characterization techniques such as
microscopy, scattering methods using X-rays or neutrons are employed to reveal the mor-
phological information in the semiconductor thin films. The information extracted from
scattering methods is obtained from the full film volume, which has a higher statistical rel-
evance as compared to the fractional information acquired on the sample surface. Firstly,
the basic physical background is explained (Section 2.3.1) and followed by detailed dis-
cussions of X-ray reflectivity (Section 2.3.2) and X-ray diffraction (Section 2.3.3). After-
wards, grazing incidence scattering is addressed (Section 2.3.4), which including detailed
explanations of the applied GIWAXS, GISAXS and GISANS techniques.

2.3.1 Basic principles

To guarantee a successful scattering experiments, the variation of scattering contrast is
necessary since homogeneous media do not scatter. The propagation of an electromagnetic
wave through a medium is described by the Hemholtz equation [73]

4 ~E(~r) + k2n2(~r) ~E(~r) = 0 (2.38)

where ~E(~r) is the electron magnetic wave vector depending on the the position vector (~r),
k is the modulus of the wave vector, i.e. k = |(~ki)| = 2π / λ with the wavelength λ, and
n(~r) is the position dependent refractive index, which can be described as [74]
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n(~r) = 1− δ(~r) + iβ(~r) (2.39)

depending on the dispersive part δ(~r) and absorption part β(~r). In case of X-rays, the
scattering is caused from changes in the mean electronic density and the dispersion is

δ(~r) = λ2

2π re ρ(~r)
N∑
j=1

f 0
j + f

′
j(λ)

Z
(2.40)

and absorption contribution is

β(~r) = λ2

2π re ρ(~r)
N∑
j=1

f
′′
j (λ)
Z

(2.41)

which depends on the classical electron radius re = e2/(4πε0mc2) and the position de-
pendent electron density ρ(~r). [75, 76] The summation is expressed over N atoms per
unit volume with Z referring to the number of electrons in the unit volume and fj =
f 0
j + f

′
j(λ) + f

′′
j (λ) is the expression of the forces oscillator strength of the atom j. [73] For

X-rays, f 0
j can be approximated by the number of electrons of the atom j.

In case of neutrons, the scattering is caused by variations of the mean scattering length
within the probed medium and the dispersion is

δ = Nbλ2

2π (2.42)

and absorption contribution is

β = Nαaλ

4π (2.43)

with the atomic number density N, the coherent scattering length b, the absorption cross-
section for neutrons αa and the scattering length density (SLD) Nb. In general, for hard
X-rays, the dispersion δ is on the order of 10−6 whereas the absorption β is on the order of
10−8. In the case of neutrons, the dispersion δ is on the order of 10−6 and the absorption
β is on the order of 10−12. [73] Therefore, the absorption part is only a minor contribution
for neutrons.

In Figure 2.16 the principle scattering setup is presented. The incident beam ~ki impinges
on the sample surface under a shallow incident angle αi. The exit beam ~kf can be described
by the exit angle αf (in the xz-plane) and the out-of-plane angle ψ (in the xy-plane),
whereas the transmitted beam ~kf exits at a angle of αt. The momentum transfer which
is also known as the scattering vector ~q is defined by
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~q = ~kf − ~ki (2.44)

In this thesis, only elastic scattering is considered and thus, the scattering vector −→k
only describes a change of direction of the beam whereas its modulus is preserved. With
respect to the angels being measured from the surface of the boundary, Snell’s law, which
describes the relation of the incident and final beam propagating though two mediums of
different refractive indexes, can be rewritten as

n0cos(αi) = ncos(αt) (2.45)

since δ > 0, the refractive index n < 1, which means that a total external reflection occurs
when the incident angle αi is smaller than the critical angle αc. In case of X-rays, αc is
calculated from the dispersion part δ of the refractive index of the material [77]

αc(λ) =
√

2δ(λ) (2.46)

and in case of neutrons from the scattering length density of the material ρ as function
of wavelength λ

αc(λ) = λ

√
ρ

π
(2.47)

The penetration depth is defined as the depth at which the intensity of the beam is
reduced to 1/e of its original intensity (≈ 37 %). Since the beam is also scattered inside
the medium, a so-called escape depth should be considered as a second dampening occurs
on the way out of the medium. Therefore, the scattering depth Λ is approximately half
of the penetration depth of most materials. [78, 79] Λ is on the order of 50 Å in the case
of αi < αc, while it significantly increases when αi = αc. In the case of αi > αc, Λ can be
as large as several hundreds of nanometers, which is merely limited by the absorption.

2.3.2 X-ray reflectivity

X-ray reflectivity (XRR) is an ideal method to investigate the vertical composition distri-
bution in thin films. During measurement, the specular scattering is probed as a function
of the incidnet angle αi, i.e. αi = αf whereas ψ = 0. As a consequence, only the
z-component of the scattering factor qz (equation 2.48) is changed. [73]

qz = 4π
λ
sin(αi) (2.48)
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Figure 2.16: Definitions of directions and angles of a principle scattering setup. ~ki, ~kf and ~kt

describe the incident, exiting and transmitted beam, respectively. The incident angle αi and exit
angle αf lie in the scattering plane whereas ψ in the sample plane and αt depicts the angle of
the transmitted beam.

Accordingly, the electron density distribution normal to the sample plane is recorded.
At a single interface between two materials with respective refractive index n, the in-
cident beam is partly reflected and partly transmitted as described by Equation 2.45
in Section 2.3.1. The amplitudes of the transmitted and reflected beam are given by
the Fresnel reflection coefficent rF and the Fresnel transmission coefficient tF . Based on
this, the reflectivity and transmittivity are defined by the square of the corresponding
coefficient [73]

RF = |rF |2, T F = |tF |2 (2.49)

However, the polymer thin films studied in the present thesis typically exhibit compo-
sitional differences at the interface close to the air with respect to the interface close to
the substrate. Therefore, an approach developed by Parratt using a recursive algorithm
is necessary to describe the reflectivity. [80] Within this model, N stacked layers with a
defined refractive index nj(z) and thickness dj are applied to represent the vertical film
composition. These stacked layers are sandwiched between an infinitely thick layer of air
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on the top side and a glass or silicon substrate on the bottom side. For each interface
between layer j and layer j+1 the ratio of reflectivity and transmittivity is calculated by

Xj = Rj

Tj
(2.50)

where Rj and Tj are calculated by equation 2.49. In real polymer thin films, the interfaces
are not ideally smooth but have certain degree of roughness. An extension of the Parratt
algorithm including the Nevot-Crocet factor can be applied to account for non perfectly
flat interfaces. Therefore, the root mean square roughness σrms is included in the Parratt
algorithm by an exponential function to the Fresnel coefficient [81]

σrms =

√√√√ 1
Nσrms

Nσrms∑
i=1

∆z2
i (2.51)

where Nσrms is the number of measured points alongside the interface and ∆zi is the
deviation from the mean interface at the sampling point i. A theoretical description is
detailed in literature. [73]

An example XRR curve is displayed in Figure 2.17. At low incident angles, the nor-
malized intensity is unity as the total reflection condition is fulfilled (αi < αc). When αi

slightly increases, several intensity minimums are seen, indicating the critical angles of
different materials (αi = αc). For αi > αcsi , the reflectivity curve follows a distinct de-
creasing with a decay of q−4 and so-called Kiessig-fringes are observed due to interference
effects. [82] In addition, a deeper decay can resulted from roughness. The width of the
Kiessig fringes is correlated with the film thickness d. Therefore, the total film thickness
can be approximated by [82]

d ≈ 2π
∆qz

(2.52)

Based on the aforementioned descriptions, the scattering length density profiles normal
to the sample plane can be extracted by modeling the measured reflectivity curves, which
are used to describe the vertical compositional variation in P3HT-b-PS:PCBM blend films
in chapter 5.

2.3.3 X-ray diffraction

X-ray diffraction (XRD) is generally used to probe the crystalline structure on atomic
length scales. A monochromatic X-ray beam with a certain wavelength is scattered at
different lattice planes within a crystal. In principle, the atoms located in a crystal lattice
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Figure 2.17: Exemplary reflectivity curve of a P3HT-b-PS:PCBM blend film on the silicon
substrate. The dashed vertical lines indicate the crtical angles of materials PS, P3HT, PCBM
and silicon. The distance between the minima of the Kissig dringes is ∆qz.

can be considered as a periodic gratings for X-rays. As shown in Figure 2.18, constructive
interference or destructive interference occurs depending on the correlation between path
difference s of parallel X-rays and angle θ.

For constructive interference, the scattered X-rays interfere and give rise to a intensity
maximum when Bragg laws is fulfilled [83]

nλ = 2dhkl sin(θ) (2.53)

where dhkl is the distance between hkl-lattice planes. However, not all reflections from
every lattice planes in a crystal are observable due to destructive interference, which is
also called as extinction rules. The polycrystalline perovskite sample investigated in this
thesis exhibits a powder-like diffraction pattern because the lattice planes are randomly
orientating within the material. The powder diffraction pattern shows Bragg peaks of
each lattice plane, from which the size of the crystallites can be approximated using the
Scherrer equation
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Figure 2.18: Schematic illustration of the Bragg equation. Two incoming beams
−→
ki approach

the electron clouds of the probed atoms which are located on the crystal planes (blue lines)
and scattered

−→
kf . The extra path lengths of the lower beam is highlighted with green lines s,

depending on the angle θ. dhkl describes the periodic distance between two crystal planes.

Dhkl = Kλ

δ(2θ)cos(θ) (2.54)

where K ≈ 0.9 is the Scherrer form factor, λ denotes the applied wavelength, δ(2θ) is the
full width at half maximum (FWHM) of the Bragg peak at the angle of 2θ. [83] Upon
transforming the angle θ into scattering vector ~q, the Scherrer equation can be rewritten
as

Dhkl = 2π
δ qhkl

(2.55)

where δqhkl is the integral line width of the Bragg peak that is calculated by dividing
the Bragg peak by its amplitude. [84,85] From literature, it was reported that the width
of the Bragg peak is effectively interrupted by the paracrystalline order, e.g. the π − π
stacking in P3HT. [86] In order to decouple contributions from paracrystallinity and
crystal size, the detection of higher orders of reflection peaks is necessary, which is hard
to achieve for most conjugated polymer films. In addition, the resolution of the scattering
setup broadens the Bragg peaks. Therefore, the Scherrer equation is only used to draw
qualitative comparisons between samples.
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2.3.4 Grazing incidence scattering

For morphological characterization of thin films, it is hard to obtain statistically relevant
information due to the restriction of limited volume of material available for investigation.
This limitation is well addressed by studying thin films under a geometry of grazing
incidence scattering (GIS). A shallow incident angle of typically αi < 1◦ is applied in GIS
measurements and therefore the scattering volume is compensated with a larger footprint
on the sample. The scattered intensity is captured by pixels on the two-dimensional (2D)
detector. For a given sample-detector distance (SDD), each pixel corresponds to certain
out-of-plane angle ψ and exit angle αf . The scattering vector ~q is given by [87]

~q = (qx, qy, qz) = ~kf − ~ki (2.56)

with each component

qx = 2π
λ

(cos(αf )cos(ψ)− cos(αi)) (2.57)

qy = 2π
λ
cos(αf )sin(ψ) (2.58)

qz = 2π
λ

(sin(αf ) + sin(αi)) (2.59)

In general, the 2D detector mostly records the qy and qz information whereas qx is
negligible due the small angles in GIS geometry. The qy component can be mainly as-
signed to the in-plane lateral structures, and periodic structures normal to the film surface
contribute scattering feature in qz. In the next section, grazing incidence small angle scat-
tering (GISAS) using either X-ray (GISAXS) or neutron (GISANS) as a probe is discussed
including mechanisms and data analysis, followed by the introduction of grazing incidence
wide angle X-ray scattering (GIWAXS).

GISAS

GISAS is used to determine the lateral morphology of thin film samples in the xy-plane
(Figure 2.16). The GISAS data is generally treated within the framework of the distorted
wave Born approximation (DWBA), where the scattering process is considered as a first-
order perturbation of an ideal system with flat interfaces. [88,89] Thus, the roughness and
lateral structures are described as perturbations and the differential cross section under
a given solid angle dΩ is given by
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dσ

dΩ |diff=
Cπ2

λ2 (1− n2)2
∣∣∣T Fi ∣∣∣2 ∣∣∣T Ff ∣∣∣2 Pdiff (~q) ∝ Pdiff (~q) (2.60)

where C is the illuminated area, Ti,f
F is the respective Fresnel transmission coefficients,

and Pdiff (−→q ) is the diffuse scattering factor which directly measures the scattered inten-
sity. [75] The Fresnel transmission coefficients have the maximum value for the condition
αi,f = αc, which is material sensitive and observed as the Yoneda peak in GISAS data. [90]
The diffuse scattering factor Pdiff (−→q ) can be described in terms of N identical and centro-
symmetrical objects with no preferential orientation

Pdiff (~q) ∝ NF (~q)S(~q) (2.61)

where F (~q) is the form factor of each object that is derived from Fourier transforma-
tion of the object shape, and S(~q) denotes the structure factor that refers to the spatial
distribution of objects in a one-dimensional paracrystalline lattice.

The diffuse scattering in GISAS is described by DWBA, which includes four terms of
both scattering and reflection processes. That is: (i) only scattering; (ii) reflection on the
substrate followed by scattering; (iii) scattering followed by reflection on the substrate and
(iv) first reflection on the substrate, then scattering, and followed by another reflection
on the substrate. All these four terms are included for the form factor correction. In this
thesis, cylinder-like form factors are applied in modeling GISAS data due to the isotropic
orientation of the studied film. In addition, a so-called local monodisperse approximation
(LMA) is used to account for the object size distribution. In LMA, it is assumed that
only identical objects scatter, thus objects with different form and structure factors are
independent of each other. Finally, the overall scattering intensity is a sum of intensities
out of all these objects. [86]

GIWAXS

In general, the GIWAXS experiment set-up is analogous to GISAXS except for a shorter
SDD, thus revealing morphological information for larger q values, i.e. crystalline infor-
mation. When the beam passes through a scattering medium (e.g. air), especially for the
detection of wide angle scattering in grazing incidence geometry, the medium attenuation
and the detector absorption need to be taken in to account. To reconstruct the actual
sample morphology in reciprocal space, the analysis of the detected scatterings requires a
number of corrections. Firstly, the 2D GIWAXS data is corrected by a flat field correction
file that provided by the detector supplier to deal with the sensitivity difference of the
individual pixel in the detector. Afterwards, a correction for the absorption efficiency on
a pixel by pixel basis is carried out to resolve the medium attenuation by
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Em = 1
1− exp(µmSDD/cos2Θi)

(2.62)

where µm the linear mass attenuation coefficient of the path medium, SDD the nominal
sample-to-detector distance with respect to the direct beam pixel and 2Θi the oblique
scattering angle of an individual pixel (xi, yi). [91,92] Thereafter, an efficiency-correction
accounts for the detector absorption variation is calculated by

Ed = 1
1− exp(µdtd/cos2Θi)

(2.63)

where td is the thickness of the pixel material in the detector. Furthermore, a solid angle
correction is performed to deal with the difference in effective pixel areas for different
solid angles. The detected intensity is normalized to the solid angle of the direct beam by

Cs = 4Ω0

4Ωi

= cos−3(2Θi) (2.64)

where 4Ω0 is the solid angle of the direct beam pixel and 4Ωi is the solid angel of pixel
(xi, yi).

Since most synchrotron radiation is horizontally polarized, a polarization correction to
account for changes in intensity distribution due to the beam polarization is done by

Cp = ph(1− cos2αfsin
2ψ) + (1− ph)(1− sin2αf ) (2.65)

where ph is the fraction of the radiation polarized in horizontal direction, αf and ψ are
the exit angle and out of plane angle.

All in all, the total correction is given by

corrected data = raw data ∗ flat field ∗ 1
Cp

EmEd
max(EmEd)

∗ Cs (2.66)

Compared to XRD, one advantage of GIWAXS using a 2D detector is that the prefer-
ential orientation of crystallites with respect to the film surface can be determined. For
both P3HT and organometal halide perovskite materials, the understanding of crystalline
orientation is important because it closely related to charge carrier transportation in films.
A comparison between two identical crystalline orientations and the corresponding GI-
WAXS 2D data are displayed in Figure 2.19. The incident angle of αi is kept constant
for the GIWAXS measurements. As a consequence, the full q-range is not accessible.
For a powder-like film (Figure 2.19a) with isotropically orientated crystallites, so-called
Debye-Scherrer-like rings are detected in 2D GIWAXS pattern (Figure 2.19c). The scat-
tered intensities are randomly distributed as a function of both qr =

√
q2
x + q2

y and qz. In



2.3. Scattering methods 41

Figure 2.19: Schematic illustration of a) randomly orientated and b) highly orientated crystal
morphology. Exemplary GIWAXS 2D data of c) randomly orientated and d) highly orientated
polycrystalline film.

contrast, in the case of polycrystalline films with a high degree of preferential crystallite
orientation (Figure 2.19b), intense Bragg peaks are revealed (Figure 2.19d). Therefore,
from the arc analysis on specific lattice plane, the prominent crystallite orientations inside
the film are accessible.





3 Characterization methods

To correlate the morphological properties of polymer- or perovskite-based semiconductor
thin films with their optoelectronic behavior, various structural characterization tech-
niques and spectroscopic methods are employed to examine these systems. In this chap-
ter, all the fundamentals of the applied instruments and the corresponding data analysis
principles are described.

3.1 Structural characterization

The structure of the resulting thin films is explored in both, real space and reciprocal
space. Optical microscopy (Section 3.1.1), scanning electron microscopy (SEM) (Sec-
tion 3.1.2) and atomic force microscopy (AFM) (Section 3.1.3) are applied to obtain
direct images of surface structures in real space on different length scales. The vertical
film composition and the crystalline information are determined by X-ray reflectivity (Sec-
tion 3.1.4) and X-ray diffraction (Section 3.1.5), respectively. In addition, with grazing
incidence scattering techniques using x-rays or neutrons (Section 3.1.6), information not
only on the surface but statistically averaged over the full volume of the studied samples
is achieved.

3.1.1 Optical microscopy

Optical microscopy is used to have a first quick check on surface homogeneity and surface
morphology of the deposited film on the micrometer scale. An Axiolab A microscope
from Carl Zeiss (Germany) is used in combination with a Pixellink USB Caputre BE 2.6
charge coupled device (CCD) camera. The surface topographic images are captured with
different magnifications from 1.25 to 100x, with a corresponding pixel size from 6.258 µm
to 80 nm. Each recorded image contains 1260 × 1024 pixels.

43
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3.1.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is used to characterize the surface morphology of the
perovskite films. Compared with optical microscopy, a desirable higher resolution on the
nanoscale is achieved by using a wave source of electrons, which can have a much smaller
wavelength with respect to that of optical light. In general, the electrons are either gener-
ated by a hot cathode or emitted from a cathode material (e.g. tungsten filament) under
a strong electrical field. Afterwards, the generated electrons are accelerated by a voltage
of typically several kV and are subsequently focused by different magnetic focusing lenses.
Samples are line-wise probed by the electron beams, during which secondary electrons as
well as backscattering electrons that are emitted from the sample surface are captured by
the detector. In this way, a microscopic image containing different topographic changes
is recorded. The signal intensity is determined by the electron conductivity of the probed
samples as well as the sample-detector distance. Therefore, polymer materials appear
darker on the image compared to conductive materials, such as organometal halide per-
ovskite. However, for the latter one, due to restrictions by the electron beam irradation
damage, it is difficult to acquire any local information with a lateral resolution below 20
nm. [93]

A Gemini Ultra Plus field emission scanning electron microscopy (FESEM) from Zeiss
(Germany) is used to obtain the SEM images. All the measurements were carried out
at the chair of Prof. Jochen Feldmann, Lehrstuhl für Photonik und Optoelektronik,
LMU. The acceleration voltage is around 3 kV to get an optimal image contrast while
avoid damaging the samples. A working distance of around 3.5 mm is used for all the
measurements.

3.1.3 Atomic force microscopy (AFM)

A major limitation of SEM is that due to the poor electrical conductivity of polymeric
materials and the electron beam irradiation damage of organometal halide perovskite
materials, [93] it is hard to access local morphological information on the nanometer scale.
Using atomic force microscopy (AFM), the surface topography, the phase information as
well as surface roughness of thin films are measured. In this thesis, a 5500 Scanning Probe
Microscope from Agilent Technologies is used.

Figure 3.1 shows a general AFM set-up. A very small tip with a radius of several
nanometers is attached to the free end of a cantilever. The AFM data presented in
this thesis are achieved with an aluminum backside coated pyramidal silicon tip from
MikroMasch (US), having a radius of around 8 nm. When the tip approaches the sample
surface, the cantilever is either repelled or attracted by various interactions. The sample-
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tip potential can be described by a simple Lennard-Johns potential with a short-range
repulsion and a long-range attractive part. Deflection of the cantilever is determined by
means of a laser, which is directed on the rear top side of the cantilever and reflected onto
a multiple segments photodiode. The deflected signals are recorded by the detector and
are converted into an electrical signal. Therefore, the mechanical properties of sample
surfaces are revealed.

Figure 3.1: Schematic description of a standard AFM setup. The sample is placed on a piezo
controlled sample stage. The cantilever with tip is positioned above the sample surface. Its
displacement during line scanning is recorded on a four segment photodiode by means of the
reflected laser beam. A feedback controller system is responsible for adjusting the sample-tip
distance as well as data processing.

Depending on the sample-tip distance, three imaging modes are commonly used: the
non-contact, tapping and contact mode. In this thesis, the tapping mode is selected to
probe the samples in a safe condition with full preservation of the morphological informa-
tion. Herein, the cantilever is excited by a piezoelectric drive force close to its resonance
frequency ω and the sample is moved horizontally below the tip at a small sample-tip
distance of less than 100 nm. In the tapping mode, the tip is still repeatedly touching
the sample surface. During the measurement, the tip is tracing the scanning region of
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the sample surface line by line, the changes in amplitude and frequency of the cantilever
are detected and a electronic feedback control loop tunes the sample holder position to
keep the sample-tip distance constant. By simultaneously recording these changes, the
software calculates topography and phase images.

Images are taken with different scan sizes from 0.2×0.2 µm2 up to 10×10 µm2 for diblock
copolymer based thin films. In the case of perovskite samples, the applied scan sizes are
selected from 1× 1 µm2 up to 20× 20 µm2. In both cases, a scan speed of 1 ln/s is used.
An excitation frequency ∼310 kHZ is selected within the resonance frequency for the tip
(265-410 kHz). For good resolution, every image consists 512 lines and each line has 512
points. In oder to acquire the represntative information of every sample, several positions
are measured. Using the software Gwyddion v2.47, the rms-roughness and power spectral
density (PSD) of the measured data can be determined. For a quatitative understanding,
the PSD of the 2D images were obtained by applying Fourier transformation following with
radially averaged. The PSD yields lateral, characetristic surface structure information of
the investigated sample, which can be compared with the inner film morphology obtained
from scattering data. [94,95]

3.1.4 X-ray reflectivity

X-ray reflectivity (XRR) measurements are performed to gain insight of the vertical film
composition, the film thickness and roughness. The theoretical basics of reflectivity are
discussed in Chapter 2.3.2.

The XRR experiments in this thesis are carried out at two different instruments, an
Empyrean diffractometer (PANalytical) and a D8 reflectometer (Bruker). Figure 3.2
shows the principle setup for XRR measurements. Both instruments operate with a
copper anode, that generates an X-ray beam with a wavelength of λ = 0.154 nm. Samples
deposited either on silicon or on glass substrates are placed on the sample table, and a
knife edge collimator is placed right above the sample surface to cut off the large footprint
of X-ray at shallow incident angles. The generated X-ray beam is collimated through a
slit system and impinges on the sample at a incident angle Θ. Whereas the reflected X-ray
beam passed through a monochromator and is recorded on the detector in the specular
reflection Θ/2Θ mode.

At both instruments, the incident angle of Θ is varied from 0◦ to about 7◦ with a
detection step of 0.005◦. For measurements at the Empyrean diffractometer, a 1/32◦

divergence slit and a 1.4 mm anti-scatter slit are placed in the incident beam path to
provide good resolution. Additionally, a 10 mm fixed mask defines the irradiated width
on the samples. In the case of the D8 reflectometer, two slits with sizes of 0.2 mm and
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Figure 3.2: Schematic standard setup of XRR and XRD measurements. A knife edge is used in
XRR measurements to cut off the large footprint of X-ray beam, aiming for a further collimation
and reduction of the diffuse scattering. For XRD measurements, the knife edge is completely
removed out of the beam.

0.1 mm are used to define the incident beam path, whereas a 0.05 mm slit is placed on
the diffracted beam path.

Due to the difference in electron densities of different layers in the probed films, reflec-
tions occur at the surface and interfaces. The information of the layer composition, film
thickness and roughness are directly related to the period at the interferece fringes, the
intensity height and the curve slope. This allows to fit the recorded reflectivity with a
muti-layers model. The software package Motofit [96] for IGOR Pro is used to simulate
the reflectivity data, which accounting differences in thickness, scattering length density
(SLD), interlayer roughness and refractive index. The obtained SLD vs. distance profile
reveals the vertical film compositions.

3.1.5 X-ray diffraction

X-ray diffraction (XRD) is a widely used technique to identify the atomic structure and
phase mixtures of crystalline materials. The theoretical background is introduced in
Chapter 2.3.3.

A D8 reflectometer (Bruker) and an Empyrean diffractometer (PANalytical) are used
for the XRD measurements. The working setup for XRD measurements follows a similar
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principle as illustrated in the case of XRR measurements (Figure 3.2), but no knife-edge
is applied. An X-ray beam with a wavelength of λ = 0.154 nm is generated from a copper
anode and impinges on the sample under an angel Θ.

Two different experimental set-up are used for polymeric materials and for organometal
halide perovskite materials. To enhance the signal intensity, a grazing incidence experi-
mental geometry is used for diblock copolymer films. Better statistics are achieved under
the grazing incidence geometry because of the beneficial effect of a larger probing foot-
print. The incident angle Θ is kept at a constant value of 0.2◦, slightly above the critical
angle of the investigated materials (0.17◦). The diffraction intensities reflect the crys-
talline information of the probed samples along the surface normal direction. A typical
2Θ range from 2◦ to 30◦ is used with a step size of 0.01◦ for probing all samples. Each
step takes 21 s. Even so, for the semicrystalline polymeric materials, each sample is
measured for 17 hr to achieve sufficient statistics. For perovskite films, the conventional
Bragg–Brentano setup is used, and the angle between the incoming X-ray beam and the
point detector is always kept at 2θ. The measurements are typically performed for a 2θ
range from 2◦ - 55◦ with a step size of 0.005◦. Each step is counted 4 s. The obtained XRD
peaks are fitted with Gaussian functions. Using Scherrer equation (Equation 2.55), the
extracted full width at half maximum (FWHM) values as used to calculate crystal sizes.
By combining the reflectivity data that is obtained from XRR measurements, information
about 3D bulk perovskite crystals as well as low dimensional perovskite crystallites can
be collected.

3.1.6 Grazing incidence scattering

Grazing incidence scattering (GIS) is used to obtain the buried structure of semiconduc-
tor thin films in terms of inner morphology and crystal orientation. Compared to real
space microscopic characterization techniques (e.g. AFM), GIS can deliver morphological
insight of the investigated thin films in a statistical view. The structural transformation
can be monitored in real time under specific solvent or gas atmosphere. Thus, grazing
incidence scattering has attracted tremendous attentions and popularity as an advanced
technique for thin film characterization. In Figure 3.3, the principle setup of a grazing
incidence scattering experiment is presented. Depending on the sample-detector distance
(SDD), scattering angles and the resolvable length scales are defined. In the case of a
short SDD (≈ 0.1 m), scattered signals can be recorded at the two-dimensional (2D) de-
tector at large angles corresponding to small distances below 1 nm. Therefore, molecular
information, i.e. the crystallinity, is obtained by grazing incidence wide angle scattering
(GIWAS). For longer SDD (≈ 1 m), scattered signals at smaller angles of typically less
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than 5◦ are detected by grazing incidence small angle scattering (GISAS), corresponding
to distances ranging from approximately 1 nm up to 1 µm. Thus, by combining grazing
incidence wide angle scattering and grazing incidence small angle scattering all relevant
length scales in semiconductor thin films can be addressed. X-rays or neutrons can be
used as scattering probes depending on the intrinsic contrast condition of the investi-
gated systems. The theoretical background of GIS for X-rays and neutrons is introduced
in Chapter 2.3.4.

Figure 3.3: Schematic illustration of a standard GIS setup. The explanation of different labels
is given in the text. The X-ray beam (red) impinges on a sample under a shallow angle αi and
is reflected with the angles of αf and ψ. Depending on the SDD distance, the scattered signal
is recorded on the 2D detector at different angles, corresponding to different length scales.

Grazing incidence wide angle X-ray scattering

In this thesis, grazing incidence wide angle X-ray scattering (GIWAXS) is employed to
obtain the information about crystal orientation and crystal size in organometal halide
perovskite thin films. GIWAXS experiments are carried out using an in-house Ganesha
300XL SAXS-WAXS diffractometer with a Cu-Kα X-ray source with an X-ray energy of
8 keV. The basic setup of GIWAXS measurement is illustrated in Figure 3.3. An X-ray
beam with a wavelength of 0.154 nm impinges the sample under a shallow angle of 0.4◦

relative to the sample surface and the scattering signal is recorded on a 2D detector at a
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SDD of about 106 mm. A Pilatus 300k detector is employed, which has 487 × 619 pixels
with a pixel size of 172 × 172 µm2. The analysis of the 2D GIWAXS data is performed
with the GIXSGUI software. [91] All samples investigated with GIWAXS in this thesis
are deposited on glass substrates and were measured for 6 hr to improve the statistics.

Unlike the data obtained from grazing incidence X-ray diffraction measurements, where
typically only the signal along the specular reflected beam is measured (3.1.5), the GI-
WAXS data contains information corresponding to the sample surface. Quantitative in-
formation about the crystal orientation relative to the substrate surface can be revealed
by selected radial integration of the 2D GIWAXS data as depicted in Figure 3.4, that re-
sults in a plot of the crystal orientation relative to the substrate with an angle of χ versus
the scattering intensity. The peaks are fitted with Gaussian functions. The crystallite
size for 3D perovskite crystal is calculated by the Scherrer equation (Equation 2.54).

Figure 3.4: a) Standard 2D GIWAXS data. Two azimuthal segments are highlighted as red and
blue boxes. b) Azimuthal intensity integration of the diffraction peak locates at 1.1 Å−1. The
extracted intensity distribution is plotted as a function of χ angle. The colored highlights are
identical to those in panel a. The detector gaps are marked with grey boxes.

Grazing incidence small angle X-ray scattering

The setup for grazing incidence small angle scattering (GISAXS) is in principle the same
as for GIWAXS measurements apart from the larger SDD to capture the scattering signals
at smaller exit angles. In the present thesis, GISAXS is used to examine the perovskite
domain information as well as two-dimensional (2D) perovskite crystallized structures.
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GISAXS measurements are carried out using an in-house gallium anode low-angle X-ray
instrument (GALAXI) equipped with a Dectris Pilatus 1M detector. [97] The X-ray beam
is generated from a Bruker AXS metaljet X-ray source with a wavelength of 0.134 nm
which irradiates the sample surface under an incident angle of 0.4◦. A SDD of 829 mm
is used during all measurements and combined with the grazing incidence geometry, a
relatively large footprint of the X-ray beam in the millimeter range is generated. Each
sample is measured for 6 hr for sufficient statistics. As a consequence, quantitative struc-
tural information with sizes between 3 nm and 100 nm is obtained from the relatively
large volume fraction of the investigated samples, as introduced in Chapter 2.3.4.

The scattering data recorded in the vertical direction along the 2D detector reflects the
information about the film composition perpendicular to the substrate surface, whereas
the data along the horizontal direction contains information about the lateral mesoscale
structures. In order to attract the morphological parameters, detailed analysis can be per-
formed by making line integrals in horizontal and vertical direction. The cuts are either
extracted by the software Fit2D or by the GIXGUI software. [91] From the horizontal line
cuts, more accurate information about lateral structure distribution and spatial correla-
tion can be revealed from the fit based on one-dimensional (1D) paracrystal model within
the frame of distorted wave Born approximation (DWBA) as described in Chapter 2.3.4.

Grazing incidence small angle neutron scattering

Grazing incidence small angle scattering can also be performed by using neutrons as the
type of probe. Grazing incidence small angle neutron scattering (GISANS) is used to
investigate the structure information buried in the semiconductor thin films. In general,
the basic setup of GISANS measurement is very similar to the setup for GISAXS mea-
surements, with the main difference being that the transmitted signal is also resolvable
in GISANS using silicon as substrate. GISANS is well suited to investigate the diblock
copolymer:fullerene blend systems because the scattering contrast is enhanced by the
mixed phase of PCBM and polymer. [98]

For the investigated polymer samples, GISANS experiments are carried out at the KWS-
1 beamline at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching. [99] A wavelength
spread4λ/λ of 10 % is provided by a dornier velocity selector, and the scattered neutrons
are recorded with a 2D angle-type 6Li-Scintillation detector. The detector contains 128
× 128 pixels with a pixel size of 5.3 × 5.3 mm2. The incident beam shape is defined by
two apertures with sizes of 10 × 30 mm2 and 1 × 20 mm2. The collimation length and
the SDD are chosen to be 8 m and 7.7 m with a neutron wavelength of 0.7 nm to obtain
a resolvable structure length scale between 10 nm and 200 nm. Each sample is measured
8 hr accounts for enough statistics.
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For the perovskite samples, the scattering experiments are performed at the KWS-3
beamline at MLZ. [100] Incident neutrons are provided by a MgLi velocity selector with
a wavelength spread 4λ/λ of 20 %, whereas the scattered neutrons are detected by a
2D angle-type 6Li-Scintillation detector with a pixel size of 0.34 × 0.34 mm2. A neutron
wavelength of 1.28 nm is used for all measurements in order to secure high flux. The two
entrance apertures are 2 × 2 mm2 and 5 × 50 mm2. By using a long collimation length of
10 m and a short SDD of 1.24 m, a larger structure length ranging from 50 nm to 400 nm
is obtained. At KWS-1, the incident angle αi is chosen to be 0.6◦ whereas at KWS-3, it
is 0.56◦.

The GISANS data are fitted using the fitting procedure of the GISAXS profiles to
extract the morphological parameters in the probed samples. The scattering profiles are
determined by the behavior of the power law scattering to elucidate additional structure
information, such as film compactness and fractal morphology.

3.2 Spectroscopic characterization

Spectroscopic characterization methods like UV/Vis spectroscopy (Section 3.2.1) and pho-
toluminescence (Section 3.2.2) are used to record the wavelength dependent absorption
and fluorescence behavior of the investigated material systems. Also, information on
charger carrier recombination, molecular ordering and quantum confinement phenomena
within 2D layered perovskite structures can be revealed by analyzing the obtained spec-
tra. Moreover, time correlated single photon counting (TCSPC) (Section 3.2.3) is used to
determine the time-resolved kinetics of photoemission from the band-edge and the ampli-
fied spontaneous emission (ASE) (Section 3.2.4) is measured in air to draw a conclusion
for the applicability of the investigated perovskite thin films as a gain medium.

3.2.1 UV/Vis spectroscopy

Absorption measurements are carried out with two different PerkinElmer UV/Vis spec-
trometers, the Lambda 35 and Lambda 650S. Both spectrometers are equipped with a
halogen lamp and a deuterium lamp, covering a complementary light spectra from ultravi-
olet to visible wavelength region. In the case of the Lambda 35, the lamp is automatically
switched at 326 nm, whereas the switch between the light sources in Lambda 650 S starts
at 320 nm. Monochromatic light beams are provided by an optical grating and a slit
system.
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In the present thesis, all the investigated samples are deposited on acid-cleaned quartz
glass. The software UV Winlab is used to control the spectrometer. Before every trans-
mission measurement, an auto-zero measurement is performed on an acid cleaned bare
glass substrate as a reference in order to obtain 100 % transmission. The transmitted
signals going through the sample and through the reference are detected by photo diode.
From this intensity ratio, the wavelength dependent absorbance A(λ) is calculated using
the Beer–Lambert’s law.

A(λ) = −log10

(
It(λ)
I0(λ)

)
= α(λ)dlog10e (3.1)

with the initial and transmitted intensities I0(λ) and It(λ), the material specific absorp-
tion coefficient α(λ) and the film thickness d. The linearity of the absorption coefficient
can be used to determine the thickness of polymer films.

Furthermore, in the case of conjugated polymers, i.e. P3HT, the absorbance spectra can
be further studied to extract structural information. The main absorption peak position of
conjugated polymers is a measure for the inter- and intramolecular ordering. In addition,
vibronic states arise as shoulders and peaks, conclusions about the degree of crytallinity
and exciton band width can be revealed in the frame of the weakly coupled H-aggregate
model (Chapter 2.1.6).

3.2.2 Photoluminescence spectroscopy

Photoluminescence spectroscopy (PL) is used to probe the radiative electron emissions
across the band gap and from sub-bands to the top of the valence band. After photon
absorption in semiconductor or semicrystalline polymer materials, photons are emitted
at a higher wavelength. Two different fluorescence spectrometers both equipped with a
Xenon discharge lamp acting as the light source are used in the present thesis.

For the investigation of the optically active polymer system, a fluorescence spectrometer
LS55 (PerkinElmer) is employed. Samples are excited at a wavelength of 485 nm and a
red-sensitive Hamamatsu R928 photomultiplier detects the PL signal. Due to the absence
of a calibration standard, measurements are performed directly one after one in sequence
to maintain comparability. In the conjugated:fullerene blend system, the PL intensity
is a measure for the exciton dissociation. If the PL intensity of the polymer:fullerene
blend sample quenches compared to that of the pure polymer sample, an indication for
exciton dissociation can be addressed. In addition, the PL spectrum shape also reveals
information on the molecular ordering of conjugated polymers. The crystalline portion of
the conjugated polymer exhibits shoulder-like features in the florescence spectra.
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In the case of organometal halide perovskite samples, experiments were performed at
the chair of Prof. Jochen Feldmann, Lehrstuhl für Photonik und Optoelektronik, LMU.
PL spectra are recorded with a Fluorolog-3 FL3-22 (Horiba Jobin Yvon GmbH) spec-
trometer equipped with a water-cooled R928 PMT photomultiplier tube mounted at a
90◦ angle. Samples are excited with monochromatic beam with a wavelength of 365 nm
and information of the energy levels of a certain sample can be revealed by recording the
emitted PL signal. An integrating sphere is applied in order to determine the absolute
quantum yield values of the studied perovskite thin films. In addition, the photolumi-
nescence excitation (PLE) measurements of perovskite samples were performed with the
same instrument by detecting at 560 nm.

3.2.3 Time correlated single photon counting (TCSPC)

The exciton generated after photon absorption travels through the sample during its life-
time. This time-resolved kinetic of photoemission from the band edge is tightly correlated
to the morphological quality of the investigated system. In the present thesis, the time
resolved PL signals are measured by using a time-correlated single photon counting (TC-
SPC) system associated with a Pinceton monochromator. Measurements were carried
out at the chair of Prof. Jochen Feldmann, Lehrstuhl für Photonik und Optoelektronik,
LMU.

During measurement, the sample is excited by a 1.22 MHz pulsed laser with a wave-
length of 365 nm at ∼ 30◦ with respect to the surface normal. Afterwards, the time
between a laser pulse and the emission signal is recorded by a PicoQuant PicoHarp 300
detector. Restricted by the equipment set-up, the detector can only measure the time-
resolved emission signals at a specific wavelength. Therefore, a static PL measurement
should be performed first. The time-resolved PL kinetic is extracted in term of a decay
plotted as count rates against time, rather than a constant value.

3.2.4 Amplified spontaneous emission

To examine the optical quality, amplified spontaneous emission (ASE) experiments are
carried out to determine the dominant recombination channels in the multi-dimensional
perovskite samples. Measurements were performed at the chair of Prof. Jochen Feldmann,
Lehrstuhl für Photonik und Optoelektronik, LMU.

The fundamental laser beam from Coherent Inc. is doubled by an external beta barium
borate (BBO) crystal to obtain the excitation laser pulses. Thereafter, the generated 400
nm femtosecond laser pulses are directed into the organometal halide perovskite films from
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the film-substrate interface to excite the sample. The applied laser pulses have a defined
pulse width of 100 fs and a repetition rate of 1 KHz. Increased excitation intensity
is applied during measurements to surpass the threshold of the stimulated emission of
the investigated samples, while the excited PL spectra are collected in the backward
direction of the laser beam. The measured samples were deposited on the acid-cleaned
glass substrates. Experiments are conducted at room temperature.





4 Sample preparation

In this chapter, basic materials and applied processing steps which are involved in prepar-
ing the investigated samples are described. In the first part, all the studied materials and
the employed solvents are introduced (Section 4.1). Next, the substrate cleaning routine
including different substrate types which are used in the thesis are presented (Section 4.2).
Afterwards, the detailed fabrication procedure of different samples are illustrated (Sec-
tion 4.3). The synthesis routine (Section 4.3.1) and thin film deposition method (Sec-
tion 4.3.2) for the studied two different material systems are explained. Finally, most
systems require annealing as a post production treatment step which are subsequently
specified (Section 4.3.3).

4.1 Materials and solvents

Depending on the studied systems, the necessary materials for the presented investigation
can be divided into three groups: polymer electron donor, electron acceptor and per-
ovskite precursors. A polythiophene derived diblock copolymer poly(3-hexylthiophene-
block-styerene) (P3HT-b-PS) was selected as the p-type hole conducting material. A
fullerene derivative phyeny-C61-butyric acid methyl ester was used as the n-type con-
ducting electron in the diblock copolymer:fullerene blend. In the case of fabricating
organometal halide peroskite thin films, inorganic PbBr2 salt as well as two different
organic compounds, methylammonium bromide and n-octylammonium bromide were ap-
plied. In this thesis, halogenated solvent 1,2-dichlorobenzene (DCB) was used to prepare
the polymer solution whereas n,n-dimethylformamide (DMF) was used for the perovskite
precursors dissolution.

Electron donors

Poly(3-hexylthiophene-2,5-diyl) (P3HT) is typically used as the electron donor material in
organic solar cells. However, in order to control the photoactive polymer morphology at a
length scale of ten nanometer, a diblock copolymer which contains the same photophysical
nature of the donar semiconducting polymer, such as P3HT, can be used as an alternative
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Figure 4.1: The chemical structures of the investigated conducting polymers a) P3HT, b)
P3HT-b-PS.

approach. Additional desirable functionality can be brought in with the other block, like
improved polymer crystallization and tailoring the interface between the electron donor
and acceptor. [101,102] Following this idea, the diblock copolymer poly(3-hexylthiophene-
block-styerene) (P3HT-b-PS) was selected as a model system. The chemical structures of
both, P3HT and P3HT-b-PS are depicted in Figure 4.1. More details about the diblock
copolymer, like molecular weight, polydispersity index (PDI), and the vendors sources are
summarized in table 4.1.

Material Mn (kg/mol) PDI Source

P3HT-b-PS 12.5-b-11.6 1.4 Polymer Source, Inc.

Table 4.1: Information of the used electron donor polymer: number average molecular mass
Mn, polydispersity index (PDI) and the providing source.

Electron acceptor

A derivative of the buckminster fullerene, phyeny-C61-butyric acid methyl ester (PCBM)
was used as the electron conducting component. Figure 4.2 depicts the chemical struc-
ture of PCBM. Good solubility for PCBM is generated by the attached side chain.
P3HT:PCBM is the most widely investigated material system for organic photovoltaic
application. [103–105] In this thesis, an alternative approach by using PCBM as the n-
type semiconductor, blended with P3HT-b-PS as the p-type semiconductor is studied.
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Figure 4.2: The chemical structure of PCBM.

Organometal halide perovskite precursors

Three chemicals were used in the solution processed perovskite synthesis. Two different
lengths of the organic salts methylammonium bromide (MABr) and n-octylammonium
bromide (OABr) were used as the cation precursors while lead bromide (PbBr2) were
served as the anion part. MABr and PbBr2 were used as obtained from Dyesol and Sigma
Aldrich, respectively. OABr was synthesized by following the route described in reference.
[15] These precursors are well soluble in anhydrous dimethylformamide (DMF) solvent.
The chemical structure of the organic precursors are described in Figure 4.3. Restricted by
the intrinsic large size of OABr, it cannot diffuse into the lead lattice of PbBr2 but dangle
outward. Therefore, the MAPbBr3 crystal growth can be consequently altered by differing
the OABr content. For the organometal halide perovskite, the resulting crystal structure
can be three-dimensional (3D), two-dimensional (2D), or even down to zero-dimensional
(0D).

Figure 4.3: The chemical structures of the employed organic cation in the perovskite synthesis
a) MABr, b) OABr.
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Solvents

1,2-dichlorobenzene (DCB) is an aromatic compound with the molecular formula C6H4Cl2,
in which chloride substituents are adjacently located (Figure 4.4a). As a derivative of
benzene, the colorless, flammable liquid has a boiling point of 180 ◦C with a density of
1.31 g/cm3 at 25 ◦C.

Dimethylormamide (DMF), is an colorless organic liquid compound with the molecular
formula (CH3)2NCH (Figure 4.4b). It is miscible with water as well as the majority of
organic liquid compounds. Its boiling point is 153 ◦C and the density is 0.944 g/cm3 at
25 ◦C.

Figure 4.4: The chemical structures of the applied solvents a) DCB, b) DMF.

4.2 Substrates

In the present thesis, glass and silicon substrates were used depending on the investigated
systems and the applied characterization techniques. The glass substrates were bought
from Carl Roth GmbH with a size of 3.6 × 7.6 × 1 mm3. The silicon substrate was
purcahsed from Si-Mat as a p-doped wafer with a diameter of 100 mm and a thickness
of (525 ± 25) µm. Depending on the specific investigation technique, the substrates
are cut into the required dimensions. In the case of optical spectra characterization,
glass substrates were cut to a size of 22 × 22 µm2. This size was used to study surface
morphology as well as x-ray scattering. Due to the relatively low neutron flux, a full
piece of silicon wafer was used during neutron scattering experiments in order to achieve
a better statistic.
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4.2.1 Acid cleaning

In order to obtain a controllable surface property of the substrates, acid-cleaning was used
as a pre-cleaning step before the film casting. [106] The cut substrates were placed in a
teflon sample holder which was subsequently immersed in a acid bath for 15 mins at 80 ◦C.
The compositions of the acid bath is listed in table 4.2. Afterwards, the sample holder was
put into de-ionized (DI) H2O for 10 mins at room temperature and each substrate was
rinsed with DI H2O. Dry oil-free nitrogen was used to blown dry the substrate surface.
The substrates were used on the same day. [106]

chemical amount (ml)

DI H2O 22.5
H2O2 (30%) 35

H2SO4 (96%) 35

Table 4.2: The composition used in the acid bath for substrate cleaning.

4.3 Processing

Solution processed semiconductor thin films are advantageous for cheap large scale pro-
duction, e.g. roll-to-roll printing. In the present thesis, spin-coating techniques was
selected as a first step to start the investigation.

4.3.1 Solution preparation

P3HT-b-PS:PCBM BHJ thin films

As a first step, P3HT-b-PS and PCBM were weighed in cleaned vials in according to
the designed blend ratios. In order to eliminate the potential pollution from the glass
vials, a pre-washing step of the glass vials is necessary when DCB. Secondly, PCBM was
dissolved in DCB at 60 ◦C for ∼ 2 hr until no solid residue is visible. Afterwards, the
PCBM solution is used to dissolve P3HT-b-PS. In order to avoid big deviation in film
thickness, the prepared solution concentration in terms of P3HT-b-PS concentration is 20
mg/ml for samples with a PCBM weight fraction smaller than 50%, 16 mg/ml for sample
58% , and 12 mg/ml for sample 67%. Because of the pour solubility of the polymer
materials, the solution temperature was kept at 60 ◦C on a shaker overnight.
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Mixed dimensional lead bromide perovskite thin films

For synthesizing the perovskite thin films, the precursors were dissolved separately in glass
vials with anhydrous DMF as solvent. All glass vials were pre-cleaned before solution
preparation and dried in a furnace at 100 ◦C to remove the liquid residue. The total mole
concentrations for MABr, OABr and PbBr2 are 1.67 M, 1.67 M and 1 M, respectively. All
solutions are kept at 80 ◦C and stirred with magnetic stirrers to achieve a better dissolving.
PbBr2 was dissolved for 30 mins while MABr and OABr were dissolved for 15 mins. The
mole ratio between MABr and OABr were tuned to achieve different morphology whereas
organic and inorganic reagents were kept at 1:1. To synthesize the mixed dimensional
perovskite materials, the mixed solution were kept at 80 ◦C with magnetic stirrers for
15 mins.

4.3.2 Spin coating

All samples investigated in this thesis were prepared by spin-coating method. Solutions
with a defined concentration c0 were applied to cleaned substrates achieving surface cov-
erage. Afterwards, the substrate was rotated to reach a selected rotational speed w. After
a certain rotation time, a thin layer is formed. In addition, a hot-casting spin coating
process was used to have a good spread of the solution over the surface, in which all
substrates were pre-heated at a temperature used in the post thermal annealing process.
The correlation between the applied parameters and the resulting film thickness (d) can
be described by [107]:

d = A
(1950rpm

w

)1/2 ( c0

20gL−1

)(
Mw

100kgmol−1

)
(4.1)

where A is an experimental parameter depending on the used spin coater and the envi-
ronmental conditions, Mw is the molecular weight of the used material. All the applied
spin coating parameters are listed in table 4.3

material rotation speed w (rpm) acceleration level time (s)

P3HT-b-PS:PCBM 1500 9 40
lead bromide perovskite 3000 9 200

Table 4.3: Summary of applied spin coating parameters for preparation of thin films.
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4.3.3 Thermal annealing

In general, the fast solvent evaporation during the spin coating process will result in
a non-equilibrium morphology and less developed crystallization. Therefore, a thermal
annealing process was performed after the preparation of both P3HT-b-PS:PCBM BHJ
films and mixed dimensional lead bromide perovskite films. For polymeric thin films,
the thermal annealing increases mobility of the the polymer chains and the fullerene
molecules, resulting in a rearrangement of morphology on different length scales. In
the case of perovskite films, the residue solvent buried in the fresh spin coated films is
removed, which improves the perovskite crystallization. [108, 109] Table 4.4 summarizes
the parameters used for thermal annealing:

material temperature (◦C) time (min)

P3HT-b-PS:PCBM 140 20
lead bromide perovskite 100 2

Table 4.4: Summary of the applied thermal annealing parameters for the preparation of thin
films.





5 Nanostructuring of diblock
copolymer-fullerene thin films

Parts of this chapter have been published in the article: Effect of PCBM additive
on morphology and optoelectronic properties of P3HT-b-PS films [110] (R. Wang
et al., Polymer, 121, 173-182, 2017.)

Block copolymers are a promising material for optoelectronics devices due to their intrinsic
ability to microphase separate into a large variety of well-ordered nanoscale structures
with tailored physical propeties. [9, 10, 111, 112] In contrast to a blend of two immiscible
components, the two polymeric segments are covalently bound in diblock copolymer.
Therefore, an array of highly ordered nanostructures is formed via diblock copolymer self
assembly rather than the unfavorable macrophase separation. [113] As a consequence, the
ability to form nanoscale fine structural patterns from such diblock copolymers is very
promising for application in functional nanotechnology, such as solar cells, lithium-ion
batteries and drug deliveries. [25,114–116]

For the well-investigated coil-coil block copolymers, the generated nanostructures are
determined by the total degree of polymerization N, the Flory-Huggins interaction pa-
rameter χ and the volume fraction parameter f of the blocks. [117,118] However, another
block copolymer model system, the rod-coil block copolymers have gathered increased
attention due to the functionality possibilities that can be add-in via the rod-block. In
rod-coil block copolymers, unique optoelectronic properties can be offered by the conju-
gated polymer backbone, in addition to the ability to engineer the morphology on the
nanoscale. Another three important parameters should be included to determine the
self-assembly behavior for rod-coil block copolymers: the Maier-Saupe (π-π) interaction
parameter µ, the competition between µ and χ, and the stiffness asymmetry parameter
that resulted from the rod to coil length ratio ν. [119–121] Among the various types of
rod-coil block copolymers system, poly(3-hexylthiophene) (P3HT) based rod-coil diblock
copolymers have gathered a lot of attention. The P3HT block exhibits intriguing optical
and electronic properties and is well applied in organic photovoltaic (OPV) studies as
a p-type semiconductor in P3HT:PCBM blends. [105, 122, 123] In addition, the typical

65



66 5. Nanostructuring of diblock copolymer-fullerene thin films

exciton diffusion lengths in P3HT are around 10 nm, which can be well addressed by
tailoring the nanoscale morphology of block copolymers. [7, 8, 124]

In this chapter, the morphology formation and the resulting optoelectronic properties of
P3HT-b-PS:PCBM are characterized. Different blend ratios as a function of PCBM weight
fraction are selected. Focus is put on resolving the influence of PCBM additive on the pho-
tophysical properties and nanoscale morphology of the P3HT-b-PS films. The first section
illustrates the co-alternating of P3HT chain orientation alongside the variation of PCBM
content (Section 5.1). The optoelectronic behavior of the P3HT-b-PS:PCBM blend films
are examined by UV-Vis spectroscopy and photoluminescence spectroscopy (Section 5.2).
The full morphology picture is revealed by various characterization techniques including
both surface topography images and advance scattering techniques (Section 5.3). The
extracted results exhibit good consistency with respect to the optoelectronic properties
of the blend films.

5.1 Crystalline structure

The self-assembly behavior of rod-coil block copolymers is influenced by both microphase
separation and the crystallization of the rod block. [125, 126] In order to reveal the crys-
tallisation behavior within the P3HT-b-PS:PCBM blend films containing six different
weight fractions of PCBM, grazing incidence X-ray diffraction (GI-XRD) measurements
were conducted. Compared to the two dimensional (2D) grazing incidence wide angle
X-ray scattering (GIWAXS) measurement, the extracted parameters from the applied
one dimensional (1D) GI-XRD technique refer to the crystallites distributing along the
substrate surface normal, i.e. the out-of-plane direction (qz). In Figure 5.1a, a dis-
tinct reflection peak at qz ≈ 3.8 nm−1 is visible in sample containing the lowest PCBM
weight fraction (9%) (purplish red curve), being indicative for the (100) reflection of the
P3HT lamellar stacked backbone. More specificially, another two higher reflection orders,
namely the (200) and (300) reflections are also apparent at qz > 6 nm−1, which suggests
that the P3HT crystallites adopt a well-ordered edge-on orientation (as depicted in Fig-
ure 5.1b). [127, 128] However, no PCBM crystals are identifiable at this composite. It is
reported that the interaction energy between PCBM with PS is larger with respect to
that of PCBM with P3HT. [129] Herein, we hypothesize that the crystallization of P3HT
block is not suppressed by a small PCBM weight fraction of 9% and the amorphous PCBM
molecules are preferentially interact with the PS segment.

Upon increasing the PCBM content till 33%, the intensity of the (h00) reflection fam-
ily diminishes due to a loss in P3HT crystalline order whereas another two interesting
features arise at qz > 12 nm−1. Firstly, a broad peak locates at qz ≈ 13.8 nm−1 grows in
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Figure 5.1: a) GI-XRD data of P3HT-b-PS:PCBM BHJ films with different blend ratios as
indicated. The intensities at qz > 5 nm−1 are multiplied by a factor of 100 to make the weak
peaks visible. The obtained curves are shifted along the y-axis for clarity. Illustrations of P3HT
crystallites with b) edge-on orientation and c) face-on orientation are depicted. Reproduced
from Ref. [110] with permission from the Elsevier B.V.

intensity which can be ascribed to the PCBM crystallization. Secondly, a well define re-
flection peak appear at qz ≈ 16.8 nm−1, being indicative for the kinetically favorable (010)
reflection of the P3HT aromatic π-π stacking. [127] This feature suggests an additional
face-on orientation emerge in samples contain PCBM weight fraction of 25% and 33%.
The addition of fullerene molecule or nanoparticle into well developed diblock copoly-
mer can lead entropic penalty as well as chain stretching to accommodate the additive,
which generate disorder or macrophase separation. [130, 131] Therefore, a kinetic rather
than thermodynamic mechanism is more likely dominated in samples with PCBM weight
fraction of 25% and 33%.

The (010) reflection peak vanishes with further increasing the PCBM weight fraction
above 50% whereas the higher orders of (h00) reflection are recovered, which is indicative
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to an increased population of thermodynamically stable edge-on crystals are developed.
Hereby, we can conclude that the P3HT crystallites adopt different molecular orientations
with respect to the substrate at different blend ratios and PCBM molecules are better
crystallized in sample containing a higher PCBM content. For a further analysis, two
Gaussian-shaped peaks are used to represent the P3HT (100) reflection peak and the
PCBM reflection peak. Detailed peak positions are extracted, which allows drawing
conclusions on intermolecular distances (lattice constant) and crystal sizes of both P3HT
and PCBM crystallites.

Figure 5.2: a) Intermolecular lattice constant and b) crystal sizes of P3HT (100) lamellar
stacking in P3HT-b-PS:PCBM blend films with six different PCBM weight fractions.

The lattice constants of P3HT and PCBM are calculated from the peak center positions
(qzc) using equation d = 2π/qzc. As shown in Figure 5.2, despite the sample with a
PCBM weight fraction of 58%, similar lattice constant around 1.63 nm in (100) lamellar
stacking are revealed, which is consistent with P3HT lattice constant reported in other
studies. [132, 133] A larger P3HT lattice constant refers to a less developed long range
ordering of polymer chains, which could have resulted from either diblock copolymer
microphase separation or P3HT block crystallization. On the basis of the following grazing
incidence small angle neutron scattering (GISANS) result (Section 5.3.3), the distinct
large lattice constant at 58% can be attributed to the morphology transformation, in which
higher ordering of the polymer chains are diminished. In Figure 5.2, the P3HT crystal
size is found to be independent of the PCBM content. This scenario can be deduced by
the interference with strong scattering signals of PCBM crystals and a comparable length
scale of diblock copolymer domain structures that spans the similar q ranges.

In Figure 5.3a, a lattice constant around 0.47 nm for PCBM crystallites is found at all
blend ratios. This value is smaller than the double fullerene radius (2 × 0.4 nm) and can
be ascribed to the distance of two opposite faces of neighboring fullerene molecules. [134]
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Figure 5.3: a) Intermolecular lattice constant and b) crystal sizes of PCBM crystallites in
P3HT-b-PS:PCBM blend films with six different PCBM weight fractions.

In addition, the PCBM crystallite size grows from 2.1 nm to 7.5 nm while increasing the
PCBM weight fraction from 58% to 67% (Figure 5.3b). This observed result indicates
segregated PCBM domains can generate in sample containing a PCBM weight fraction
of 67%.

5.2 Optical electronic properties

The understanding of the molecular order of polymer crystallite will have a close relation-
ship with the charge carrier transportation, this will be important for future optoelec-
tronic device fabrication. With this mind, the crystallite quality is investigated by means
of optical spectroscopic techniques.

Figure 5.4a displays the absorbance data of all six blend films. The feature located at
around 335 nm originates from PCBM and it increases in intensity upon loading a higher
weight fraction of PCBM. The absorbance spectra at larger wavelength (> 400 nm) are
dominated by three distinct features: the main absorbance peak of P3HT at around
500 nm; the vibronic 0-1 transition peak of P3HT at around 550 nm; and the vibronic
0-0 transition peak of P3HT at around 605 nm. [98, 135] Upon increasing the PCBM
weight fraction, the position of the P3HT main absorbance peak blue shifts towards
smaller wavelength, indicating an increase in the energy band gap. This result reflects
that the crystallinity of P3HT block is disrupted by PCBM addition, which is in good
agreement with the GI-XRD observations (Figure 5.1). A reasonable consideration is that
the crystallization of PCBM molecules are rapidly developing upon thermal annealing,
which competes the crystallization of the P3HT block. [11] In addition, it was also reported
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Figure 5.4: a) UV-Vis spectra of P3HT-b-PS:PCBM blend films with blend ratios as indicated.
A blue shift of the P3HT main absorption peak is highlighted. b) Free exciton bandwidths W
extracted from P3HT vibronic absorption features are plotted as a function of PCBM weight
fraction. Images adapted from Ref. [110].

that the PCBM molecules not only purturb the P3HT interchain π-π stacking, but also
contribute effect on the P3HT intrachian conjugation length. [136] In order to have a
detailed understanding about the correlation between the different blend ratios and the
resulted interchain coupling, further analysis is carried out to determine the free exciton
bandwidth (W ) using Equation 5.1 within the H aggregate model [45,137]

A0−0

A0−1
= n0−0

n0−1

 1− 0.24W
Ep

1 + 0.073W
Ep

2

(5.1)

where n0−i denote the real part of the refractive index at the corresponding absorption
bands and Ep is a constant value referring to the phonon energy of the electronically
excited state. By assuming a refractive index ratio of ∼1, Equation 5.1 can be rewritten
to
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Ep
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√
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)
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√
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+ 0.24
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Equation 5.2 reflects that the free exciton bandwidth (W ) is inversely proportional to
the ratio of the 0-0 and 0-1 absorbance. Assuming the phonon energy Ep is equal to
0.18 eV, [45], the obtained exciton bandwidths in different blend ratios are plotted in
Figure 5.4b. A small W value represents a large conjugation length with better P3HT
crystallinity. The conjugation length of the P3HT block in the studied P3HT-b-PS:PCBM
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blend films decreases with increasing the PCBM weight fraction from 9% to 33%, but this,
notablly reverses with further adding PCBM content up to 67%. This result exhibits same
trend as shown in Figure 5.2a, which gives indication that different mechanisms might
dominate at different blend ratios. In addition, the obtained free exciton bandwidths in
samples with a PCBM weight fraction above 50% are around 50 meV, which suggesting
that the P3HT crystalline order fulfills the requirement for an efficient solar cell device.
[132]

Figure 5.5: Photoluminescence (PL) spectra of P3HT-b-PS:PCBM blend films with six different
blend ratios as indicated. Image adapted from Ref. [110].

Photoluminesence (PL) measurements are used to quantify the exciton dissociation
quality in the P3HT-b-PS:PCBM blend films. The recorded PL intensity of the exciton
radiative decay within the P3HT block in samples with different PCBM weight fractions
are plotted in Figure 5.5. The PL intensity is found to first increase upon increasing
the PCBM weight fraction from 9% to 33%, indicating well phase separated P3HT and
PCBM domains. From literature, it was also reported that the PL intensity is sensitive to
the P3HT chain order. [138] On the basis of the GI-XRD results (Figure 5.1a), the large
disorder of the P3HT chains at 25% and 33% can also contribute effect on the increasing of
the PL intensity. With further increasing the PCBM content, the PL intensity quenches
three times from sample 33% to sample 67%. Considering the weight fraction of the
P3HT block increases only by a value of 9%, the observed result can be ascribed as a fast
photoinduced charge transfer between the P3HT electron donor and the PCBM electron
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acceptor. [138] A quenched PL intensity indicates a successful exciton splitting at the
interface between P3HT and PCBM, which is promising for real photovoltaic device. To
deepen these findings, it is necessary to determine the morphology of the blend films.

5.3 Mesoscopic structure

In order to fully understanding the morphology in the P3HT-b-PS:PCBM blend films,
different characterization methods are employed. X-ray reflectivity (XRR) measurements
are carried out to reveal the vertical compositions of the resulting blend samples (Sec-
tion 5.3.1) whereas the surface morphologies are studied with optical microscopy (OM)
and with atomic force microscopy (AFM) (Section 5.3.2). To have a quantitative investi-
gation of the domain structures as well as the self-assembly behavior of diblock copolymer
inside the blends, grazing incidence small angle neutron scattering (GISANS) is applied
(Section 5.3.3).

5.3.1 Vertical compositions

The phase separation of P3HT and PCBM in the film will generate morphological fine
structures in both lateral and vertical directions. [133, 139, 140] In addition, the under-
standing of composition variation along the vertical direction in P3HT:PCBM blend is also
important to guarantee a successful charge carriers extraction in standard optoelectronic
devices, e.g. solar cells. [134, 141] In the present study, the vertical composition profiles
in P3HT-b-PS:PCBM blend films are quantitatively resolved using XRR measurements.
Figure 5.6 display the recorded XRR data of blend samples as a function of different
PCBM weight fractions. Distinct fine Kiessig fringes are seen at all blend rations up to
high qz values (> 0.2 Å−1). The film thicknesses are revealed to be 120 ± 20 nm from the
frequency of the fringes. A composition dependent shoulder like intensity contribution
can be seen at qz ≈ 3.8 nm−1, which reflects the crystallization degree of the P3HT block
at different blend ratios. This observation is in accordance to GI-XRD data.(Figure 5.1a)

To investigate the vertical composition profiles, the XRR data of the blend films are
evaluated using the Motofit package by A. Nelson. [96] A best fit to the XRR data is
obtained by modeling the reflectivity curves as a stack of three sub-layers with distinct X-
ray scattering length density (SLDxr).The three-layer model consists a surface enrichment
layer, a uniform compact layer and an interface enrichment layer on top of the oxide-
topped silicon substrate. A summary of the theoretical SLDxr values are listed in table 5.1
Considering that PCBM exhibits a larger SLDxr with respect to that of P3HT-b-PS, the
revealed SLDxr profiles essentially reflect the vertical distribution of PCBM across the
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Figure 5.6: X-ray reflectivity (XRR) data (dots) with fits (red lines) of P3HT-b-PS:PCBM blend
films with six different PCBM weight fractions as indicated in the image. The curves are shifted
along the y-axis for clarity.

film. As shown in Figure 5.7, a bottom PCBM-enriched layer and a surface PCBM-
depleted layer are observed at all blend ratios. This observation is in good agreement
with the previous report in P3HT:PCBM blend films, in which it was speculated that
these PCBM stratification layers at the film-substrate interface are formed by the PCBM
molecules trapped in the residue solvent near the solid substrate. [140,142] Upon increasing
the PCBM weight fraction, the PCBM molecules are slightly moving into the compact
layer as indicated by the increasing in the SLDxr. For the sample which contains the
highest PCBM weight fraction (67%), the top surface PCBM-depleted layer is replaced
by a layer having the PCBM concentration close to a level found in the bulk of the film
(purple curve in Figure 5.7). This trend is consistent with photoluminescence results in
Figure 5.5. The vertical phase separated polymer and PCBM weaken the quenching of
fluorescence signal at lower PCBM content whereas successful exciton dissociation appears
above a PCBM weight fraction value of 50%.
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SLDxr (10−6 Å−2)
P3HT-b-PS 10.3

PCBM 12.9 [143]
SiO2 22.7

Table 5.1: Summary of the X-ray scattering length density (SLDxr) of P3HT-b-PS, PCBM and
SiO2.

Figure 5.7: SLD profiles revealed by using the three sub-layers model as described in text. The
inset displays a zoom-in view of the compact layers in sample contains PCBM weight fraction
of 9%, 25% and 33% for better legibility.
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5.3.2 Surface structure

Figure 5.8: Optical microscopy images of the resulting P3HT-b-PS:PCBM blend films with a
PCBM weight fraction of a) 9, b) 25, c) 33, d) 50, e) 58 and f) 67%. Reproduced from Ref. [110]
with permission from the Elsevier B.V.

Figure 5.8 exhibits the micrometer scale surface structure of P3HT-b-PS:PCBM blend
films with varying PCBM weight fractions. A uniform morphology within a relatively
large area is observe for all samples at the applied scanning resolution. In addition,
distinct clusters are revealed on all the sample surfaces, which are attributed to the PCBM
crystallized agglomerates formed upon thermal annealing. [144,145] The bright spots are
steadily transforming into large dark crystals due to the increased crystal thickness at
higher PCBM content. It was reported that the film/air surface offers space for crystal
growth and thus leading the nucleation of crystal formation. [145] Notably, above a PCBM
weight fraction of 33%, dark depletion areas become apparent around the bright PCBM
crystals, which indicats that the PCBM crystals grow in size and stick out of the thin film
surface plane. [144] At a PCBM weight fraction of 67%, enlongated flower-like PCBM
crystals are observed. A similar result was reported by Wang et al. in the P3HT:PCBM
BHJ system with organic solvent vapor post-treatment after thin film deposition. [132]
However, these large crystals are not favorable in photovoltaic application since short
circuits can form between the anode and the cathode.

To gain further insight into the surface morphology on the nanomater scale, all the blend
films are probed by AFM. As shown in Figure 5.9a-f, the PCBM content has a strong
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Figure 5.9: AFM topography images measured at a scan range of 1×1 µm2 of the P3HT-b-
PS:PCBM blend films with a PCBM weight fraction of a) 9, b) 25, c) 33, d) 50, e) 58 and f)
67%. The calculated RMS roughness values are indicated.

influence on the surface morphology. For the sample containing a PCBM weight fraction of
9% (Figure 5.9a), the surface is very rough with a root mean square (RMS) roughness value
of 1.6 nm. The surface becomes smoother with increasing PCBM content. For the sample
with the highest PCBM content (67%, Figure 5.9f), a RMS roughness of 0.3 nm is revealed.
For a more detailed analysis, line profiles are taken on the individual samples (Figure 5.10).
Stripe-like nanoscale fine structures around 20 nm width are revealed in sample contains a
PCBM weight fraction of 9%. These fine structures disappear upon increasing the PCBM
weight fraction up to 50% and is recovered in samples with PCBM weight fraction above
50%. In addition, hundreds of nanometer aggregates are observed at 33%, which are
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likely due to the diblock copolymer self-assembly aggregation. Additional information on
surface morphology are determined in the AFM phase images (Figure 5.11).

Figure 5.10: Line profiles of the six different composition samples extracted at positions marked
with red dash lines in Figure 5.9.

In Figure 5.11a, microphase-separated randomly distributed lamellae structures are
found which resemble well the morphology of the pure diblock copolymer film (Fig-
ure 5.12a). As it was already reported, these features comprise P3HT crystals. [146,147]
Upon further increasing the PCBM weight fraction up to 33%, the bright lamellae be-
come less developed, as sizes of both length and width are diminished. This feature
implies the crystallization mechanisms of the P3HT block are effected by the content
variation of PCBM, which is in good agreement with the GI-XRD results. For samples
with a PCBM weight fraction above 50%, the lamellar morphology is recovered, although
the width is increased (Figure 5.11d,e). In Figure 5.11f, the surface structure in the
sample containing the highest PCBM content becomes featureless and no distinguishable
nanomorphology are visible at this probing length. For a quantitative analysis of structure
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sizes, the power spectral density (PSD) curves are calcuated from the AFM topography
data (Figure 5.12b).

Figure 5.11: AFM phase images measured at a scan range of 1×1 µm2 of the P3HT-b-PS:PCBM
blend films with a PCBM weight fraction of a) 9, b) 25, c) 33, d) 50, e) 58 and f) 67%. Shift
of phase angle is individually chosen as indicated. Reproduced from Ref. [110] with permission
from the Elsevier B.V.

The characteristic peak and shoulder displayed in the PSD curves represent a corre-
sponding characteristic length scale inside the sample. In Figure 5.12, a distinct shoulder-
like intensity contribution is identifiable in the sample with the lowest PCBM weight
fraction (9%), which shifts towards smaller q values with increasing PCBM content and
also becomes less pronounced. Hereby, the characteristic length scale in the P3HT-b-
PS:PCBM blend films increases at higher PCBM content and the corresponding surface
structures are less well developed. In addition, the revealed morphology parameters are
restricted to the sample surface.

5.3.3 Lateral structure

To gain a full understanding of the 3D morphology with higher statistics, GISANS mea-
surements are performed to probe the buried lateral structures within the blend films. In
the traditional P3HT:PCBM BHJ system, it was reported that a mixed phase of PCBM
and polymer is coexisting with the pure P3HT and pure PCBM phases. [148] Conse-
quently, the scattering contrast condition in the studied system is enhanced.

In Figure 5.13, the obtained 2D GISANS data of P3HT-b-PS:PCBM blend films with
six different PCBM weight fractions are shown. Above the sample horizon, the recorded
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Figure 5.12: a) AFM phase image of neat P3HT-b-PS film measured at 1×1 µm2. b) Power
spectral density (PSD) curves calculated from AFM phase images (Figure 5.11). An arrow
highlights the trend of the characteristic structure peak fading away with increasing PCBM
content. Data are displayed in a double logarithmic presentation.

scattering intensities alter along the in-plane direction (qy) rather than the surface nor-
mal (qz), indicating a composition dependent lateral structure at different blend ratios.
Upon increasing the PCBM content, a wing-like scattering feature arises along the qy
direction, which generates from the contrast enhanced nano-scale morphology within the
samples. In more details, in samples containing PCBM weight fraction higher than 50%
(panels d,e,f), the scattering intensity of these wing-like features segregates. Moreover,
intensive peaks at qy ≈ ±0.2 nm−1 emerge in the sample containing the highest PCBM
weight fraction (panel f, 67%). This observed result suggests that the interaction between
P3HT-b-PS and PCBM promotes the development of microstructures with well-ordered
correlation length. Notably, interesting scattering features are also generated in transmis-
sion signals alongside the altering of PCBM content. A scattering pattern of hexagonally
packed cylinder morphology is observed in the sample with a PCBM weight fraction of
67% (panel f). The scattering pattern is not observed above sample horizon due to the
limited GISANS statistics. In addition, more intensive peaks are distributing in the re-
flected signals rather than the transmitted signals, suggesting that the hexgonally packed
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Figure 5.13: Two-dimensional (2D) GISANS data of P3HT-b-PS:PCBM blend films with a
PCBM weight fraction of a) 9, b) 25, c) 33, d) 50, e) 58 and f) 67%. In panel a, a horizon-
tal dashed line is used to mark the sample horizon to identify the reflection intensity and the
transmitted intensity. The components of the scattering vector qy and qz represent the direc-
tions horizontal and normal to the sample surface, respectively. Distinct scattering features are
indicated in panel a. Reproduced from Ref. [110] with permission from the Elsevier B.V.

cylinders present more close to the film surface. For a detailed quantitative analysis of
the scattering data, vertical cuts along qy = 0 and horizontal line cuts along the Yoneda
peak positions are performed for all the six samples.

In Figure 5.14a, the Yoneda peak shifts to a larger qz value upon increasing the PCBM
weight fraction. Compared to P3HT-b-PS, PCBM possesses a larger value of neutron
scattering length density (SLDn) (Table 5.2). The shift of Yoneda peak reveals the amount
of PCBM embedded in the diblock copolymer. [98] Another interesting feature is observed
with increasing the PCBM content. A broad shoulder-like peak at qz ≈ -0.2 nm−1 steadily
develops at PCBM weight fraction above 50%, which is identical to the qy position of the
side maximum peaks along the horizontal line cuts. Considering the unambiguous change
of the molecular order of P3HT block observed from GI-XRD (Figure 5.1a), we speculate
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Figure 5.14: a) Veritical line cuts along qy = 0 nm−1 of blend films with six different PCBM
weight fractions. The distinct scattering features of the beam stop, the Yoneda peak and the
specular peak are marked with black, green and yellow boxes, respectively. An purplish arrow
highlights the shift of Yoneda peak position. The shoulder like scattering peaks in sample 50%,
58% and 67% are indicated by blue arrows. b) Horizontal line cuts along the Yoneda peak
positions of blend films with PCBM contents as indicated. The extracted data is displayed
associated with the red fit lines. The two mesoscale (R1) and nanoscale (R2) substructures
applied in the data fitting are indicated with arrows and highlighted with colored boxes. The
dash line marks the resolution limit. Images adapted from Ref. [110].

that a phase transition process from a lamellar- into a cylindrical-morphology occurred
within the diblock copolymer P3HT-b-PS at a PCBM weight fraction higher than 50%.
In order to have a deeper understanding about the resulting morphological parameters at
different compositions, a fitting model using two cylinder-like substructures are applied
to represent the mesoscale and nanoscale in-plane domains within the samples. The
morphological parameters are determined in terms of domain sizes and the associated
spatial distribution of the domains.

In Figure 5.15b, the revealed domains (S1) are around 120 nm on the mesoscale, which is
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SLDn (10−6 Å−2)
P3HT-b-PS 0.914

PCBM 4.3

Table 5.2: Summary of the neutron scattering length density (SLDn) of P3HT-b-PS and PCBM.

similar to the length scale previously reported for homopolymer P3HT:PCBM blends. [98]
The unusually value at 50% can be ascribed to the starting of the morphology transfor-
mation. From the literature, it is well established that the scattering intensity correlates
to the SLDn difference in the studied system. [149, 150] Hence, the difference in scatter-
ing intensity can be used as a probe to determine the mixing between the PCBM and
the diblock copolymer. A increasing scattering intensity can be ascribed to a system
with better contrast condition while a decreased value reveals a better mixture of PCBM
and P3HT-b-PS. The average scattering intensity originates from the mesoscale domains
regime R1 in Figure 5.15b, and are plotted in Figure 5.15a as a function of PCBM weight
fraction. The extracted value increases by about 8 times from 9% to 33% sample. This
indicates that a well phase separated morphology of PCBM and P3HT-b-PS is formed in
the sample with a PCBM weight fraction of 33%. However, this value quenches dramati-
cally upon increasing the PCBM weight fraction to 50%. The mobility of PCBM is higher
than that of the polymer. [11] Therefore, the observed low contrast at 50% suggests the
formation of PCBM crystals in between polymer domains on hundred nanometer scale.
This result is identical to our observed PL spectra (Figure 5.5). Better phase separated
morphology in samples with PCBM weight fractions 25% and 33% restricts the exciton
dissociation, whereas fast photoinduced charge transfer occurs in sample 50%. By further
increasing the PCBM weight fraction above 50%, segregated PCBM domains present on
the mesoscale. However, with respect to the important exciton dissociation length scales
on the order of 10 nm [151], it is crucial that scattering features from smaller domains
are determined.

In Figure 5.14b, a shoulder like scattering feature is visible at qy≈ 0.2 nm−1, being
indicative to a spatial correlation length of around 30 nm. On the basis of the molecular
structure of P3HT-b-PS and the GI-XRD result, we speculate that the diblock copolymer
adopts a lamellar morphology which is driven by the P3HT block crystallization. The
shoulder-like scattering feature loses intensity upon increasing the PCBM content till 33%,
while surprisingly recovers in intensity at 50%. Furthermore, intensive scattering peaks
can be seen in samples with PCBM weight fractions of 58% and 67%. The full width at
half maximum (FWHM) of the scattering peak determines the degree order of the block
copolymer. A smaller value of FWHM reflects a system with well developed ordering
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Figure 5.15: a) Average scattering intensities by normalized the recorded intensity for each
blend sample in R1 regime in Figure 5.14b to 1 hr counting time. A purple arrow highlights
the contrast development in samples containing PCBM weight fraction above 50%. b) The
extracted domain sizes (S1) and the distances (D1) between different domains for the mesoscale
substructure in the blend films. Images adapted from Ref. [110]

morphology. [131, 152, 153] Guassian peaks are used to represent the scattering feature
at R2 regime in Figure 5.14b, the extracted FWHM values are shown in Figure 5.16a.
The P3HT-b-PS:PCBM blend films lose structure ordering with increasing the PCBM
weight fraction from 9% to 33%, but this, reverses upon further increasing the PCBM
content above 50%. Taking into account that the crystallinity of the P3HT block decreases
in the 67% sample with respect to that in sample 50%. We estimate that the better
spatial correlation order in sample 67% results from the beneficial impact of the P3HT-
b-PS microphase separation. A similar result was reported by in their study of diblock
copolymer and homopolymer blends. [154] However, the absence of gyroid nanostructure
during morphology transformation is speculated due to the weak driving force of the
gyroid phase. [155]

The domain size (S2 in Figure 5.16b) revealed from the fitting model increases from
13 ± 2 nm to 21 ± 0.5 nm for a PCBM weight fraction increasing from 9% to 67%. Thus,
the PCBM is incorporated in the P3HT-b-PS alongside the block copolymer domain
swelling. In addition, distances between the copolymer domains are also increasing with
higher PCBM content. To deepen these findings, a simplified comparison between one-
dimensional surface area ratio (ξ) of one diblock cylinder to the hexagonal lattice matrix
is performed as illustrated in Figure 5.17a for samples with a PCBM weight fraction above
50%. The applied model can be described in equation
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Figure 5.16: a) Full width at half maximum (FWHM) of the scattering peaks and b) the
morphological parameters extracted from fittings in R2 regime in Figure 5.14b. The revealed
data is plotted as a function of different PCBM weight fractions. Reproduced from Ref. [110]
with permission from the Elsevier B.V.

ξ = 3πR1
2

πR2
2 (5.3)

where R1 and R2 denote the radii of one single cylinder and three cylinders, respectively.
Taking the morphological parameters S2 (domain size) and D2 (domain distance) obtained
from GISANS data fitting to represent R1 and R2, equation 5.3 can be rewritten to

ξ =
3
(
S2

2

)2

(
D2

2 cos 30◦ + S2

2

)2 (5.4)

The obtained values shown in Figure 5.17b elucidate that the PCBM domains leaving
hexgonal packed cylinder lattice upon increasing PCBM weight fraction from 58% to 67%.
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Figure 5.17: a) Schematic description of equation 5.4. The surface areas of one cylinder and
three cylinders are indicated with green and purple circles, respectively. b) Estimation of surface
area ratio (ξ) of one cylinder to a three cylinder lattice for samples containing PCBM weight
fractions of 58% and 67%. Reproduced from Ref. [110] with permission from the Elsevier B.V.

5.3.4 Results

The morphology evolution in P3HT-b-PS films upon the addition of PCBM is schemat-
ically illustrated in Figure 5.18. The local film morphology can be identified in four
different stages: (1) The P3HT-b-PS:PCBM blend film preserves a lamellar morphology
in conformity with the pure diblock copolymer at the lowest PCBM weight fraction (9%),
which is driven by the P3HT block crystallization. At this composite, PCBM tends to
interact with the PS block with poor crystallization degree and distributes near the sub-
strate surface; (2) Upon increasing the PCBM content (25% and 33%), PS block swells
to accommodate the PCBM whereas the nanoscale morphology in the blend becomes less
developed and the kinetically favored face-on P3HT orientation appears as revealed in
GI-XRD. Meanwhile, the extra PCBM molecules appear to present in the bulk; (3) For
even higher PCBM weight fractions (50%, 58%), larger PCBM aggregates present among
the polymer domains on the mesoscale, as the GISANS contrast diminishes. In addition,
the diblock copolymer phase transition occurs; (4) For sample containing the highest
PCBM weight fraction (67%), segregated PCBM domains are better developed on the
mesoscale whereas large PCBM aggregates appear on the film surface. The cylindrical
diblock copolymers are distributed in a well organized hexagonal lattice.
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Figure 5.18: Schematic illustration of the morphology dependance of P3HT-b-PS films on the
addition of PCBM. The two blocks of the diblock copolymer are depicted in orange (P3HT) and
blue (PS) whereas PCBM is shown as black spheres. P3HT crystalline orders are depicted in a
zoom-in view. Films with higher PCBM content exhibit a better segregated domain structure on
the hundred nanometer scale as well as a hexagonally packed cylinder morphology. Reproduced
from Ref. [110] with permission from the Elsevier B.V.

5.4 Summary

In this chapter, the influence of PCBM addition on the crystalline structure, the opto-
electronic properties and the mesoscopic morphology of P3HT-b-PS bulk heterojunction
systems are investigated. The crystallinity of the P3HT block, the fluorescence intensity
as well as the ordering degree of the nanoscale morphology in the P3HT-b-PS:PCBM
blends are revealed to exhibit nonmonotonic dependence on the increasing of PCBM con-
tent. Different mechanisms are proven to drive the formation of the final morphology.
Interestingly, it has been demonstrated that the exact morphology resulting from the in-
teraction between PCBM and P3HT-b-PS has a direct impact on the exciton dissociation
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in the blend films. For full understanding, the complete vertical and lateral morphology
have been determined.

The findings indicate that the crystallinity of P3HT block is perturbed by adding the
PCBM till a threshold weight fraction of 33%. Simultaneously, the kinetically favored
face-on orientation appears, which consequently destroys the well-ordered lamellar mor-
phology that developed in sample with a PCBM weight fraction of 9%. Upon further
increasing the PCBM content above that value, the microphase separation dominates the
morphology evolution in the P3HT-b-PS:PCBM blends whereas, a hexagonally packed
cylinder morphology is revealed in sample with a PCBM weight fraction of 67%. GISANS
reveals that better segregated domains are formed on the mesoscale for samples with a
higher PCBM content. Notably, the microphase separation induced domains distribute
on a length scale of around ten to twenty nanometer, which increase in size upon the
addition of more PCBM into the BHJ films.

The free exciton bandwidths are determined by a weakly coupled H-aggregated model.
Combining all our observations, we propose that blend films with a PCBM weight fraction
higher than 50% appear promising with respect to the potential application of the studied
system in organic solar cells. Last but not least, an optimization of the diblock copolymer
molecular structure might be necessary to guarantee the achievement of a outstanding
working device. Such studies reported here could provide an alternative view to select
promising candidates to be further processed into optoelectronic devices in the future.





6 Nanostructuring of mixed
dimensional lead bromide perovskite
thin films

Parts of this chapter have been published in the article: Preferential Orientation
of Crystals Induced by Incorporation of Organic Ligands in Mixed-Dimensional
Hybrid Perovskite Films. [156] (R. Wang et al., Advanced Optical Materials,
2018, 6, 1701311.)

Organometal halide perovskite, the new-born old materials have gathered considerable
attention among researchers as photoactive materials for optoelectronic applications. The
early studies of perovskite materials date back to late 1980s, when the research focused
mainly on their intriguing dielectric properties. [12] However, these materials also exhibt
many remarkable properties, such as a tunable band structure to secure optical absorption
upon the entire solar spectrum, [13] a long charge-carrier diffusion length over 1 µm, [64]
the ambipolar charge-transport property, [157, 158] an outstanding photoluminescence
quality (full width at half maximum, FWHM ≈ 20 nm), [159] and a small capture cross-
section of trap states. [160] Consequently, all these intrinsic characteristics have manifested
perovskite materials as a versatile candidate for optoelectronics, for example as solar cells,
[52, 161–164] light-emitters, [53, 165,166] lasers, [54,167] and photodetectors. [168,169]

The chemical formula of organometal halide perovskite materials is adopted from the
calcium titanate (CaTiO3) crystal structure, which is generally labeled as ABX3. In per-
ovskite crystals, A is 12-fold cubooctahedral coordinated with X anions among [BX6]4− oc-
tahedral clusters that generating a 3D ABX3 crystalline frameworks [170,171]. Notably, by
choosing appropriately large size organic cations, such as octylammonium (CH3(CH2)7NH3

+),
butylammonium (CH3(CH2)3NH3

+) or benzylammonium (C6H5CH2NH3
+) [15,172,173],

the 3D bulk perovskite crystal can be synthetically altered into 2D layered platelets (so-
called as Ruddlesden–Popper perovskite), [15,174–176] 1D nanowires, [177,178] and even
0D nanoparticles. [14] Due to the intrinsically large size, the long organic cation cannot
diffuse in between the [BX6]4− octahedra slabs and therefore terminates the 3D crystal
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growth. In the 2D structure, the [BX6]4− octahedra are distributed in layers and sepa-
rated by the organic dielectric layers whereas in the 1D structure the [BX6]4− octahedra
are connected in chains. In the 0D structure, the [BX6]4− octahedra are isolated and
surrounded by organic cations. The resulting size of low-dimensional perovskite can be
tuned to as small as one atomic layer thin. As a consequence, quantum-size effects as well
as advanced photoelectric properties are achievable.

Among the aforementioned low-dimensional perovskite structures, 2D layered perovk-
site have gained increasing interest due to the following reasons: (1) electrons are confined
into planes without interlayer interactions, which generates prospects for advanced mi-
croelectronics; (2) weak interaction is possessed among interlayers whereas the in-plane
skeleton is mainly confined by van der Waals forces, which can provide good mechnical
properties; (3) thin-film structure in atomic level making them applicable in transparent
and flexible devices.

Our approach in this present chapter is to leverage this concept, aiming combine the
advantages of 3D and 2D perovskite crystals. Herein, organic ligands of methylammonium
bromide (MABr) and octylammonium bromide (OABr) with a various ratios are prepared
to achieve mixed-dimensional (a combination of both 3D bulk and 2D layered perovskite
crystals) perovskite films. The long organic ligand OABr is expected to affect the film
morphology. Referring to the applied OABr mole ratio, samples are named as PeOA0
(0%), PeOA10 (10%), PeOA20 (20%), PeOA40 (40%) and PeOA100 (100%). In this
chapter, the dependence of the optical properties of resulting thin films on the tailored
morphology are investigated. The optical properties of the mixed dimensional perovskite
films with respect to the optoelectronic properties as well as the photoemission dynamics
(Section 6.1). This is followed by a thorough morphological investigation (Section 6.2)
and the ASE properties (Section 6.3). The results obtained imply good expectation of
using these mixed dimensional perovskite films within optical gain devices.

6.1 Optical properties

6.1.1 Optoelectronic properties

In order to quantify the optical electronic properties of the resulting mixed dimensional
perovskite thin films, UV-Vis absorption and photoluminescence (PL) spectroscopies were
employed. Figure 6.1 displays the obtained data. Changes in absorption and fluorescence
results originate from the compositional variation are observed.

As shown in Figure 6.1a, the absorption spectrum of sample that prepared using neat
OABr (PeOA100) is dominated by a single sharp excitonic feature at 396 nm, which can
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Figure 6.1: a) UV-Vis and b) PL spectra of the resulting samples with varying OABr contents.
PL peaks lie to the higher energy edge are magnified and displayed in dash lines, which can
be attributed to the 2D perovskite platelets. Spectra for 3D bulk MAPbBr3 (PeOA0) and 2D
layered (OA)2PbBr4 (PeOA100) perovskite are presented as well to illustrate better comparison.
Prominent peak positions are marked in the curves. Reproduced from Ref. [156] with permission
from the John Wiley & Sons, Inc.

be ascribed to exctions formed inside the thin (OA)2PbBr4 layers. [179] The sample con-
taining an OABr mole ratio of 10% (PeOA10) exhibits a main band edge around 511 nm,
in consistent with the 3D MAPbBr3 bulk crystals but slightly blue-shifted. More specifi-
cially, further contribution arised at around 433 nm, which can be attributed to the 2D
perovskite platelets with one perovskite unit cell (n) thickness. [180] Upon substituting
MABr with OABr, additional sharp excitonic absorption features become more apparent
in the absorption spectra at 396, 451 and 472 nm, indicating that quantum confinement
arises inside the films. [15,16] From the literature, these peaks are identifiable as 2D per-
ovskite platelets with perovskite unit cell thickness (n) of 0, 3 and 4, respectively. [15,16]
The 0 value of unit cell thickness represents 2D platelets of one single layer of corner shared
[PbBr6]4− octahedra which is isolated by organic cations. Interestingly, the absorption
maximum within the mixed dimensional perovskite thin films do not show a monotonic
blue-shift behavior. However, the absorption maximum first blue-shifts from 511 nm in
sample PeOA10 to 505 nm in sample PeOA20 and returns backward to 511 nm in sample
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PeOA40. This result suggests that the interaction between 2D and 3D perovskite crys-
tals becomes weaker when increasing the OABr mole ratio from 20% (PeOA20) to 40%
(PeOA40). Here, we propose that the 2D platelets firstly coexistent with 3D crystals by
surface adsorption (in sample PeOA10 and PeOA20), and the interaction becomes weaker
in sample PeOA40 with further increasing OABr content. A further discussion is carried
out in the following section (Section 6.2.1).

Figure 6.1b displays the PL emission spectra of samples with a variation of OABr mole
ratio. In sample PeOA10, the emission peak is blue-shifted by 3 nm as compared to the
3D bulk MAPbBr3 whereas additional higher energy emission peaks appeared. These
peaks can be ascribed to the aforementioned 2D perovskite platelets with perovskite unit
cell thickness of n = 1 (434 nm), n = 3 (456 nm), and n = 4 (475 nm). [16] In sample
with the highest OA content (PeOA40), thicker 2D platelets with n = 5 (491 nm) and
n = 6 (504 nm) perovskite unit cell are seen. [16] Meanwhile, although 2D platelets 1
unit cell thick contribute a strong absorption peak in sample PeOA10, the corresponding
PL emission intensity is relatively weak. This result suggests that the energy transfer is
efficient in sample containing the lowest OABr content, which will be further discussed in
section 6.3. [181, 181] Upon further substituting of MABr with OABr to a value of 20%,
the main emission peak becomes broader and the higher energy emission peaks increase
in intensity. In the sample containing an OABr mole ratio of 40% (PeOA40), the emission
peaks of 2D platelets are clearly identifiable with no magnification. This is consistent with
the absorption result that the 2D platelets are first adsorbed on the 3D crystal surface,
and with a further increase in OABr content, the 2D platelets form as isolated aggregates.

Considering that OABr and MABr exhibit different crystallization mechanisms on the
perovskite crystal, double side PL measurements are performed to investigate how these
lower dimensional perovskite crystals grow inside the film. In Figure 6.2a, in contrast to
the front excitation (from the air-film interface), the back excitated (from the substrate-
film interface) PL spectra of the sample PeOA10 exhibits distinguishable emissions at
the higher energy side. This observation indicates that a larger content of 2D perovskite
platelets are located closer to the substrate in comparison to the air. Notablly, the 3D
crystals are speculated to grow on top of the 2D platelets as the main emission peak
(533 nm) presents a stronger blue-shift in the back excitation spectra. However, with
increasing the OABr content to 40%, the 2D platelets are distributed all along the film
with no remarkable differences on the main emission peak. Therefore, we estimate that
the 2D platelets prefer to locate close to the substrate side in sample containing a lower
OABr content whereas this preferential distribution disappears with increasing the OABr
content. This result is in good agreement with the GIWAXS results as presented in
Section 6.2.
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Figure 6.2: PL spectra of samples a) PeOA10 and b) PeOA40 obtained by photoexcitation from
the air-film (front excitation) and the substrate-film (back excitation) interfaces.

6.1.2 Time-resolved photoemission dynamics

In order to further quantify the PL kinetics inside the mixed dimensional perovskite
samples, time-resolved fluorescence measurements were carried out. The obtained results
reveal that the variation of OABr content stark affects the PL decay lifetimes. To have
an integrated comparison, the individual samples are compared by assessing the time by
which the intensity dropped to 1/e of its original intensity (Figure 6.3a). As shown in
Figure 6.3b, the PL decay time for sample PeOA10 is remarkably extended as compared
to the neat 3D bulk perovskite MAPbBr3. This result suggests that OABr might enhance
the surface passivation effect and simultaneously reduce the trap-assisted recombination.
[182, 183] However, upon further increasing the OABr content, the fluorescence spectra
decays faster. From the optical spectra presented in Section 6.1, we speculate that a
larger amount of perovskite platelets are formed in samples with higher OABr content.
Therefore, the decreased PL lifetimes can be resulted from the increased exciton binding
energy through the transition from a 3D bulk-like perovskite in to a mixture of 3D/2D
multi-dimensional perovskite system. [184] Additionally, the PL quantum yields (PLQY)
in the mixed dimensional perovskite samples progressively increases with increasing the
OABr content. This result can be ascribed to 3D perovskite crystal growth confined by a
high amount of organic bulky ligand OABr. As a consequence, the surface of perovskite
nanocrystals is passivated. [185] However, a determination of radiative and non-radiative
decay rates is not possible due to the dimensionally inhomogeneous in samples. [186] A
full summary of the extracted parameters are listed in Table 6.1.
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Figure 6.3: a) PL dynamics of resulting perovskite films with varying mole ratio% of OABr. Data
obtained from samples with neat MABr (PeOA0, MAPbBr3) and OABr (PeOA100, (OA)2PbBr4)
are shown for comparison. The time by which the PL intensity dropped to its 1/e intensity is
denoted by a dash line. b) The decay lifetimes (τ1/e) for samples with varied OABr content.
Images adapted from Ref. [156].

PeOA10 PeOA20 PeOA40
PL lifetime τ 1/e (ns) 41.2 36.7 6.3

PLQY (%) 0.41 0.96 1.62

Table 6.1: PL lifetime τ1/e (ns) and PL quantum yields (PLQY) of mixed dimensional perovskite
films with varying OABr content.

6.2 Morphological evolution in mixed dimensional
perovskite films

The morphology development in the mixed dimensional perovskite films on different com-
positions are determined in terms of the evolution of both crystal structure (Section 6.2.1)
and domain structure (the surface structure is illustrated in Section 6.2.2, and the inner
morphology is discussed in Section 6.2.3).

6.2.1 Crystal structure

The atomic and molecular structures of the perovskite films were analyzed with x-ray
diffraction (XRD) and with grazing incidence wide angle/small angle x-ray scattering
(GIWAXS/GISAXS). Benefits from the combination of both conventional and modern
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scattering techniques, a full picture including the crystalline phase as well as crystal
preferential orientation is obtained.

XRD

The crystal structures of the mixed dimensional perovskite thin films are first studied
with XRD. Figure 6.4 shows the XRD patterns of samples with varying OABr content. In
addition, the diffraction patterns of the OABr and PbBr2 precursors are also presented for
comparison. The XRD pattern of sample without OABr cation (PeOA0) exhibits peaks
at 1.05, 1.49, 2.10, 2.35, 2.57, 2.97 and 3.15 Å−1, which can be respectively assigned
to the (001), (101), (002), (102), (112), (202) and (003) crystal plane. The obtained
lattice parameter of 5.9 Å demonstrates a stable cubic Pm3m phase. [187] In sample
PeOA100 that uses neat OABr, the XRD pattern confirms the formation of 2D layered
perovskite platelets (i.e., (OA)2PbBr4). [59,179] For samples containing mixtures of OABr
and MABr, the XRD patterns display distinct reflection peaks at bigger q values (q >

1 Å−1) which originate from the single cubic phase of MAPbBr3. While at smaller q range
(q < 1 Å−1), additional features pops up alongside increasing the OABr content, which
due to either the formation of perovskite platelets with several nanometer thickness, or
the unreacted precursor residues. Since most reflections above 1 Å−1 originate from (00l)
family, a high degree of crystal orientation is suggested. Notably, for samples containing
an OABr mole ratio up to 20%, no identifiable reflections from (OA)2PbBr4 are revealed in
the XRD patterns. With further increasing the OABr content, the XRD pattern displays a
mixed crystal families of both (OA)2PbBr4 and MAPbBr3. This obtained result approves
our previous hypothesis that the 2D perovskite plateletes first adsorb on the surface of
the 3D crystals at low OABr mole ratio up to 20% whereas with further increasing the
OABr mole ratio, in addition to the 2D platelets, layered perovskite crystals are formed.

In Figure 6.5, the crystal size calculated by using the Scherrer equation slightly decreases
with increasing the OABr content. Therefore, it suggests that the OABr behaves as a
capping ligand, which confines the crystal growth of 3D perovskite.
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Figure 6.4: XRD patterns of perovksite films with varying OABr content. XRD patterns of
OABr and PbBr2 are showed for comparasion. The grey lines highlight the reflection planes
originated from 3D MAPbBr3 perovskite crystal. Reproduced from Ref. [156] with permission
from the John Wiley & Sons, Inc.

Figure 6.5: Development of crystal size in the perovskite thin films with varying OABr content.
The individual FWHM is obtained by fitting the (001) reflection peak using Gaussian peak
function.
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GIWAXS

To further study the crystalline quality of the mixed dimensional perovskite films, GI-
WAXS and GISAXS were employed to investigate the 3D and 2D perovskite crystals,
respectively. Figure 6.6 shows the 2D GIWAXS data for perovskite films derived from
five different OABr contents, in which qz is the component of the scattering vector perpen-
dicular to the sample surface whereas qr = (qx2+qy2)1/2 is the component of the scattering
vector in parallel the substrate of the total momentum transfer q. The wedge of inac-
cessible data in GIWAXS patterns occurs due to the reciprocal space conversion of raw
detector images. Stark differences are revealed in the 2D GIWAXS patterns alongside
increasing the mole ratio of OABr.

A Debye Scherrer intensity ring with tinny sharp spots, at around q = 1 Å−1 can be
observed in the sample PeOA0 without loading any OABr cation (Figure 6.6a). In com-
parison to our previous XRD result, this intensity ring can be identified as the (001)
reflection plane of the 3D MAPbBr3 crystal with no preferential crystal orientation with
respect to the substrate. In addition, the minor intensity features in reciprocal space
give a strong indication of the existence of large size crystals inside the sample. Along
the substitution of MABr with OABr, considerable differences are revealed in the 2D
GIWAXS diffraction patterns. First, upon loading the OABr cation up to a value of 40%
(Figure 6.6d), the reflection rings of 3D MAPbBr3 crystal vanish in azimuthal intensity
and remarkably sharp, discrete Bragg peaks arise, indicating that the 3D bulk MAPbBr3

crystals in all the three mixed cations samples have strong preferential crystal orientation
with respect to the substrate. This result implies that charge carriers are expected to
enjoy more efficient diffusion among the 3D crystals in comparison to a random crystal
orientation, since a lower number of defects are expected to form at the grain bound-
aries. [188] In addition, the diffraction peak intensity at q < 1 Å−1 gradually grows with
increasing the OABr content, as is corroborated by the XRD data. This phenomenon
will be further discussed in the following GISAXS section. Furthermore, for the sample
prepared using neat OABr (PeOA100), the 2D GIWAXS pattern is dominated by scat-
tering features of the 2D layered perovskite. In order to further quantify the 3D crystal
orientation in the mixed dimensional samples, intensity-integration along the (001) re-
flection peaks with respect to the azimuthal angle (χ) are performed for samples PeOA0,
PeOA10, PeOA20, and PeOA40.

Figure 6.7 displays the integration results. In the case of sample containing neat 3D
MAPbBr3 crystals (PeOA0), higher scattering intensities are observed at χ ≈ -45◦, illus-
trating that the 3D crystals distribute in an edge-up orientation with (101) planes parallel
to the substrate. In addition, from the 2D GIWAXS pattern shown in Figure 6.6 a), a
side intensity maximum can also been observed for the (101) reflection plane at χ ≈ ±45◦,
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Figure 6.6: 2D GIWAXS data for the resulting perovskite films with an OABr mole ratio of: a)
0% (PeOA0), b) 10% (PeOA10), c) 20% (PeOA20), d) 40% (PeOA40), and e) 100%(PeOA100).
The 2D GIWAXS data for pure PbBr2 is showed in f) for comparison. Reproduced from Ref. [156]
with permission from the John Wiley & Sons, Inc.

which indicates that the 3D crystals are also partially orientated with their (001) planes
parallel to the substrate surface, i.e., face-up orientation. However, due to the exper-
imental set-up, the corresponding intensity signals of (101) for the edge-up orientation
as well as (001) for the face-up orientation are not approachable due to the inaccessible
data in the missing wedge. With substitution of MABr with OABr, we can first observe
a nearly isotropic face-up orientation in sample PeOA10 and the intensity of (001) peak
gradually grows along the azimuthal angle (χ) with increasing the OABr mole ratio. This
result implies a minor fraction of 3D crystal reoriented (Figure 6.7b). Therefore, one can
speculate that the long organic cation OABr contributes strongly to the crystal conversion
process.

GISAXS

In Figure 6.8, the GISAXS data of the mixed dimensional perovskite films displays sharp
Bragg peaks at qz = 0.19, 0.23, and 0.39 Å−1, which correspond to a lattice d-spacing
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Figure 6.7: a) Azimuthal integrations of (001) reflection peaks of the (001) reflection plane at
q = 1.06 Å−1. b) Schematic illustration of varing crystal orientation in perovskite films with
different compositions.

of 33.1, 27.3, and 16.1 Å, respectively. These spcaings can be attributed to 2D platelets
with perovskite unit cell thickness (n) of 3, 2 and 0 (i.e. single layer of lead bromide),
respectively. [15, 16] At qz > 0.5 Å−1, the scattering patterns are dominated by three
intensive peaks at qz = 0.59, 0.67, and 0.72 Å−1. As compared to the GISAXS data of
the neat OABr sample (PeOA100) (Figure 6.8d) and pure PbBr2 precursor (Figure 6.8e),
the Bragg peaks at qz = 0.59 Å−1 and qz = 0.67 Å−1 can be respectively identified as
(OA)2PbBr4 and PbBr2. On the basis of the XRD data that were discussed in the previ-
ous section, the peak at qz = 0.72 Å−1 can be assigned as the (003) reflection plane of the
crystallized OABr. [179] In Figure 6.8a, the absence of Bragg peaks along qr direction in
sample PeOA10 indicates that the 2D platelets as well as the residue precursors are highly
orientated in parallel to the substrate surface, which is identical to 3D bulk MAPbBr3

crystals. However, for samples containing higher OABr mole ratio (Figure 6.8b,c), ad-
ditional varied scattering intensity emerged depending on the azimuthal angle for the
reflection peaks of 2D platelets (n = 3, 2) and OABr. In contrast, the orientation of 2D
platelets with single lead layer (n = 0) and (OA)2PbBr4 shows no variation on composi-
tion. We speculate this results from the interface effect. The applied substrates for film
deposition were pre-acid cleaned and thus producing a hydrophilic surface. As a conse-
quence, the polar NH3

+ group were first deposited at the interface between the substrate
and film, leading an enrichment layer of thinner platelets distributed at the bottom part
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inside the films. This is consistent with PL emission spectra measured with front and
back excitations in Figure 6.2. The GISAXS 2D data is further investigated by azimuthal
integration around q = 0.72, 0.67 and 0.19 Å−1, corresponding to the respective diffrac-
tion rings of OABr, PbBr2 and 2D perovskite platelets (n = 3). These Bragg peaks are
chosen because they exhibit strong intensity and not obscured by higher order reflections
at the large q range.

Figure 6.8: 2D GISAXS data for the resulting perovskite films with an OABr mole ratio of: a)
10% (PeOA10), b) 20% (PeOA20), c) 40% (PeOA40), and d) 100% (PeOA100). The scattering
patterns of applied precursors are shown in e) PbBr2 and f) OABr. Reproduced from Ref. [156]
with permission from the John Wiley & Sons, Inc.

In Figure 6.9, the azimuthal integration results show that the OABr crystal in the
sample PeOA10 highly orients in parallel to the substrate. In addition, this is likely to
suppress the crystal buildup along surface normal and allow perovskite crystal to grow
more efficiently along the in-plane direction, leading the formation of a full surface cover-
age with larger grain sizes. On the other hand, upon further increasing the OABr mole
ratio up to 40%, additional strong preferential orientation at χ ≈ ±10◦ starts to appear,
indicating that a partial reorientation of OABr crystals. Similarly, additional shoulder-like
intensities at around χ ≈ ±20◦ appear for the 2D perovskite platelets (n = 3). However,
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there is no relationship on crystal orientation between 2D perovskite platelets and PbBr2

(Figure 6.9c). Provided that the longer organic chain of OABr can only fit either in the
periphery of the corner-sharing [PbBr6]4− octahedral or adsorb at the perovskite crys-
tal surface, we speculate that during crystal conversion an isotropically orientated OABr
sheet will provide more channels for precursor intercalation, as a consequence the crystal
orientation condition becomes diverse.

Figure 6.9: Azimuthal integrations of peaks: a) at q = 0.77 Å−1 for OABr, b) 0.67 Å−1 for
PbBr2and c) at q = 0.19 Å−1 for 2D platelets with three unit cells thickness (n = 3). Reproduced
from Ref. [156] with permission from the John Wiley & Sons, Inc.

6.2.2 Surface structure

The surface morphology of the mixed dimensional perovskite films are characterized by
means of scanning electron microscopy (SEM) and atomic force microscopy (AFM).
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Figure 6.10: SEM top-view images of the resulting mixed dimensional perovskite films with
varying OABr mole ratio a) 0% (PeOA0, MAPbBr3), b) 10% (PeOA10), c) 20% (PeOA20), d)
40% (PeOA40), e) 100% (PeOA100, (OA)2PbBr4). f) SEM image of perovskite film prepared
from neat MABr, image adapted from [189].

As shown in Figure 6.10, distinct differences on surface morphology alongside increasing
OABr mole ratio are revealed. In Figure 6.10a, sample containing 100% MABr exhibits
isolated MAPbBr3 crystals on submicrometer scale. This result corroborates the previ-
ous report (Figure 6.10f) that it is relatively difficult to use one-step solution-processed
spin coating technique to achieve continuously MAPbBr3 films from neat DMF solu-
tion. [189, 190] Although it is elucidated that big domains are formed in this sample by
the aggregation of smaller cuboid crystals, the discontinuously morphology is prospected
to generate a poor in-plane path for charge carriers transportation. In the sample PeOA10,
uniform domains on tens micrometer scale are formed by substituting 10% of MABr with
OABr whereas no clear gaps can be observed on the surface. Upon further increasing
the OABr content up to 40%, these micrometer domains shrink in size and the surface
uniformity decreases. For sample with a OABr mole ratio of 40% (Figure 6.10d), gaps
emerge on the surface and stacked-layer structures are likely formed, which suggests the
existence of 2D perovskite in the sample. In Figure 6.10e, the sample surface becomes
very smooth and featureless at the applied probing length. On the basis of the GISAXS
results (Figure 6.8), the appearance of the upper surface OABr likely retards the crystal
growth along the surface normal, additionally, continuously large grains grow along the
in-plane direction in sample with lower mole ratio of OABr. However, the orientation of
OABr diversified in film volume at higher OABr content (Figure 6.9b) and therefore leads
to the decrease of crystal size (Figure 6.5). For sample with the highest OABr content
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(PeOA40), the low dimensional perovskite platelets flake off easily due to low binding
force.

Another interesting observation has been noticed is the degradation of perovskite crys-
tal under electron beam. Figure 6.11 displays the perovskite crystal structure exposed
for different times under the electron beam. After long exposure time, gaps appear on
perovskite crystals and expand even broader. This result is comparable with the previous
report which highlighted the difficulties of using SEM to acquire perovskite morphology
information on nanometer scale. [93] Therefore, AFM is employed as a complementary
solution to study the surface structure of perovskite films.

Figure 6.11: Electron beam degradation effect on the perovskite crystal. a) PeOA20, b) PeOA20
after 2 min electron beam irradiation.

In Figure 6.12a, layered structures are clearly seen in sample with the lowest OABr
content (PeOA10). More specifically, a bright quadrate-like platelet with thickness of ≈
3 nm appeared at the top left corner (Figure 6.12d). Compared to the previous report,
structure with thickness of 3 nm can be assigned to the 2D perovskite platelets with 2-3
perovskite unit cells, which is in good accordance to the GISAXS results (Figure 6.8).
[15, 16] By further increasing the OABr concentration, the platelets structure increases
in content and aggregates formed by platelets stacking are clearly illustrated in sample
PeOA40. Additionally, the layered structure becomes thicker at higher OABr content
(Figure 6.12f).

6.2.3 Inner film morpology

In order to have a statistical understanding about the inner film morphology on both
mesoscale and nanoscale, samples are probed by grazing incidence small angle neutron
scattering (GISANS) and GISAXS, respectively. Grazing incidence small angle scattering
using X-ray or neutron as probe has been proved to be a unique technique to characterize
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Figure 6.12: AFM topography images (scale bar 1 µm) (a-c) and line profiles (d-f) of the
mixed dimensional perovskite films with varying % OABr content:a,d) 10% (PeOA10), b,e) 20%
(PeOA20), and c,f) 40% (PeOA40). The corresponding extracted positions are marked with red
lines in AFM images. Localed structure of sample PeOA10 with larger magnification (scale bar
400 nm) is shown in d) as inset. Reproduced from Ref. [156] with permission from the John
Wiley & Sons, Inc.

polymer thin films, and more recently its versatility has also been applied to organometal
halide perovskite thin films. [133, 191–194] The obtained scattering data are analyzed in
two steps: (1) quantitative scattering object behavior analysis using scattering power-law;
(2) lateral domain structures revealed by fitting the scattering signal along the Yoneda
peak position within the distorted wave Born approximation (DWBA).

An incidence angle of 0.7◦, which is above the critical angle of the investigated material,
is applied for all GISANS measurements to guarantee a completely penetration over the
probed sample volume. As shown in Figure 6.13a, the scattering pattern at qz ≥ 0 nm−1

is dominated by two prominent scattering features. The material-sensitve Yoneda peak
that emerges at the critical angle of the investigated material is located at small qz values
whereas the specular peak is at higher qz values due to the incident angle selection. In
addition, a wing-like scattering feature at around the Yoneda peak position along the
qy direction is captured on the 2D detector, which arises from the domain structure
inside the investigated films. In order to understand the development of differently sized
mesoscale crystals, line cuts are performed along the wing-like scattering signals for all
the three samples(6.13b). In the first step, the scattering profiles of all three samples in
the middle q range (0.01-0.05 nm−1) exhibit the behavior of power law scattering (I(q) ∝
q−αy ), reflecting the characteristic of a mass fractal (2 < α < 3) behavior over hundred
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Figure 6.13: a) 2D GISANS pattern of sample containing an OABr mole ratio of 10% (PeOA10).
Color coding labels the representative scattering features on the 2D detector. The position of
sample horizon is indicated by a white dashed line. Due to the transparency of silicon substrate to
neutrons, both direct beam and refracted direct beam are seen below the horizon. b) Horizontal
line cuts of the GISANS data (symbols) and the corresponding fits (solid lines) of three mixed-
dimensional perovskite films. The curves are shifted in log scale for a better comparison. A
representative mass fractal morphology of mesoscale perovskite domain structure is depicted in
inset. Images adapted from Ref. [156].

nanometer length scale. [150, 194, 195] The mass fractal depicts a self-similar packing
of domains as schematically illustrated in the inset of Figure 6.13b. [196] Compared to
previous report that the fractal morphology in MAPbI3 films were explained by the fractal-
like diffusion of MAI into PbI2 films, [194] we estimate in the presented samples, the mass
fractal morphology is formed by the grains aggregation alongside the presence of voids in
the films. Moreoever, the value of the exponent gives the indication of the compactness
of the perovskite domain arrangement, with a smaller value of α referring to a less dense
film. [197,198] As shown in Figure 6.13b, a lower exponent value is determined at higher
OABr content, which represents the formation of a less dense film. This result is in good
agreement with the AFM topography result while in a more quantitative view. Secondly,
the obtained curves are modeled with three independent 1D cylinder-like paracrystals
in the framework of the DWBA using the local monodisperse approximation (LMA) to
reveal the morphological parameters in terms of domain sizes and pore sizes. Compared
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with the surface structure reveled by SEM measurements (Figure 6.10), the cylinder-like
paracrystals are expected to establish a good reproduction of the scattering signal.

Figure 6.14: Morphological parameters extracted through model fitting of GISANS data: a)
form factors that represent the domain sizes, b) structure factors that represent the domain
center to center distances, c) pore sizes calculated by deducting domain distances with the
corresponding domain sizes. Images adapted from Ref. [156].

From this analysis, three substructures describing rather large domains that bigger
than 300 nm, medium size domains which around 150 nm and small domains that below
80 nm, along with the corresponding center-to-center distances of around 600 nm, 200 nm
and 100 nm are extracted (Figure 6.14). In Figure 6.14a, the domain sizes seem to first
slightly shrink with increasing OABr content from 10% to 20% and grow in sizes upon
further increasing OABr content up to 40%. Based on the previous SEM (Figure 6.10)
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and AFM (Figure 6.12) studies, this inconsistent result can be identified as the long
organic cation OABr first terminates the domain growth in lateral direction from sample
PeOA10 to PeOA20 whereas in sample PeOA40, a larger population of 2D perovskite
platelets arises associated with bigger aggregations formed by stacking of 2D platelets.
This hypothesis is further supported as both domain distances and pore sizes decreased
from sample PeOA20 to sample PeOA40. However, due to an upper resolution limit for
the employed GISANS setup, domain structures smaller than 50 nm are not accessible.
Since the cation substitution is also prospected to influence on domain structure on the
scale range of tens nanometer, GISAXS is employed as a complementary method to reveal
the nanoscale domains inside the films.

Figure 6.15: a) 2D GISAXS pattern of sample containing an OABr mole ratio of 10% (PeOA10),
b) Horizontal line cuts of the mixed dimensional perovskite thin films. The power law scattering
behaviors at individual qy range are marked along the corresponding curves. Images adapted
from Ref. [156].

In Figure 6.15a, a representative 2D scattering images of the film with an OABr con-
tent of 10% is shown. The sample sensitive Yoneda peak position is highlighted by an
arrow. In order to extract the nanoscale domain information within the investigated
films, three horizontal line cuts are taken at the corresponding Yoneda peak positions of
the 2D GISAXS data for all the three samples. As shown in Figure 6.15b, the obtained
scattering signals extend the qy value down to 4 nm−1, covering a structure length scale
approaching to 1 nm. At qy ≈ 0.3 nm−1, a prominent shoulder-like intensity distribution
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in sample PeOA10 is visible, originating from the correlated domain structures span a
range of 5-25 nm. Upon loading more OABr content, the shoulder becomes broader in
sample PeOA20 and vanishes in sample PeOA40. In sample PeOA10, the scattering curve
contributes a mass fractal with dimension α ≈ 2.7 at 0.3 < qy < 2 whereas at low qy
values (qy < 0.3), the scattering curve exhibits a flat Guinier scattering behavior. Along-
side the increasing of OABr mole ratio to 20 %, the scattering curve at high q (qy > 0.3)
delivers a q−2 thin platelet-like power law scattering and at low q, these platelets tend to
form rod-like aggregates which is described by q−1. For sample with the highest OABr
concentration (PeOA40), the scattering curve displays an uniform q−2 power law scatter-
ing which corresponds to a platelet-like structure over the probed structure sizes from 2
to 22 nm. In addition, the morphological ordering in the sample is reflected in the shape
of its scattering curve. [152] That is, a system with higher degree of order exhibits a more
prominent scattering feature. [131] Therefore, the morphological uniformity decreases in
sample PeOA40 in comparison to sample PeOA10.

Figure 6.16: Morphological parameters extracted through model fitting of GISAXS data: a)
form factors that represent the domain sizes, b) structure factors that represent the domain
center to center distances. Images adapted from Ref. [156].

In order to extract the lateral domain structures from the horizontal line cuts, an anal-
ogous model using three cylinder-like paracrystals as applied in the GISANS analysis was
also applied to fit the GISAXS data. The obtained model curves are plotted as red lines,
together with the horizontal line cuts in Figure 6.15b. This fitting model describes the
scattering signals as the superposition of scattering from individual cylinder centers with
three different sizes. Figure 6.16 shows the extracted morphological parameters. The scat-
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tering contrast is originated from the electron density difference between the perovskite
crystals and the crystallized organic OABr ligand, herein the obtained domain informa-
tion is identified as the 2D perovskite platelets. From this analysis, it is demonstrated
that the sub structure size describing the rather large domains steadily grows from 8 nm
to 22 nm upon increasing OABr content. This result is supported by the GIWAXS results
that the OABr ligands are predominantly distribute along the surface normal direction.
As a consequence, the 2D perovskite crystallites are prospected to grow along the lateral
direction. The other two small sub structures are not considered in the present analysis,
because the structure sizes are already close to the thickness of 2D platelets.

6.2.4 Results

The effect of OABr content in tailoring the morphology of mixed dimensional perovskite
films is thoroughly studied by a combination of imaging microscopy (SEM & AFM) and
advanced scattering techniques (GISANS, GIWAXS, GISAXS). A schematic description
of morphological evolution in mixed dimensional perovskite films is shown in Figure 6.17.
Alongside increasing OABr, the growth of 3D bulk-like crystals is restricted, whereas an
increased content of 2D platelets-like crystals are identifiable from optical spectroscopy
(Figure 6.1) and GISAXS (Figure 6.8). Moreover, the 2D platelets locate close to the
bottom substrate in sample PeOA10, while they tend to distribute all along the film
volume at higher OABr content (Figure 6.2). The micrometer scale domain on the film
surface in sample PeOA10 shrinks in size with formations of large pinholes in sample
PeOA40 (Figure 6.10 and Figure 6.12). It is revealed by GIWAXS (Figure 6.7) and
GISAXS (Figure 6.9) that OABr has a function of directionally control the perovsktie
crystal growth. Both, the ordering degree of domain and crystal orientation diminish
upon increasing OABr content.

Figure 6.17: Schematic illustration of the resulting morphology in a) PeOA10, b) PeOA20 and
c) PeOA40. Reproduced from Ref. [156] with permission from the John Wiley & Sons, Inc.
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6.3 Amplified spontaneous emission in mixed
dimensional perovskite films

To investigate the morphological impact on the quality of optical properties, the prepared
samples are studied by amplified spontaneous emission (ASE) in collaboration with Prof.
Jochen Feldmann (Lehrstuhl für Photonik und Optoelektronik, LMU). ASE measure-
ments were performed by Aurora Manzi in the Feldmann group.

6.3.1 The arise of ASE

As shown in Figure 6.18a, sample PeOA10 at pump fluence below 15 µJ/cm2 exhibits a
standard fluorescence spectra with a single spontaneous emission (SE) peak centered at
530 nm. Above this value, a second peak at 548 nm with narrower FWHM arises and
rapidly gains in intensity as compared to the original peak (Figure 6.18d). This peak
is given by the emergence of amplified spontaneous emission (ASE). In order to extract
the emergence threshold, the areas of the SE and ASE peaks are respectively integrated
in Figure 6.19a. A clear kink is revealed in the total area of SE and ASE peaks, which
gives a ASE threshold of 17.8 µJ/cm2 for sample PeOA10. PeOA20 and PeOA40 were
analyzed with the same method to compare the individual trends and results are shown in
Figure 6.19b and Figure 6.19c, respectively. A similar trend is revealed in sample PeOA20
whereas the ASE threshold slightly shifts to a larger value of 20.5 µJ/cm2. For sample
PeOA40 which contains a even higher OABr content of 40%, no ASE can be observed
which means the ASE behavior in the mixed dimensional perovskite samples vanishes
upon increasing OABr content.

6.3.2 Effect of energy transfer and morphological changes on the
evolution of ASE quality

As previous discussed in section 6.2.4, the homogeneity of perovskite domain structure
as well as the identical crystal orientation diminished alongside increasing OABr con-
tent. The ASE behavior in the mixed-dimensional perovskite films seems to be correlated
with the content of the organic ligand. However, due to the mixed-dimensionality of
perovskite crystals, it is necessary to examine additional factors that could impact in
this process, such as energy transfer between domains and carriers confinement in 2D
perovskite platelets.
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Figure 6.18: Power-dependent emission spectra of a) PeOA10, b) PeOA20 and c) PeOA40.
Changes of FWHM in ASE peaks as a function of the excitation fluence of d) PeOA10, e)
PeOA20 and f) PeOA40. Reproduced from Ref. [156] with permission from the John Wiley &
Sons, Inc.

The PL-excitation (PLE) spectra (Figure 6.20) of the mixed dimensional perovskite
films detected at 560 nm are contributed by both 2D perovskite platelets and 3D bulk
perovskite crystals. The high PLE contributions of 2D platelets in sample PeOA10 and
sample PeOA20 demonstrate the existence of energy transfer from 2D platelets to 3D bulk
perovskite crystals. The PLE of thin 2D platelets (n = 1, 3) vanish upon increasing the
OABr content. In sample PeOA40, the spectrum is dominated by features that originated
from thicker platelets and bulk-like crystals. This marked difference evidences that the
energy transfer from thin 2D platelets to 3D perovskite crystals is more efficient in sample
containing lower OABr content, which probably due to the higher proximity of the crystals
(Figure 6.17).

The exciton binding energy is considerably increased in 2D perovsktie platelets in com-
parison with 3D bulk-like crystal. (EB

2D = 4EB
3D). [199] Upon increasing OABr content,

the system is transforming from a 3D bulk-like perovskite in to a mixture of 3D/2D
multi-dimensional perovskite system. Therefore, a quantification of mixed morphologies
is necessary.

The GIWAXS data shown in Figure 6.6 is detailed studied. As shown in Figure 6.21d,
the 2D platelets at qz = 0.19 Å−1, 0.23 Å−1 are clearly visible below the missing wedge.
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Figure 6.19: The integrated PL intensity as a function of the excitation fluence of a) PeOA10,
b) PeOA20 and c) PeOA40. Images adapted from Ref. [156].

Additionally, the 2D platelets are highly oriented in samples containing lower OABr con-
tent (Figure 6.21a,b), whereas in sample PeOA40 (Figure 6.21c) additional intensities at
an increasing range of azimuthal angles are observed. This result is consistent with the
findings from the 2D GISAXS data (Figure 6.8), which implies that the 2D platelets ori-
entation diversify at higher OABr content. Both 3D bulk perovskite crystals and quasi-2D
perovskite platelets contribute intensity at q > 1 Å−1. Therefore, by integrating over the
2D reflection peaks (Figure 6.21a-c) and the (101) reflection peak (Figure 6.6b-d) of the
individual GIWAXS pattern, one can determine the amount of 2D perovskite platelets
in the specific sample. The total amount of crystals is relatively constant at different
compositions (Figure 6.21e), whereas the amount of 2D platelets increased by a factor
of 2 in sample PeOA40 compared to sample PeOA10 (Figure 6.21f). Accordingly, exci-
tons are more easily confined in samples with large OABr content. In addition, photons
are expected to interact with less crystals in sample PeOA40 due to the low degree of
morphological order and the large amount of pinholes (Figure 6.17c).
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Figure 6.20: PLE spectra of the resulting samples with varying OABr contents.The 2D per-
ovskite platelets are indexed in terms of perovskite unit cell thickness (n). Reproduced from
Ref. [156] with permission from the John Wiley & Sons, Inc.

Figure 6.21: a-c) 2D GIWAXS data at low q ranges of perovskite films PeOA10, PeOA20,
and PeOA40. d) Vertical cuts of the 2D GIWAXS data. e) Normalized intensity integration of
the (101) and the 2D platelets reflection peaks. f) Calculated amount variation of perovskite
platelets in samples containing different OABr contents. Images adapted from Ref. [156].



114 6. Nanostructuring of mixed dimensional lead bromide perovskite thin films

6.3.3 Results

The outstanding ASE threshold in sample PeOA10 is attributed to a perfectly ordered
morphology, in which excitons being funneled into the bulk-like crystals under the ben-
eficial impact of large grains and homogeneous crystal orientation. As a consequence,
population inversion is promoted (Figure 6.22).

Figure 6.22: Schematic diagram of the charge carrier diffusion mechanism in the mixed dimen-
sional perovskite films. Images adapted from Ref. [156].

6.4 Summary

In this chapter, we have correlated the morphological quality of the mixed dimensional
perovskite films with its optical gain properties. It is demonstrated that the perovskite
crystal orientation can be effectively manipulated by varying the OABr content. A dense
film with micrometer scale domain structure is obtained in sample with 10% mole ratio
of OABr. Notably, no additional solution washing or any additives is necessary for the
achievement of the good quality film. Both, the film compactness as well as preferential
crystal orientation are revealed loss alongside increasing OABr content. PL lifetime di-
minished alongside the loss in film compactness as well as identical crystal orientation.
A preferential crystal orientation, together with a compact film morphology as well as a
concentrated exciton population in 3D perovsktie through energy transfer from 2D quan-
tum confined perovskite platelets secure the achievement of a ASE threshold as low as
17.8 µJ/cm2. All in all, the obtained results render these perovskite films highly interest-
ing candidates for application as optical gain media.
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In the present thesis, the main focus is to obtain a deeper understanding about the
structure-property correlation of solution processed semiconductor thin films. Two ma-
terial systems, P3HT-b-PS:PCBM BHJ blends and mixed dimensional lead bromide per-
ovskite are investigated for their potential application of OPV and optical devices, respec-
tively. The obtained results provide answers to questions raised at the beginning of this
thesis. The addition of PCBM in P3HT-b-PS remarkably affects the molecular ordering
of the P3HT block, the self-assembly behavior of P3HT-b-PS, and the vertical composi-
tion as well as the lateral domain structures of the resulting thin films. Accordingly, this
morphological transformation interrelates with the variation of optoelectronic properties.

In more detail, different weight fractions of PCBM are used in preparing the P3HT-
b-PS:PCBM BHJ blends. Both, the resulting film morphology and the optoelectronic
properties closely depend on the applied PCBM content. Interestingly, different mecha-
nisms are revealed to drive the formation of the resulting film morphology. P3HT-b-PS
first preserves a lamellar phase in sample with the lowest PCBM weight fraction (9%),
which is driven by the P3HT-block crystallization and in consistent with pure diblock
copolymer. In addition, PCBM tends to interact with the PS block at this composition
and distributes close to the substrate. Afterwards, the PS block swells to accommodate
more PCBM molecules and a kinetically mechanism dominates in samples with moderate
PCBM weight fractions (25%, 33%). Simultaneously, the ordering degree of P3HT-b-PS
becomes less developed. On the molecular scale, the P3HT-block adopts both edge-on
and face-on orientations in the films. This phase separated morphology between P3HT
and PCBM hampers the exciton dissociation at the donor/acceptor interface. Therefore,
the fluorescence intensity increases in both samples in comparison with sample 9%. Upon
further increasing the PCBM content, a phase transition of P3HT-b-PS occurs on mi-
croscale and PCBM is found to distribute among the polymer domains on mesoscale (50%,
58%). Within such intermixing morphology, larger interface between P3HT and PCBM
is provided and excitons can successfully split into free charge carriers. Accordingly, the
fluorescence intensity dramatically quenched. In sample with the highest PCBM content
(67%), microphase separation of P3HT-b-PS dominates and cylinders of P3HT-b-PS are
found to pack in well developed hexagonal lattice. At this composite, PCBM forms seg-
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regated domains on mesoscale. Particularly, the free exciton bandwidths of samples with
a PCBM weight fraction above 50% are around 50 meV and well meets the requirement
of functional solar cell device. [110]

For mixed dimensional perovskite thin films, a succinctly solution based method is
established to prepare high quality planer peorvskites thin films. The crystal orienta-
tion, film compactness and domain structures can be efficiently tuned by using different
amounts of the organic ligand. The ASE behavior of the resulting films closely depend on
the tailored morphology, providing an alternative view for further boost its application
for optical gain devices.

In more detail, the influence of the long organic ligand OABr on the morphology and
optical properties of mixed dimensional lead bromide perovskite films are studied. Three
different mole ratios of OABr are used in sample preparation. It is found that OABr effects
as morphological template on both the preferential orientation of perovskite crystals and
the domain structures. In sample containing a small mole ratio of OABr (10%), OABr
adopts a perfect surface normal orientation and leads to the formation of an identical
crystal orientation between 3D bulk and 2D platelets perovskite crystals. This identical
crystal orientation between different dimensions of crystals is very beneficial for energy
transfer between 2D platelets and 3D bulk perovskite crystals. In addition, micrometer
size crystalline domains tend to grow along the in-plane direction and forms compact
film. At this composition, most of 2D perovskite platelets distribute close to the film
substrate. Upon increasing the OABr mole ratio from 10% to 40%, the amount of 2D
platelets in the resulting thin films increased by a factor of 2 in the full film volume
and accordingly excitons generated in 2D platelets are easily confined. Simultaneously,
the preferential orientation of OABr vanishes and an isotropic orientation of 2D platelets
accordingly arises. In addition, the film compactness and the domain size decrease. As a
consequence, energy transfer from 2D platelets to 3D bulk crystals become less competent.
A considerable low ASE threshold of 17.8 µJ/cm2 is determined for the sample with OABr
mole ratio of 10%, which is ascribed to perfectly oriented crystals, good film compactness,
longer PL lifetime and efficient energy transfer. [156]

Based on the obtained results in present thesis, several research approaches can be
explored in the future investigation. Hybrid solar cells based on P3HT and ZnO are
promising for OPV application due to its combined advantages of both inorganic and
organic materials. [200] In the standard geometry for this kind of hybrid solar cell, P3HT
is infiltrated into mesoporous ZnO network to prepare the photoactive layer. [201] To ob-
tain high surface-to-volume ratio for sufficiently exciton dissociation, the mesoporous ZnO
layer is generally nanostructured. However, this leads to great challenges to successfully
fill P3HT on the nanoscale. As an alternative approach, ZnO nanoparticles that surface
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coated with the same chemical nature as the non-conjugated block, can be blended with
conjugated diblock copolymers. Morphological control on nanoscale and large interface
areas induced by copolymer microphase separation are expected to facilitate the charge
carriers separation. In order to preserve good absorption quality and the consequently
solar cell performance, conjugated diblock copolymer with high molecular weight is neces-
sary. For organometal halide perovskite, mixed dimensional perovskite thin films prepared
through long organic ligand with different lengths attract interest. The selectively con-
trollable interlayer thickness offers the possibility to stepwise understand the interaction
between different perovskite layers. Secondly, in-situ understanding of the environmental
influences on the morphology and optoelectronic property of perovskite nanocrystals is
highly attractive. This can be carry out using small angle neutron scattering coupled
with spectroscopy characterization techniques. With respect towards high environmental
stability, fully inorganic low dimensional perovskite thin films attract research attention
due to the replacement of water soluble ammonium constituent.
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[5] A. E. Nel, L. Mädler, D. Velegol, T. Xia, E. M. V. Hoek, P. Somasundaran, F. Klaes-
sig, V. Castranova, and M. Thompson, “Understanding biophysicochemical inter-
actions at the nano–bio interface,” Nature Materials, vol. 8, pp. 543 EP –, 06 2009.
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Sichert, Y. Tong, L. Polavarapu, J. Feldmann, and A. S. Urban, “Tuning the optical
properties of perovskite nanoplatelets through composition and thickness by ligand-
assisted exfoliation,” Advanced Materials, vol. 28, no. 43, pp. 9478–9485, 2016.

[187] J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal, and S. I. Seok, “Chemical man-
agement for colorful, efficient, and stable inorganic–organic hybrid nanostructured
solar cells,” Nano Letters, vol. 13, no. 4, pp. 1764–1769, 2013. PMID: 23517331.

[188] M. Xiao, F. Huang, W. Huang, Y. Dkhissi, Y. Zhu, J. Etheridge, A. Gray-Weale,
U. Bach, Y.-B. Cheng, and L. Spiccia, “A fast deposition-crystallization procedure
for highly efficient lead iodide perovskite thin-film solar cells,” Angewandte Chemie,
vol. 126, no. 37, pp. 10056–10061, 2014.

[189] H. Cho, S.-H. Jeong, M.-H. Park, Y.-H. Kim, C. Wolf, C.-L. Lee, J. H. Heo, A. Sad-
hanala, N. Myoung, S. Yoo, S. H. Im, R. H. Friend, and T.-W. Lee, “Overcoming
the electroluminescence efficiency limitations of perovskite light-emitting diodes,”
Science, vol. 350, no. 6265, pp. 1222–1225, 2015.

[190] J. Liang, Y. Zhang, X. Guo, Z. Gan, J. Lin, Y. Fan, and X. Liu, “Efficient perovskite
light-emitting diodes by film annealing temperature control,” RSC Adv., vol. 6,
pp. 71070–71075, 2016.

[191] B. A. Collins, J. R. Tumbleston, and H. Ade, “Miscibility, crystallinity, and phase
development in p3ht/pcbm solar cells: Toward an enlightened understanding of
device morphology and stability,” The Journal of Physical Chemistry Letters, vol. 2,
no. 24, pp. 3135–3145, 2011.

[192] Y.-C. Huang, C.-S. Tsao, Y.-J. Cho, K.-C. Chen, K.-M. Chiang, S.-Y. Hsiao, C.-
W. Chen, C.-J. Su, U.-S. Jeng, and H.-W. Lin, “Insight into evolution, processing
and performance of multi-length-scale structures in planar heterojunction perovskite
solar cells,” Scientific Reports, vol. 5, pp. 13657 EP –, 09 2015.

[193] J. Schlipf, P. Docampo, C. J. Schaffer, V. Körstgens, L. Bießmann, F. Hanusch,
N. Giesbrecht, S. Bernstorff, T. Bein, and P. Müller-Buschbaum, “A closer look
into two-step perovskite conversion with x-ray scattering,” The Journal of Physical
Chemistry Letters, vol. 6, no. 7, pp. 1265–1269, 2015. PMID: 26262985.

[194] H.-C. Liao, C.-S. Tsao, M.-H. Jao, J.-J. Shyue, C.-P. Hsu, Y.-C. Huang, K.-Y. Tian,
C.-Y. Chen, C.-J. Su, and W.-F. Su, “Hierarchical i-p and i-n porous heterojunction
in planar perovskite solar cells,” J. Mater. Chem. A, vol. 3, pp. 10526–10535, 2015.

[195] G. Beaucage, “Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary
Mass-Fractal Dimension,” Journal of Applied Crystallography, vol. 29, pp. 134–146,
Apr 1996.



136 Bibliography

[196] D. Ma, A. D. Stoica, and X. L. Wang, “Power-law scaling and fractal nature of
medium-range order in metallic glasses,” Nat Mater, vol. 8, pp. 30–34, 01 2009.

[197] H. Frielinghaus, “Small-angle scattering model for multilamellar vesicles,” Phys.
Rev. E, vol. 76, p. 051603, Nov 2007.

[198] J. E. Martin and A. J. Hurd, “Scattering from fractals,” Journal of Applied Crys-
tallography, vol. 20, pp. 61–78, Apr 1987.
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tance on AFM measurements. I want to thank Armin Kriele from HZG for the possibility

141



to measure XRD and XRR. I am sincerely grateful to Patrick Schöffmann and Dr. Judith
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