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Abstract

Organic semiconductors (OSCs) represent a rapidly advancing class of materials of
great importance to the field of optoelectronics because of their unique properties
and functionalities. The utilization of thin films of organic semiconductors has
become pervasive within the domain of organic optoelectronics, with devices
such as organic field-effect transistors (OFETS), organic light-emitting diodes
(OLEDs), and organic solar cells serving as notable exemplars. A crucial aspect
of the fabrication of optoelectronic devices based on organic small molecules is
the understanding of the growth and the post-growth effects in thin films of
these molecules, since the performance of thin-film-based devices depends on
the characteristics of the thin film. The combination of organic molecular beam
deposition (OMBD) and high vacuum conditions is of high priority during the
fabrication of organic thin films, as it allows for the precise control of growth and
the production of high-quality films for device applications. One of the factors that
can negatively impact the performance of a given material despite its suitability
in terms of electrical and optical properties is the dewetting of the produced film.
Consequently, the study of thin film growth and the post-growth effects, along
with its structural and optical properties, is of significant interest not only to the
scientific community but also to industrial implementation.

Thin films composed of m-conjugated organic molecules have attracted consid-
erable attention in the field of organic optoelectronics. Thiadiazolo-heteroacenes,
which are distinguished by their robust and adjustable absorption spectra and
effective charge transport properties, are emerging as promising candidates for
these technologies. It is anticipated that chemical modifications, particularly those
that incorporate a heavy Se atom and thus expand the 7w-conjugation, will allow
fine-tuning of the optical characteristics and influence the structural configurations
via the heavy-atom effect and additional interactions. Hence, a comprehensive
understanding of the growth mechanisms of thin films and optical properties of
such compounds is pivotal for the advancement of future applications.

The present work reveals the growth behavior and the post-growth effects in thin
films of dibenzoselenadiazoloquinoxaline (dbSeQ), a new organic semiconductor,
thin films of which tend to dewet on Si/SiO, substrates. To overcome this
limiting feature, we deposited thin films of dbSeQ in combination with well-studied
organic semiconductors, namely, diindenoperylene (DIP) and pentacene (PEN)
at room and low substrate temperatures (RT and LT, respectively). Using X-ray
scattering techniques, i.e. grazing-incidence small-angle X-ray scattering (GISAXS)
and X-ray reflectivity (XRR), we characterized the growth and the annealing
of thin films in situ in real time. The combination of atomic force microscopy



(AFM), grazing-incidence wide-angle X-ray scattering (GIWAXS), PL spectroscopy
(PL) and UV-Vis absorption spectroscopy (UV-Vis) provides additional important
information about the morphology, structure and optical properties of the deposited
films ex situ. These results are of great importance for understanding the growth
of organic semiconductors incorporating fused 1,2,5-selenadiazoles and the factors
that influence it, which can be used for the future development of thin film-based
devices.



Zusammenfassung in deutscher
Sprache

Organische Halbleiter (OSCs) stellen eine sich rasch entwickelnde Materialklasse
dar, die aufgrund ihrer einzigartigen Eigenschaften und Funktionen von grofler
Bedeutung fiir den Bereich der Optoelektronik ist. Im Bereich der organischen
Optoelektronik hat sich die Verwendung diinner Schichten durchgesetzt. Als
bemerkenswerte Beispiele konnen hier Gerate wie organische Feldeffekttransis-
toren (OFETSs), organische Leuchtdioden (OLEDs) und organische Solarzellen
angefiihrt werden. Ein entscheidender Aspekt bei der Herstellung optoelektron-
ischer Bauelemente auf Basis organischer Kleinmolekiile ist das Verstandnis der
Wachstums- und Nachwachseffekte in Diinnschichten dieser Molekiile, da die Leis-
tung diinnschichtbasierter Bauelemente von den Eigenschaften der Diinnschicht
abhéngt. Die Kombination aus organischer Molekularstrahldeposition (OMBD)
und Hochvakuumbedingungen hat bei der Herstellung organischer Diinnschichten
hohe Prioritat, da sie eine prazise Steuerung des Wachstums und die Herstellung
hochwertiger Schichten fiir Bauelementanwendungen ermoglicht. Ein Faktor, der
die Leistung eines Materials trotz seiner Eignung beziiglich ihrer elektrischen und
optischen Eigenschaften negativ beeinflussen kann, ist die Entnetzung der hergestell-
ten Schicht. Aus diesem Grund ist die Untersuchung des Diinnschichtwachstums
und der Nachwachseffekte sowie der strukturellen und optischen Eigenschaften
von groflem Interesse, sowohl fiir die Wissenschaft als auch fiir die industrielle
Umsetzung.

Diinnschichten aus m-konjugierten organischen Molekiilen haben im Bereich
der organischen Optoelektronik erhebliche Aufmerksamkeit erhalten. Thiadiazolo-
Heteroarene, die sich durch ihre robusten und einstellbaren Absorptionsspektren
und effektiven Ladungstransporteigenschaften auszeichnen, entwickeln sich zu
vielversprechenden Kandidaten fiir diese Technologien. Es wird angenommen, dass
chemische Modifikationen, insbesondere solche, die ein schweres Se-Atom enthalten
und folglich die m-Konjugation erweitern, eine Feinabstimmung der optischen
Eigenschaften ermoglichen. Diese Modifikationen beeinflussen die strukturellen
Konfigurationen tiber den Effekt des schweren Atoms sowie zusétzliche Wechsel-
wirkungen. Daher ist ein umfassendes Verstandnis der Wachstumsmechanismen
von Diinnschichten und der optischen Eigenschaften solcher Verbindungen fiir die
Weiterentwicklung zukiinftiger Anwendungen von entscheidender Bedeutung.

Die vorliegende Arbeit demonstriert das Wachstumsverhalten und die Nachwach-
seffekte in Diinnschichten aus Dibenzoselenadiazoloquinoxalin (dbSeQ), einem
neuartigen organischen Halbleiter, dessen Schichten eine Tendenz zur Entnet-
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zung auf Si/SiO,-Substraten aufweisen. Um diese Einschrénkung zu iiberwinden,
wurde die Abscheidung von Schichten aus dbSeQ in Kombination mit gut unter-
suchten organischen Halbleitern, ndmlich Diindenoperylen (DIP) und Pentacen
(PEN), bei Raumtemperatur und niedrigen Substrattemperaturen (RT bzw. LT)
durchgefiihrt. Mittels Rontgenstreuungstechniken, konkret streifender Kleinwinkel-
Rontgenstreuung (GISAXS) und Rontgenreflektivitdt (XRR), wurde eine Echtzeit-
Charakterisierung des Wachstums und des Temperns von Diinnschichten in situ
durchgefithrt. Die Kombination der Verfahren Rasterkraftmikroskopie (AFM),
streifende Weitwinkel-Rontgenstreuung (GIWAXS), PL-Spektroskopie (PL) und
UV-Vis-Absorptionsspektroskopie (UV-Vis) liefert mafigebliche Informationen zu
Morphologie, Struktur und optischen Eigenschaften der abgeschiedenen Schichten
ex situ. Diese Ergebnisse sind von signifikanter Relevanz fiir das Verstandnis des
Wachstums von organischen Halbleitern mit fusionierten 1,2,5-Selenadiazolen sowie
der Faktoren, die dieses Wachstum beeinflussen und fiir die zukiinftige Entwicklung
diinnschichtbasierter Geréate genutzt werden konnen.



Part 1

Introduction and Theory






Chapter 1

Introduction

The future of modern microelectronics is connected to an increasing degree of
integration of its elements, the speed, and reliability of information processing. The
steady increase in complexity and performance of traditional silicon-based planar
integrated circuits cannot continue indefinitely because of limitations such as high
power consumption and the memory wall [1-3]. In recent years, there has been
a search for fundamentally new solutions that would lead to significant progress
in microelectronics. One of these directions, based on attempts to use individual
molecules (mainly organic) as the basis of microelectronic devices, has been called
molecular electronics [4]. Since their discovery in 1905 [5, 6], organic semiconductors
(OSCs) have gained significant interest from the scientific community due to their
compelling properties, including their mechanical flexibility, ease of production, and
low cost. Organic substances in the condensed state (molecular crystals, ordered
films, polymers, etc.) are characterized by weak intermolecular interactions,
allowing optimal combinations of the individual properties of molecules and the
collective properties of aggregates [7, 8]. This enables, given the vast variety of
organic compounds and the comparative simplicity of their synthesis, the creation
of devices based on solid organic substances with fundamentally different and more
extensive capabilities when compared to those of their traditional counterparts.
OSCs are already in use in various areas and devices, such as organic field-effect
transistors (OFETS), organic thin-film transistors (OTFTs), organic light-emitting
diodes (OLEDs), flexible light sources, displays, and solar cells [9-21].

The design and fabrication of such devices frequently require the production
of thin films. Similarly to traditional inorganic semiconductors, the performance
of their organic counterparts is related to their molecular packing, crystallinity,
and purity [21]. For example, it was found that during the operation of OTFT,
the majority of mobile charges are located within the first several monolayers of
the OSC film at the semiconductor/dielectric interface [22-24]. Consequently, a
profound understanding of the growth processes of thin films of organic materials
is pivotal in order to achieve optimal device performance.

An effective way to improve the electronic performance of these devices is to
control how the donor and acceptor molecules are arranged, which can be tuned
through different preparation methods. Two commonly employed strategies are
bulk heterojunctions (BHJs), where both components are co-deposited to create
the active layer, and planar heterojunctions (PHJs), in which separate donor and
acceptor layers are deposited one after the other [25-32].
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Fabrication methods for a thin film can be categorized into two main approaches:
solution and vapor deposition techniques. Solution deposition implies the coating
of the substrate with an organic solvent that contains a dissolved organic semi-
conductor. As the solvent vaporizes, a thin film is formed on the substrate [33].
Moreover, a strategy for the transfer of monolayers from the air/water interface
to a solid substrate has been developed for hydrophobic materials. This transfer
can be achieved through vertical deposition, also known as the Langmuir-Blodgett
technique, or horizontal deposition, also known as the Langmuir-Schaefer technique
[34-36]. Vapor deposition involves condensation of the material on the substrate
from the gaseous phase. In the realm of vapor deposition techniques, physical
vapor deposition (PVD) has garnered significant attention in recent years due to
its notable versatility and the wide array of techniques it comprises, including
thermal evaporation, physical sputtering, laser ablation, and arc-based emission
[37]. In this thesis, we used the vapor deposition technique called organic molecular
beam deposition (OMBD, see Sec. 4.1 for more details), which involves sublima-
tion of organic material in a vacuum to a gaseous state, followed by subsequent
condensation of the material into a film that covers the substrate surface [38].

Growth of organic thin films from the vapor phase is a sophisticated non-
equilibrium process involving numerous kinetic processes. The resulting film
characteristics depend on several factors such as substrate temperature, deposition
rate, choice of substrate, molecule-substrate compatibility, vibrational degrees
of freedom, etc. (see Sec. 2.2 for more details). By controlling the deposition
parameters, one can tailor properties of organic thin films which is crucial for
obtaining high-quality thin-film devices [39]. However, thin films often experience
post-growth effects, such as dewetting, which can lead to the roughening of the
resulting film. Consequently, in order to obtain comprehensive information about
the evolution of the structure, kinetics, and transient structures, it is essential to
perform real-time measurements [40]. In this context, X-ray scattering techniques
are ideal for non-invasive investigation of the film structure and morphology during
the growth [41-43].

In this research, we investigate the growth and annealing kinetics of thin films of
the novel semiconductor material dibenzoselenadiazoloquinoxaline (dbSeQ) and its
blends with well-investigated OSCs diindenoperylene (DIP) and pentacene (PEN).
During the growth and subsequent annealing, we examined the morphology of thin
films in situ by using grazing-incidence small-angle X-ray scattering (GISAXS)
and X-ray reflectivity (XRR). In this work, GISAXS is the main characterization
method, as it is versatile and allows to track surface morphology evolution during
the deposition in real time [43-45]. Real-space imaging techniques such as atomic
force microscopy (AFM) and scanning electron microscopy (SEM) allowed for
a detailed analysis of morphological properties ex situ. Structural properties
were investigated using grazing-incidence wide-angle X-ray scattering (GIWAXS).
Optical properties were explored by photoluminescence spectroscopy and absorption
spectroscopy in the UV-Vis range.

By combining the in situ and ex situ characterization, we can form a comprehen-
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sive description of film growth and post-growth effects. We studied the influence
of the deposition rate, low and high substrate temperatures on the morphology of
the resulting film. We found how the growth of dbSeQ differs depending on the
substrate temperature and how it changes in heterostructures with other organic
materials. We anticipate that the insights gained from our research will significantly
contribute to the advancement of understanding and development of future organic
semiconductor technologies.

This thesis contains four parts and is organized as follows: The first part is
devoted to the theoretical aspects important in the scope of this work. The second
part of the thesis is aimed at the materials and methods that were used and, in
the third part, the results of our investigations are presented. The fourth part
contains conclusions and an outlook for the whole thesis.

The theoretical part is presented in Chap. 2 and covers the basics of OSCs, thin
film growth, and X-ray scattering. OSCs are discussed in Sec. 2.1 which covers the
structural properties and mechanisms of interaction between molecules in organic
solids. It is followed by a brief overview of the growth of organic thin films which is
given in Sec. 2.2. It includes descriptions of growth scenarios and factors that are
influencing the growth of single-component films, as well as more complex cases of
the growth of two organic materials in different configurations. The last section of
the theoretical part is devoted to X-rays and the interaction of X-rays with matter.
Sec. 2.3 gives insights into the interaction of X-rays with matter, from the simple
case of scattering on the single electron to scattering on the crystal.

The brief description and unit cell parameters of the organic compounds that
were used in this work are presented in Chap. 3. The insights and principle of
operation of a particular characterization technique are disclosed in Chap. 4.

The results part is divided into two chapters: Chap. 5 is focused on the growth
and annealing behavior of neat dbSeQ films. For neat films, we explored how their
growth depends on rate and substrate temperature, which includes in situ real-time
GISAXS was taken during growth and subsequent annealing. In addition, the
optical characterization by PL spectroscopy at LT is included. Chap. 6 is dedicated
to the growth of dbSeQ together with DIP and PEN in a layered configuration
or during simultaneous deposition. For the bilayer films with DIP, the growth at
different substrate temperatures was explored.

The fourth part of the thesis summarizes the results and conclusions (Chap. 7)
to provide a wider picture of the work that has been done. Furthermore, sev-
eral suggestions regarding possible implementations and other characterization
possibilities are given in the outlook in Chap. 8.
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Chapter 2

Theory

2.1 Organic semiconductors

This section is based on Refs. [46, 47], and all other references are explicitly cited.

Organic semiconductors (OSCs) are a unique class of materials that combine
the electrical properties of semiconductors with the mechanical and chemical
versatility of organic molecules. Unlike traditional inorganic semiconductors, which
rely on rigid crystalline lattices, OSCs utilize m-conjugated molecular systems for
electronic functionality. These materials, comprising carbon-based small molecules
or polymers, have garnered significant attention for their use in emerging electronics
such as organic light-emitting diodes (OLEDs), organic photovoltaics (OPVs) and
organic field-effect transistors (OFETSs) [32, 48, 49]. Their lightweight nature,
flexibility, and compatibility with low-cost processing methods make them attractive
for flexible and sustainable electronics.

2.1.1 Molecular structure and properties of OSCs

Organic materials contain mostly carbon and hydrogen atoms and could include
heteroatoms like oxygen, nitrogen, selenium, sulfur, and others. In general, we can
highlight three varieties of OSCs: amorphous molecular films, polymer films, and
molecular crystals. The nature of the semiconductor properties in these types are
similar, but their electronic structure and photophysical properties may differ on
the order and coupling in the solid. In this thesis we were using the molecular
crystals PEN, DIP and dbSeQ. The distinctive electronic properties of OSCs such
electrical conductivity arise from their molecular structure. By alternating the
single and double bonds along their backbone, m-conjugated systems can be created,
which results in delocalized molecular orbitals.

To understand the concept of m-conjugation in OSCs, we first look at the
electronic structure of carbon and discuss the formation of hybrid orbitals on the
example of a carbon atom. In the ground state it has six electrons: two in a 1s
orbital, two in a 2s orbital and two from three 2p,,2p,.2p,-orbitals (Fig. 2.1), that
can be written as 1522s%2p®. If the carbon atom is influenced by other atoms,
i.e. it is a part of the molecule, the energy difference between the 2s- and the
2p-orbitals is compensated and forces them to degenerate.

This means that the new, energetically-favorable hybrid orbitals are formed from
a linear combination of the 2s- and the 2p-orbitals. Fig. 2.2 presents the possible
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Figure 2.1: Top row: Atomic s and p orbitals. Bottom row: Molecular o
and 7 orbitals formed by the constructive overlap of two p, and two p, orbitals,
respectively. Image adapted from [46].

variants of the hybridization. The combination of two orbitals, namely, one 2s and
one 2p results in two sp-hybrid orbitals at an angle of 180° between them. When
a 2s orbital mixes with two 2p orbitals it produces three sp*>-hybridized orbitals
with an angle of 120° between them. Finally, when all four orbitals are mixing it
results in four sp-hybridized orbitals with an angle 109.5° between them.

In a carbon atom, the quantity of hybrid and p-orbitals determines the number
of bonds it is able to create. Chemical bonds can be explained by a pair of
electrons that equally belong to a pair of adjacent atoms simultaneously. Because
the electron cannot be assigned to one atom, it is assigned to the molecular orbitals
instead atomic orbitals.

A classic example of the organic molecule is benzene CgHg presented in Fig. 2.3.
In this molecule, each of six carbon atoms has three 2sp?-hybridized orbitals and
one 2p.-orbital. Hybridized orbitals yield three orbitals located in the xy-plane
that are called o-orbitals and the associated bonds are called o-bonds. The one
2p.-orbital that remains not hybridized and directed perpendicular to xy-plane
is called m-orbital and the associated bonds are called m-bonds. The electron in
the 2p, orbital will be paired with the electron in the 2p, orbital of the nearest
carbon atom. It means the creation of the spatial probability density located
symmetrically below and above the molecule axis, and called delocalized m-system.
Such delocalization enhances the electronic properties of organic semiconductors,
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Figure 2.2: Schematic representation of hybridization types, illustrating sp, sp,
and sp® hybrid orbitals from left to right. Image adapted from [46].

providing pathways for charge transport.

The molecular orbitals of a molecule, derived via the linear combination of
atomic orbitals (LCAQ), define the electron distribution across the entire molecular
system. Among these orbitals, two hold particular significance for their influence on
optical and electronic properties: the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), analogous to the valence
and conduction bands in inorganic semiconductors [50]. Their energy difference
determines the molecular energy gap.

HOMO and LUMO can be related to ionization energy (IE) and electron affinity
(EA), respectively. IE represents the energy required to remove an electron from the
HOMO to the vacuum level (VL), while EA describes the energy gained when an
electron is added to the LUMO from the VL. The VL serves as a universal energy
reference point, corresponding to the energy of an electron infinitely removed
from the system. To measure the IE and EA, approaches including photoemission
spectroscopy or cyclovoltammetry are commonly used.

'

Figure 2.3: Left: Orientation of uncoupled p, orbitals in benzene molecule. FEach
carbon atom has a p, orbital oriented perpendicular to the plane of the molecule.
These uncoupled orbitals, however, are not present in the actual benzene molecule
due to coupling effects. Right: The coupling of these p, orbitals results in the
formation of w orbitals. Image adapted from [47].

Similarly to inorganic semiconductors, OSCs electrons can move from the HOMO
to the LUMO if provided with energy equivalent or higher than the energy gap, for
instance, through optical activation, such as absorption of a photon. This excitation
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plays a critical role in the charge transport and photophysical properties of organic
semiconductors. The stronger o-bonds in these molecules ensure structural integrity
when the anti-bonding 7-orbitals become populated. Additionally, m-electron
systems significantly contribute to intermolecular interactions, which are dominated
by relatively weak van der Waals forces. These interactions influence the stability
of molecular solids, making them susceptible to structural defects due to the low
energy needed for molecular displacements and dislocations.

Optical excitation of a conjugated m-system generates a bound electron—hole pair,
known as an exciton. Because excitons in OSCs possess limited charge mobility,
transport occurs primarily through hopping between neighboring molecules rather
than through the band-like mechanisms typical of inorganic semiconductors. The
efficiency of hopping is heavily dependent on the degree of m-7 orbital overlap
between neighboring molecules, with optimal transport occurring when molecules
are closely aligned.

Structural properties thus play a pivotal role in determining the electronic
behavior of molecular solids composed of small OSCs. In such systems, the
interplay between molecular orientation, 7w-system interactions, and intermolecular
forces directly impacts their optoelectronic performance.

2.1.2 Solid state interactions in organic solids

The structure of molecular packing in molecular organic solids is determined by
intermolecular interactions. These interactions are influenced by forces, which vary
in strength and direction.

Fluctuations in the charge distribution within a molecule can give a rise for
cohesion forces. These fluctuations induce corresponding dipoles in adjacent
molecules, leading to attractive forces known as dispersive or van der Waals forces.
This attractive force is described by the induced dipole-dipole potential energy as
a function of distance 7:

A

r6’

‘/disp = (21)

where A is a material-specific parameter. The repulsive forces, which arise from
Coulomb repulsion between inner electrons and atomic nuclei, preventing the
collapse of the solid structure. These forces are particularly strong at short
distances and decrease rapidly as the distance increases.

Repulsive forces are commonly treated using approximations, such as the
Lennard-Jones potential, which combines van der Waals interactions with re-

pulsion:
vo-u[@"-©)] e

where r is the distance between the two particles, € represents the depth of the
potential well, o is the distance at which the potential is zero. The Lennard-Jones
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potential is illustrated in Fig. 2.4. For organic solids with molecules containing

. 4 ' -
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Figure 2.4: Lennard-Jones potential curve (blue) with attractive (van der Waals,
red) and repulsive (green) contributions.

polar substituents or permanent dipoles, Coulomb forces must also be considered.
These interactions can arise from monopoles, dipoles, or quadrupoles, which exhibit
long-range effects [51]. The quadrupole moment plays a crucial role in determining
the molecular arrangement within a solid because there should be a balance
between quadrupole-quadrupole interactions and van der Waals forces. For planar
molecules, this interplay gives rise to two primary molecular configurations in a
solid composed of identical species, face-to-edge and face-to-face arrangements
[52, 53]. The face-to-edge configuration optimizes the attraction between regions of
positive and negative partial charges, enhancing electrostatic stabilization. For the
slip-stacking arrangement, the molecular stacking is adjusted to balance attractive
van der Waals forces with repulsive electrostatic interactions, achieving overall
stability [52-54]. A configuration which arises from the both above-mentioned
configurations is called a herringbone structure.

Another important intermolecular force in organic solids is the C—H /7 interaction.
This interaction involves both electrostatic and repulsive forces and is significant
in the packing of m-conjugated systems. Further information regarding these
interaction types can be found in [52, 55].

2.2 Thin film growth

Thin films of organic materials are of high interest for different applications. They
are used in semiconductor devices, optical coatings, and many others. The growth
of thin films involves various kinetic processes such as adsorption, nucleation,
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Figure 2.5: Schematic representation of the atomistic processes occurring during
film growth by OMBD. Based on [41].

surface diffusion, chemical binding, etc. This section provides a brief overview of
the key points in thin film growth and is mainly based on Refs. [40, 41, 56, 57].
All other references are explicitly cited.

Organic thin films can be prepared with various methods including laser-induced
evaporation [58], physical vapor deposition (PVD) [59], chemical vapor deposition
(CVD) [60], ink jet [61], blade-coating [62], spin-coating [63]. In the present study,
a particular type of PVD, namely organic molecular beam deposition (OMBD)
[38, 41, 56], was employed as the main deposition method due to its versatility and
its ability to fully control the growth process. The method itself will be discussed
in more detail in Sec. 4.1, while the discussion of the main processes appearing
during the growth is given below.

Growth should be viewed as a non-equilibrium process, meaning that models
based solely on equilibrium energetics cannot capture all possible growth modes.
A dynamic approach is required, incorporating the incoming adsorbate flux and
corresponding supersaturation, the probabilities of adsorption and desorption,
as well as the relevant diffusion processes, both within and between layers, and
the associated energy barriers. In Fig. 2.5 we summarized and present the most
important processes that can happen during film growth.

Adsorption is a process where an arriving molecule adheres to the substrate
or the pre-existing film at the location where it arrives at the surface. During
adsorption, the motion of the molecule is effectively arrested, allowing it to bind
to the surface through van der Waals forces or other weak interactions. The high
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surface energy has an impact on adsorption, because high-energy surfaces provide
more binding sites, enhancing molecular adherence [64].

Nucleation is a fundamental process during thin film growth, describing the
initial formation of stable clusters or aggregates of molecules on a substrate. When
the interaction potential between individual molecules is attractive - such as van
der Waals interactions - the formation of molecular pairs or larger aggregates is
energetically favorable [65]. During nucleation, if two molecules encounter each
other on the substrate surface after diffusion, they may bind together to form an
aggregate. This aggregation significantly reduces their probability of undergoing
further diffusion or desorption [66, 67]. The strength of the interaction potential
between molecules defines the probability of nucleation. For example, van der
Waals forces can promote the aggregation process by providing sufficient attractive
energy to stabilize the forming cluster [68].

Desorption (or re-evaporation) occurs when molecules, upon arrival at the
substrate or pre-existing thin film, do not attach permanently and instead desorb
back into the surrounding environment. Desorption can occur when the substrate
temperature is too high or the binding energy is too low [68]. This phenomenon is
often observed when the kinetic energy of incident molecules is too high, preventing
stable adherence to the substrate or film surface [65, 66]. Desorption is typically
undesirable, as it reduces the effective deposition rate and leads to inefficient
material usage and non-uniform resulting film. Sometimes desorption does not
allow for deposition at all.

Surface diffusion occurs if a molecule that arrived to the sample surface possesses
sufficient kinetic energy to diffuse across the surface to find an energetically
favorable position. This surface diffusion process is crucial for determining the
morphology of the film and can significantly influence the growth dynamics of the
thin film [65, 66].

In the case of multilayer growth, molecules often encounter step-edges between
different layers during diffusion. If a molecule is situated on a higher layer, it may
hop down to the subjacent layer upon overcoming the so-called Ehrlich-Schwoebel
barrier (ES) [69, 70]. Alternatively, the molecule can be captured at the step-edge.
If the molecule is located on a lower layer, it may either step up to a higher
layer, attach to the step-edge, or diffuse along the edge. The probabilities of these
processes are defined by the interplay of various interaction energies, including
molecule-molecule and molecule-substrate interactions [68]. The diffusion behavior
is a key factor in defining the uniformity, grain structure, and overall quality of
thin films [71].

There are two types of diffusion that are commonly distinguished. Intralayer
diffusion refers to the movement of particles within a single film layer. The diffusion
coefficient D quantifies the rate at which particles diffuse across the surface of the
film and is given by the equation:

E
D = Dgexp <_k’3_1;) , (2.3)
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where Dy is the prefactor, Ep represents the activation energy for diffusion, kg
is the Boltzmann constant, and 7' is the temperature. The activation energy
Ep corresponds to the energy barrier that particles must overcome to change its
position. Interlayer diffusion, which involves particle movement between adjacent
layers, is influenced by the value of ES barrier AFgg. The interlayer diffusion
coefficient D’ is expressed as:

(2.4)

D' = Dexp (—AEES> .

kT

If D’ is smaller than D, particles are more likely to remain in their initial layer
rather than diffuse to an adjacent one. If AFgg is significantly larger than Fp,
interlayer diffusion is hindered, resulting in the three-dimensional (3D) growth
mode of the thin film.

Notably, the probability of one or another surface process mentioned above is
determined by the summation of the factors present in the given system. For
instance, the perfectly flat, defects-free, and non-reactive substrate excludes the
possibility of dissolution of the incoming molecule into the substrate. Substrate
defects such as steps, edges, cracks, impurities, or dislocations act as "traps” and
dislocation centers for the molecules and play a significant role in film growth.

2.2.1 Growth modes

Thin film growth is a non-equilibrium process and cannot be fully explained only
by the equilibrium thermodynamics. Among several approaches to describe growth
theories [72-74], we focus on the one that uses the concept of surface and interface
energies. The following is a simplified representation of three distinct growth
modes in classical equilibrium wetting theory. These growth modes are determined
by the interplay between the surface free energies of the substrate (Ysupstrate), the
film (yg1m ), and the interfacial free energy (Vinterface), as well as other influencing
factors such as the deposition rate and substrate temperature. These models
cannot describe growth completely, because
The three primary growth modes summarized in Fig. 2.6 are as follows:

Layer-by-Layer Growth (Frank—van der Merwe)

When
“Ylm + Yinterface < “Ysubstrate

is satisfied, it becomes energetically favorable for the system to cover (wet) the
substrate. If this condition remains valid for subsequent film layers, then the
layer-by-layer growth mode is sustained.

In inorganic systems, this type of growth occurs when the atoms of the film are
more strongly bound to the substrate than to each other. However, in the case
of organic molecules deposited on certain inert substrates, this condition may be
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Figure 2.6: Schematic representation of the different growth modes: Frank-van
der Merwe growth (a), Volmer-Weber growth (b), Stranski-Krastanov growth (c).
Image adapted from [41].

reversed due to weaker interactions between organic molecules and the substrate
compared to the intermolecular forces [56, 75].

Island Growth (Volmer—Weber)

When
“Yilm + “Vinterface > “Ysubstrate

the system energetically favors dewetting, leading to the formation of islands. In
this mode, the substrate remains partially uncovered as the film forms discrete
clusters. This process typically results in a 3D growth.

Layer-plus-Island Growth (Stranski—Krastanov)

This growth mode represents a hybrid of the two modes described above. Initially,
one or several wetting layers are formed, followed by a transition to island growth.
This transition is driven by differences in substrate-molecule and molecule-molecule
interaction energies, which lead to a change from wetting behavior to dewetting
behavior.

In addition to surface free energies, variations in the bulk energy of the growing
film can also explain this transition. For instance, a bulk energy that changes with
increasing film thickness (e.g., due to substrate-induced strain) may drive the system
from two-dimensional (2D) layer-by-layer growth to 3D island growth [40, 48, 76].

2.2.2 Issues specific to organic thin film growth

Organic molecules, unlike atomic systems, are extended objects with internal
degrees of freedom that significantly influence their growth behavior. These
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degrees of freedom allow molecules to adopt different orientations during growth,
such as lying-down or standing-up orientations, or even aligning at an angle to
the surface normal. The molecular orientation has an impact on the macroscopic
physical properties of the film [32, 48, 77, 78]. Additionally, organic molecules
exhibit vibrational degrees of freedom, which influence the diffusion, adsorption,
and interactions with the substrate or neighboring molecules.

The interactions in organic systems are predominantly van der Waals type,
which distinguishes them from the stronger interactions typical of inorganic thin
films [48]. This distinction allows organic molecules to accommodate more strain,
often resulting in higher critical thicknesses for strain-induced changes in growth
mode compared to rigid atomic systems [76, 79]. Relatively weak interaction
potentials also contribute to polymorphism, which means multiple stable crystal
structures coexist within the same film [80]. Furthermore, since van der Waals
forces dominate these systems, the temperatures relevant for evaporation and
diffusion on the substrate are generally lower. It should be noted, that the total
interaction energy of a molecule (when considered over its entire contact area with
the surface) can still be quite large. However, on a per-atom basis, the interactions
of the organic molecules discussed here are typically weaker.

For van der Waals—bonded crystals made of closed-shell molecules, the absence
of dangling bonds at the organic surface results in surface energies that are usually
lower than those of inorganic substrates. However, when organic molecules interact
with strongly reactive substrates, molecular diffusion can be hindered, leading to
films of lower structural order [81]. In extreme cases, highly reactive surfaces may
even cause molecular dissociation upon adsorption.

The large size of organic molecules and their associated unit cells introduces
additional complexities in growth dynamics. The size mismatch between molecular
unit cells and substrate lattices often leads to an increased number of translational
domains. Additionally, the low-symmetry crystal structures typical of organic
molecules contribute to both translational and orientational domains. These
domain boundaries act as sources of disorder, significantly affecting the charge
transport properties of the film [32, 82, 83].

The factors outlined above influence not only the static structure of organic thin
films but also their growth dynamics. The interactions between molecules and
between molecules and the substrate play a crucial role in determining diffusion
behavior and the processes that influence film formation.

2.2.3 Co-deposition of two organic materials

The growth of thin films produced by co-evaporation of two organic compounds
involves interesting effects that are important and applicable particularly for OPV.
Understanding the mixing behavior in binary organic systems is crucial, as it
directly influences the morphology and crystalline order of the thin films. The
mixing behavior of the mixtures depends on several factors, including steric compat-
ibility, molecule-molecule, and molecule-substrate interactions, and experimental
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Figure 2.7: Schematic representation of the different mixing scenarios in binary
mixtures. Image adapted from [57].

conditions, such as substrate temperature and deposition rate. Let us assume
that there are two organic compounds A and B evaporated simultaneously. In
accordance with the principles of equilibrium thermodynamics and minimization of
free energy, the initial consideration is the entropy contribution, which invariably
promotes the process of mixing. Secondly, the various interaction energies between
the two species, A and B, entering the free energy can either facilitate or hinder
the mixing. The free energy of mixing for this system can be expressed using a
mean-field approach:

Fmix

kgT
where x4 and xp represent the concentrations of the two materials, while y is
a dimensionless interaction parameter that depends on the interaction energies
between molecules of the same species (W4, Wpp) and the interaction energy
between molecules of different species (Wap). This parameter is defined as:

=xalnxy+xplneg + yxrasxp, (2.5)

X = [(Waa+Wpp —2Wag]. (2.6)

kpT

This equation does not take into account the steric compatibility of the molecules,
which generally plays a significant role in the mixing behavior. Steric compati-
bility promotes better mixing, while steric incompatibility often results in phase
separation. Depending on the value of the interaction parameter y, three distinct
mixing scenarios are possible, as depicted in Fig. 2.7:

e Solid Solution: When y = 0, the interaction energies between different species
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are similar to those within the same species, which favors the formation
of a solid solution. In such a case, molecules of one species can substitute
molecules of the other without disrupting the structural arrangement. This
behavior requires a system of two compounds with similar shapes and sizes.

e Phase Separation: When y > 2, the interaction energies within each material
are significantly stronger than those between the two different materials. In
such cases, steric incompatibility amplifies the tendency to phase separation,
leading to distinct domains of the two materials.

e Ordered Complex: When y < 0, the interaction energies between different
species are stronger than those within the same species, and the materials
exhibit good steric compatibility, an ordered complex is likely to form.

Each of these scenarios has important implications for the structural and func-
tional properties of the resulting thin films. Solid solutions can lead to homogeneous
mixing at the molecular level, which might be desirable for uniform electronic
properties. Phase separation can be advantageous in certain OPV architectures,
where distinct donor and acceptor domains enhance charge separation. Examples
and further discussions of these behaviors can be found in [30, 84-89).

2.2.4 Growth of bilayer thin films

Another approach to depositing two organic materials is the growth of one material
on top of another, resulting in a bilayer film. This configuration is common in
OPV and organic solar cells [90, 91]. These systems are often fabricated using
OMBD (Sec. 4.1), which allows for precise control over film structures. The growth
dynamics of the overlayer in such heterostructures is significantly influenced by
the properties of the underlying film, with variations arising from differences
in interfacial interactions, steric compatibility, and molecular orientation. The
simplified schemes of different heterostructures are presented in Fig. 2.8

™
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Figure 2.8: Schematic representation of the different heterostructures occurring
in binary systems. Image adapted from [57].

Interfacial interactions that include van der Waals forces play a central role in
determining growth behavior. The steric incompatibility between the two materials
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can induce strain during the overlayer growth, while the orientation of molecules in
the bottom layer, such as lying-down or standing-up configurations, can strongly
influence the arrangement of the overlayer molecules. The resulting overlayer
structure can exhibit various growth scenarios. In some cases, an epitaxial-like
growth is observed, where the in-plane orientation of the bottom layer is adopted
by the overlayer [92]. Examples include - sexithiophene (6T) and para-sexiphenyl
(6P), where azimuthal alignment occurs [38, 93-95].

The orientation of molecules in the overlayer often reflects the orientation of the
bottom layer. For rod-like molecules, the overlayer may exhibit standing-up or
lying-down orientations depending on the alignment of the underlying material
[96, 97]. Additionally, the roughness of the surface during the deposition of the
second material can evolve in different ways. For instance, surface smoothing can
occur if the second material fills voids in the first layer, while in other cases, the
roughness may remain unaffected or increase due to factors such as nucleation at
step edges or dewetting of the second material [31, 98, 99].

Beyond the growth dynamics of the overlayer, the deposition of a second organic
compound can alter the structure of the underlying film. Such reconstructions have
been observed in systems such as diindenoperylene (DIP) deposited on fluorinated
cobalt-phthalocyanine, where the layers near the interface undergo significant
structural changes [100, 101].

2.3 X-ray scattering

The whole X-ray scattering section provides basics of the interaction of X-rays
with matter and is based on [102, 103]. All other references are explicitly cited.

X-rays are a form of electromagnetic radiation with wavelengths that typically
range between 107 and 1072 m. Their discovery was done by W.C. Rontgen [104]
and is dated back to 1895. It gave rise to many areas of physics and have become
an indispensable part of modern science. The short wavelength and relatively weak
interaction with matter make the X-rays a powerful tool to explore the atomic
structure of matter.

Consider a monochromatic X-ray plane wave, as illustrated in Fig. 2.9. The wave
propagates along the z-axis, orthogonal to both its electric field E and magnetic
field H. The spatial behavior of the electromagnetic wave at a fixed time is
governed by its wavelength A or, equivalently, the wave number k£ = 27/, In
three-dimensional space, the electric field is described by:

E(r,t) = éEyelkr=et) (2.7)

where € is the unit vector of polarization, and k is the wave vector aligned with the
propagation direction. The transverse property of electromagnetic waves ensures
that € - k = 0, and similarly k- E = k- H = 0. The mutual arrangement of E, H
and k is presented in Fig. 2.9.
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Figure 2.9: Representation of an electromagnetic wave: the electric field E,
magnetic field H, and wave vector k are mutually perpendicular.

The relationship between the wavelength A (in A) and the photon energy E (in
keV) of X-rays can be expressed as:

AA) = 202 25 2.9
e elkeV]

When an X-ray photon interacts with an atom, it can undergo either scattering
or absorption. For cases where X-rays encounter a dense medium consisting of
many atoms or molecules, it is often more practical to model the material as a
continuous medium with a boundary at the interface with vacuum (or air). At this

boundary, the X-ray beam undergoes both refraction and reflection.

2.3.1 X-ray scattering on one electron

The simplest example of X-ray scattering is scattering on a single free electron. In
order to describe this process, we consider the wavelength of the incident wave to
be equal to the wavelength of the scattered one (elastic scattering). The ability of
an electron to scatter X-rays is quantified by its scattering length.

A typical scattering experiment is depicted in Fig. 2.10. It is important to
emphasize the quantity that is called the differential scattering cross section,
denoted do/d€2, which is defined as:
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Figure 2.10: Schematic image depicting a typical scattering experiment used to
measure the differential cross-section, as described by Eq. 2.9. The incident beam
flux @ represents the number of particles passing through a unit area per second.
For electromagnetic waves, this is proportional to | Ej,|? multiplied by the speed of
light, c. Upon interaction with the target, the incident beam generates a scattered
beam, the intensity of which, I, is the number of counts detected per second.
This intensity is proportional to |E,.q|?, the area of the detector, and the speed of
light. The detector is positioned at a distance R from the target and covers a solid
angle AQ). Illustration adapted from [102)].

do I

dQ — ®AQ
where the incident beam has a flux ®(, representing the number of photons per
unit area per second. Photons scattered by the sample are recorded at a detector
located at a distance R from the scattering object and subtending a solid angle
). The scattered intensity I,. corresponds to the number of scattered photons
recorded per second. Thus, the differential cross-section serves as a measure of the
scattering efficiency, normalized to the incoming beam to exclude experimental
factors such as flux and detector size.

For electromagnetic waves, the incident flux ®4 can be expressed in terms of the
electric field E;, of the incoming beam. Since the energy density is proportional to
|E;»,|?, the photon number density scales as |E;,|?/hw, and multiplying this by the
speed of light ¢ gives the flux. Similarly, the scattered intensity I . depends on the
modulus squared of the radiated electric field |Emd\2, scaled by the detector area

(2.9)
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R?AQ and c. These relations lead to the following expression for the differential
cross section:

2
do_ [Bradl” o (2.10)
dQ |Ein|?

When an X-ray beam interacts with an electron, the electron oscillates within
the electric field of the incoming wave. This oscillation causes the electron to
radiate, producing a spherical wave described by E,.q x €¢*% /R, where ¢ is the
polarization of the radiated field. The task is to determine E, .4 at an observation
point.

The radiated field depends on the electron charge —e and its acceleration ay (t'),
where t' =t — R/c accounts for the finite propagation speed of the wave. For an
observation point in the plane of the polarization vector and propagation direction
of the incoming wave, the radiated field can be expressed as:

Eraa(R,1) %ax (') sin 6, (2.11)

where @ is the angle between the observation point and the propagation direction of
the incident wave. The factor sin 6 accounts for variations in acceleration observed
at different angles.

Acceleration ax(t') can be calculated using the force acting on the electron
divided by its mass m, yielding:

ax(t) = —%Eoe’i“tl - —% et = —%EineikR. (2.12)

Substituting this into the expression for E,..; gives:

Erad(R; t) x 6_2€ikR

E; m R

The proportionality constant must have units of length for dimensional consis-
tency. From electrostatics, the Coulomb energy at a distance r is €*/(4meqr), which

can be equated to the relativistic energy mc? to yield the fundamental length scale:

sin 6. (2.13)

62

T =282 x 107°A. (2.14)

 Awegme?
This value is known as the Thomson scattering length or classical electron radius.

The magnitude of the scattering length can be determined by these considerations,
but its phase remains undefined. The scattering amplitude for a single electron
is expressed as —rg |€ - €’|. The factor of —1 arises due to a phase difference of
180° between the incoming and scattered waves. This phase difference significantly
affects the refractive index n, which is less than 1 in the X-ray region.

The relationship between the radiated and incident electric fields is given by
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Era R,t kR
% —— (2.15)
and using Eq. (2.10), the differential scattering cross-section is written as
d
(é) = r2le- & (2.16)

This equation characterizes the Thomson scattering cross section for an electro-
magnetic wave interacting with a free electron. The term |€ - €’|? plays a crucial
role in selecting the ideal geometry for various X-ray experiments. For instance,
synchrotron radiation produces X-rays polarized in the horizontal plane of the
synchrotron. As a result, vertical scattering planes are preferred for experiments,
ensuring |€ - €’|>= 1 regardless of the scattering angle 1. However, fluorescence
studies can minimize scattering by using a horizontal plane at ¢ = 90°, where
|€-€*= 0.

To formalize this, the polarization factor P is defined based on the source of the
X-rays:

1, Synchrotron: vertical scattering plane
P =|é-é'*={ cos’ v, Synchrotron: horizontal scattering plane (2.17)

$(1+cos?tp), Unpolarized source

The total cross section for Thomson scattering can be obtained by integrating
the differential cross section over all angles. Using the rotational symmetry of the
radiation field with respect to £, it is shown that the average value of < (€ - &’) >2
on a sphere is 2/3. Consequently, the total cross section o7 becomes

2 8mrd

or = 4nry x 3= 3 = 0.665 x 10~** cm?

This result reveals that the classical cross section for scattering, both differential
and total, remains constant and independent of the wave energy. This property is
especially significant in the X-ray region of the electromagnetic spectrum, where
photons possess sufficient energy for electrons to behave approximately as if they
are free. However, this model fails in the optical regime or when the photon energy
exceeds the threshold for resonant excitation of deeply bound atomic states.

2.3.2 X-ray scattering on one atom

Initially, we adopt a classical perspective, where the electron density is represented
by p(r). The scattered radiation field arises as a superposition of contributions
from different volume elements within this charge distribution. To calculate this
superposition, one must account for the phase of the incident wave as it interacts
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Figure 2.11: Schematic representation of scattering from an atom. An X-ray with
wavevector k is elastically scattered (|k|= |k'|= 27 /)\) by the electron distribution
within an atom, emerging in the direction defined by k'. The phase shift of of
k'-r—k-r = q-r, defining the wavevector transfer q. Illustration adapted from
[102].

with the volume element at the origin and another at position r, as illustrated in
Fig. 2.11. The phase difference between two successive wave crests is 2w. The
phase difference between the contributions of these two elements is 27 multiplied
by the ratio of the projection of r along the incident direction to the wavelength,
which simplifies to the scalar product k - r. The phase difference between the
scattered wave from a volume element around the origin and around k is —k’ - r.
The total phase difference is therefore:

Ap=(k'—-k)-r=q-r, (2.18)

where

q=k —k (2.19)

is the scattering vector. For elastic scattering, |k|= |k’[, and the magnitude of q is
given by q = 2|k|sin € = (47 /) sin 6, where 0 is the angle between the observation
point and the propagation direction of the incident wave. The scattering vector q,
typically expressed in units of A_l, is fundamental for describing scattering.

A volume element dr at position r contributes an amount —rgp(r)dr to the
scattered field, with a phase factor of e=%@*. The total scattering length of the
atom becomes:

—rof%(q) = —rg/p(r)e_iq'rdr, (2.20)

where f°(q) is the so-called atomic form factor. In the limit q — 0, all volume
elements scatter in phase, yielding f°(q = 0) = Z, the number of electrons
in the atom. As q increases, the volume elements scatter out of phase, and
f(a — 00) = 0.

Atomic electrons are subject to quantum mechanics and exhibit discrete energy
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Figure 2.12: Scattering from a molecule, with the scattering triangle relating k,
k', and q. Illustration adapted from [102].

levels. The most tightly bound electrons reside in the K-shell, with energies
comparable to typical X-ray photons. For X-ray energies much lower than the K-
shell binding energy, the response of these electrons to an external field diminishes
due to their bound state. Electrons in the L- and M-shells are less tightly bound
and respond to the driving field more effectively, but the scattering length of an
atom should be reduced by some amount which is denoted f’.

At very high energies, the electrons behave as if they were free, rendering
f" negligible. For intermediate energies, f’ exhibits resonant behavior near the
absorption edges. The response of the electron is also expected to have a phase
lag with respect to the driving field. The allowance for this is facilitated by the
introduction of the term ¢ f”, which is analogous to dissipation in forced harmonic
oscillators and accounts for absorption. The atomic form factor, incorporating
dispersion corrections, is given by:

fla, hw) = f2(a) + f'(hw) + i f" (hw), (2.21)

where f’ describes the suppressed scattering and f” describes absorption by the
atom. Both f/ and f” are independent of q, but depend heavily on the X-ray
energy hw near the absorption edge of the particular chemical element.

2.3.3 X-ray scattering on one molecule

The next logical step in complexity involves molecules, which are assemblies of
atoms (Fig. 2.12). Labeling the atoms in the molecule with the index j, the
molecular scattering amplitude can be expressed as:

Fro(q) = Z fi(q)eai, (2.22)

where f;(q) represents the atomic form factor for the j-th atom in the molecule.
As in previous discussions, the factor of —ry must be included when calculating
absolute intensity values.
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If experimental data for |Fi(q)|® are available in a sufficiently wide range of
scattering vectors q, it is theoretically possible to determine the atomic positions
r; within the molecule. However, the scattering length of a single molecule is
typically far too small to yield a detectable signal, even with the high-intensity
X-ray beams provided by modern synchrotron sources. However, at X-ray free
electron laser (XFEL) facilities a single-molecule imaging is possible.

To overcome this limitation, measurements are made on bulk samples contain-
ing many molecules. These samples can be organized in either non-crystalline
(amorphous) or crystalline forms.

2.3.4 X-ray scattering on crystal

Let us examine a crystal, which is defined as a periodic and ordered arrangement
of entities such as atoms, ions, molecules, or even macroscopic particles. This
structure exhibits long-range order and is characterized by pronounced anisotropy
and distinct symmetries, as illustrated in Fig. 2.13. In basic treatments of X-ray
scattering from a crystal lattice, Bragg’s law is introduced [105]:

nA = 2dsinf,n € N. (2.23)

This equation establishes the condition for constructive interference of X-rays
incident at an angle 6 on lattice planes spaced a distance d apart. While useful for
identifying diffraction conditions, Bragg’s law alone does not provide information
about the intensity of the scattered X-rays under these conditions.

Figure 2.13: Scattering from a molecular crystal, where molecules are arranged
on a lattice with position vectors R,,. A lattice plane spacing is denoted by d.
Hlustration adapted from [102].

To calculate the scattering intensity, we must extend our analysis by considering
the scattering amplitude of the crystal. A crystal structure is defined by a periodic
lattice of points, R, reflecting its symmetry, and a unit cell containing atoms
placed at r; relative to a lattice point. The position of any atom in the crystal is
thus given by R,, +r;. The total scattering amplitude can then be expressed as:
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Faysal(@) = Y _ filq)e™™@™ Y em'aRn (2.24)

n

— J \W—/
Unit cell structure factor Lattice sum
The first term is the structure factor of the unit cell, and the second term is the
sum over all lattice sites.
In Eq. 2.24, the terms in the lattice sum are phase factors in the unit circle in
the complex plane. The sum is negligible unless the scattering vector satisfies the
condition:

q- R, = 27 X integer (2.25)
at which point the sum scales with N, the number of unit cells. Lattice vectors
R, can be expressed as:

Rn = nia; + neas + nsas, (226)

where ap, as, ag are the basis vectors, and ny, ng, n3 are integers. To solve Eq. 2.25,
we introduce the reciprocal lattice, defined by the basis vectors:

Ao X ag
1 =2n—— 2.27
A Wal . (ag X 3.3)7 ( )

* az X ai
a, =2n——, 2.28
2 aj - (ag X 83) ( )

a; X az
a; =2r————. 2.29
3 aj - (ag X 83) ( )

Any reciprocal lattice vector G can be written as:
G = ha] + kaj + la3, (2.30)
where h, k, [ are integers. The scalar product of G and R, simplifies to:

G - R, = 2n(hny + kny + In3) = 27 X integer (2.31)

Thus, the condition for non-zero Fi ysta1(q) is that g matches a reciprocal lattice
vector:

q=G. (2.32)

This is the Laue condition for diffraction, equivalent to Bragg’s law.

Diffraction from a crystal occurs only at discrete points in reciprocal space, with
intensity proportional to the squared magnitude of the unit cell structure factor.
From a sufficiently large set of Bragg peak intensities, the atomic positions in
the unit cell can be determined. This approach has profoundly influenced the
determination of molecular structure, with over 95 % known molecular structures
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derived from X-ray diffraction studies. Complex cases, such as proteins or viruses,
may require tens of thousands of diffraction reflections and sophisticated analysis
techniques to reconstruct the molecular structure.

2.3.5 X-ray refraction and reflection

The interaction of X-ray photons with matter has primarily been discussed at
the atomic scale thus far. However, given that X-rays are electromagnetic waves,
refraction phenomena at the interfaces between different media must also be
considered. To describe such phenomena, the media are assumed to be homogeneous
with distinct boundaries, each characterized by a specific refractive index n. By
convention, the refractive index of a vacuum is taken as unity.

For visible light in materials such as glass, n can vary significantly, typically
ranging between 1.5 and 1.8 depending on the glass type. This variation facilitates
the design of lenses to focus light and produce magnified images. In contrast, the
deviation of n from unity for X-rays is extremely small, it is around the order of
107° in solids and approximately 107 in air. The refractive index for X-rays can
generally be expressed as:

n=1-—0+10, (2.33)

where § (the real part) is of the order 107, and 3 (the imaginary part) is typically
much smaller.

The fact that the real part of n is slightly less than one arises from the positioning
of the X-ray spectrum on the high-frequency side of various electronic resonances.
A direct consequence of this is that the phase velocity inside the material, ¢/n,
exceeds the speed of light in a vacuum, ¢. However, this does not violate the
principles of relativity, which stipulate that only information-carrying signals travel
at the group velocity, which remains less than c.

The relationship between the incident grazing angle o and the refracted grazing
angle o/ is described by Snell’s law:

cosa =ncosa’. (2.34)

Since n < 1, total external reflection occurs below a critical angle a,., where o = 0.
By expanding the cosine term in Snell’s law and assuming 5 = 0, the critical angle
can be approximated as:

ae = V2. (2.35)

For § ~ 1075, o is on the order of hundredths of a degree.
Total external reflection has several key implications for X-ray physics. First, it
enables the construction of focusing optics using curved reflective surfaces.
Second, for grazing angles a < ., an evanescent wave is generated within
the medium. This wave propagates normal to the interface and decays exponen-
tially with depth, typically penetrating only a few nanometers into the material.
For grazing angles several times «., the penetration depth extends to several
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micrometers.

The limited penetration of X-rays at angles below a,. enhances their sensitivity to
surface and near-surface regions. This makes X-rays a suitable tool for investigating
the structural and compositional properties of surfaces and interfaces in detail.
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Chapter 3

Materials

The focus of this thesis is to investigate the growth of thin films of the new
semiconductor material dbSeQ and its heterostructures with well-studied OSCs
such as DIP and PEN. This chapter provides information about these materials.

3.1 Dibenzoselenadiazoloquinoxaline (dbSeQ)

Dibenzo|[f,h][1,2,5]selenadiazolo[3,4-b]-quinoxaline (dbSeQ, C16HgN4Se) is a promis-
ing OSC with acceptor properties and is of prime interest in this work. The
synthesis of dbSeQQ was done by direct exchange of the sulfur atom of the cor-

responding 1,2,5-thiadiazole by a selenium atom and is described in more detail
in [106, 107]. The molecule of dbSeQ depicted in Fig. 3.1 contains two benzene

Figure 3.1: Molecular structure of dbSeQ (a). Unit cell of the dbSeQ (b).

rings fused to a central core consisting of a quinoxaline and a selenadiazole ring
[108, 109]. The molecular weight of dbSe(Q equals 335.22 g/mol. The unit cell
of dbSeQ is monoclinic and contains four molecules with two conformationally
different ones, as pictured in Fig. 3.1 b). The parameters of the unit cell are listed
in Tab. 3.1

The dbSeQ used in this study was synthesized and provided by the group of Prof.
Zibarev (Novosibirsk Institute of Organic Chemistry) and was used as received
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Table 3.1: Unit cell parameters for the dbSeQ.
alA] b[A] c[A] a[] B[] ~[]
3.88 1585 20.33 90 90.567 90

without further purification.

3.2 Diindenoperylene (DIP)

Diindenoperylene (DIP, CsoH;g) is an OSC that was used as a donor material in
this thesis. It is a planar derivative of perylene [110], which consists of a perylene
core with two indeno-groups attached at the ends as depicted in Fig. 3.2 a). The
approximate dimensions of the single molecule are 18.4 A and 7 A.

Figure 3.2: Molecular structure of DIP (a). The thin-film phase unit cell showing
the herringbone structure [111] (b).

DIP crystallizes in a herringbone structure (Fig. 3.2 (b)) and undergoes a
reversible structural phase transition between two bulk crystal phases based on
temperature. At lower temperatures, DIP adopts the low-temperature a-phase,
characterized by a triclinic unit cell containing four molecules with two conformers.
The high-temperature (HT) -phase is characterized by a monoclinic unit cell that
contains two nearly planar molecules.

In thin films, the structural arrangement of DIP varies depending on the choice
of substrate and substrate temperature. At T, ~ 400 K on weakly interacted
substrates, DIP molecules form an ordered polycrystalline structure with nearly
upright-standing molecules, referred to as the o-phase [112]. The unit cell of the
o-phase, depicted in Figure 3.2, resembles the HT-phase of the bulk crystals [113].
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The lattice parameters for the different DIP structures are summarized in
Tab. 3.2.

Table 3.2: Unit cell parameters for the different DIP structures.
Phase alA] b[A] c[A] o] B[] ~[]

a-phase [111] 11.66 13.01 14.97 98.44 98.02 114.55
p-phase [111] 7.17 855 16.8 90  92.42 90
o-phase [113] 7.09 8.67 16.9 90 92.2 90

For low substrate temperatures and metal substrates, a new phase with lying-
down molecules (the long molecular axis is parallel to the substrate) emerges known
as the A\-phase. This phase coexists with the o-phase after a certain film thickness
and shares the same unit cell parameters [114, 115]. The A-phase becomes more
prevalent at lower temperatures.

DIP growth behavior in thin films is well established [30, 79, 113, 116, 117] and
begins with layer-by-layer growth, followed by a sudden transition to island growth,
which depends on temperature, growth rate, and substrate. Island formation
begins after 3-5 monolayers of layer-by-layer growth [118, 119].

DIP used in this work was received purified by gradient sublimation from the
University of Stuttgart, Germany.

3.3 Pentacene (PEN)

Figure 3.3: Molecular structure of PEN (a). The thin-film phase unit cell showing
the herringbone structure [120] (b).

Pentacene (PEN, CyoHyy) is another OSC used in this work as a donor material.
Due to its prominent properties, such as high charge carrier mobility [121], PEN
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is one of the most thoroughly studied OSCs [122-128]. It is a planar molecule
that consists of five linearly connected benzene rings, resulting in an approximate
length of 16.5 A [129].

Similarly to other OSCs, depending on substrate temperature and film thickness,
several polymorphs have been observed in both thin films and single crystals for
PEN [80, 130]. At room temperature, PEN crystallizes in a herringbone structure
with a triclinic unit cell containing two molecules per cell.

The thin films of PEN grown on SiO, exhibit three phases: a Holmes (or bulk)
phase, Campbell phase, and thin film phase. The out-of-plane lattice spacings
(doo1) for these phases are not equal: 14.44 A for the Holmes phase, 16.01 A for the
Campbell phase and 15.61 A for the thin-film phase, respectively [83, 131, 132]. The
growth of PEN films exhibits a Stranski-Kastranov growth, with rapid roughening,
characterized by the formation of 3D islands after initial layer-by-layer growth
[133, 134]. The unit cell parameters for the PEN structures are listed in Tab. 3.3.

Table 3.3: Unit cell parameters for various PEN structures.
Phase alA] b[A] c[A] al] B[] ~[]

Campbell-phase [83] 7.90 6.06 16.01 101.9 112.6 85.8
Holmes-phase [135] 6.27 7.71 1444 76.75 88.01 84.52
Thin-film phase [120] 5.96 7.6 15.61 81.25 86.56 89.80

The PEN used in this thesis was obtained from Sigma-Aldrich with a purity of
99.9 % and used without further purification.



Chapter 4

Experimental Methods

This chapter provides a brief overview of the experimental methods used in this
work. We will discuss fabrication of thin films and their characterization with
various techniques.

4.1 Organic molecular beam deposition (OMBD)

In this work, we used organic molecular beam deposition (OMBD) to prepare
thin films of the studied OSCs. This deposition method is based on controlled
thermal sublimation and subsequent condensation of the organic material on the
substrate in a vacuum environment. The evaporation of the material (normally
in a form of fine powder) takes place in the Knudsen cell which consists of a
ceramic, heat-resistant crucible and tantalum wire, which serves as a heating
element wrapped around it [136, 137]. By changing the current through the wire,
a deposition rate of the material can be altered. A significant component of the
evaporation cell is the shutter positioned above the crucible serving as a switch for
a particle flux when the cell is in operation.

After heating, molecules are sublimed and travel towards the substrate, where
they are adsorbed and can form a thin film as described in Sec. 2.2. The importance
of vacuum in the deposition process cannot be underestimated. The role of vacuum
during film formation is multifaceted. Firstly, it serves to minimize contamination
on the substrate surface and within the chamber. Secondly, it is used to prevent
oxidation of the deposited material. Finally, it ensures that molecules travel
ballistically from the crucible to the substrate. To achieve the best results, the
base and operational pressures during growth were kept below 1078 mbar, which
corresponds to ultra-high vacuum conditions (UHV).

The simplest vacuum chamber setup to achieve the UHV can be built by
combination of the pre-vacuum and turbomolecular pumps connected one after
another. Pre-vacuum pumps allow to create the initial vacuum down to 10~2 mbar
and the subsequent switch of the turbomolecular pump (TMP) allows to reach
high and ultra-high vacuum ranges. Among the variety of pre-vacuum pumps,
oil rotary pumps and membrane pumps were used in this work. The working
principle of both pumps lies in the mechanical transfer of the gas from the main
chamber to the exhaust of the pump. The TMP functions by using the principle
of transferring kinetic energy from a series of rapidly rotating blades to the
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Knudsen cel nudsen cell

Figure 4.1: A schematic representation of a standard configuration for OMBD
employed in the context of film deposition. The low pressure is achieved by a system
of pumps, allowing the molecules sublimed in Knudsen cells travel ballistically
onto the substrate surface where they can be adsorbed. A QCM is located on the
way of particle beam to ensure precise monitoring of film thickness. Substrate is
mounted on a sample holder that connected to the heater/cooler, enabling precise
regulation of its temperature.

contamination molecules. The shape of the blades and their mutual arrangement
are constructed in such a manner that the impacted molecules are directed outside
the chamber. For one of the vacuum chambers used in the work, we used an ion
getter and titanium sublimation pumps. The ion getter pump (IGP) operates by
ionizing gas molecules through a strong electric field, typically in the range of 3
to 7 kV, and capturing the resulting ions on chemically reactive cathodes. The
titanium sublimation pump (TSP) functions by applying the current and subsequent
evaporation of the titanium filament inside the vacuum chamber. In result, a thin
layer of titanium is deposited on the chamber walls, providing a chemically active
surface for adsorbing and binding contamination gas molecules such as oxygen,
nitrogen, and hydrogen. Such systems with all the pumps mentioned above are
well suited to achieve and maintain UHV conditions, with pressures as low as
1071 mbar.

To control the deposition rate and film thickness, a quartz crystal microbalance
(QCM) is placed in the molecular beam. The main element in QCM is a quartz
crystal that oscillates at a high frequency, usually several M Hz, and upon arrival
of the particles on its surface, it changes the oscillation frequency. The QCM
should be calibrated prior to the main deposition, and in scope of this work it was
done by combination of X-ray reflectivity (Sec. 4.4), ellipsometry and atomic force
microscopy (Sec. 4.2) techniques. If two or more materials are deposited, QCM
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should be installed on the beam path for all materials. Moreover, it should be
calibrated for each material separately because the evaporation cells are normally
located in different places inside the vacuum chamber, which affects the QCM
readings. The schema of the vacuum chamber is presented in Fig. 4.1.

4.2 Atomic Force Microscopy (AFM)

This section is based on Refs. [138-140], all other references are explicitly cited.
Invented in 1986 by Binnig et al. [141], atomic force microscopy (AFM) is a
versatile tool that allows the characterization of surfaces at the atomic scale. The
working principle of AFM is based on the short-range interaction forces between
a sharp nanoscale tip and the surface of a sample. These interactions generate
adhesion forces on the order of 107 to 107! N. The highly sensitive detection
systems are used to measure such tiny forces, utilizing complex optical mirror
arrangements in combination with a laser beam, to detect the response of the
cantilever with high precision. The basic setup for an AFM measurement is

illustrated in Fig. 4.2.
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Figure 4.2: Schematic representation of the working principle of an AFM. A laser
beam reflects off the back of the cantilever onto a four-quadrant photodetector.
The deflection of the cantilever caused by tip-sample interaction is recorded to
create a high-resolution image of the surface.

The core components of an AFM system are the tip, which acts as the probe,
and the cantilever to which it is attached. The tip, typically fabricated from
silicon or silicon nitride (Si3Ny), is a few micrometers long and shaped like a cone
or pyramid. Its geometry, particularly the radius of curvature and apex angle,
directly influences the lateral resolution of the measurements. The deflection of
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the cantilever under force F' obeys Hooke’s law F' = —kx, making it sensitive to
the minute forces arising from tip-surface interactions.

AFM measurements exploit the principle of the optical lever to detect cantilever
deflection. A laser beam, reflected off the metallic-coated back surface (typically
aluminum or gold), is projected onto a photodetector. Small deflections of the
cantilever are amplified by the long optical path of the laser, allowing for high-
resolution detection of surface features. A four-quadrant photodiode is commonly
used to monitor the laser spot position, enabling accurate determination of vertical
and lateral displacements.

AFM can operate in several scanning modes, each tailored to specific materials
and applications. These modes are categorized based on the tip-surface interaction
potential range:

e Contact Mode: The tip remains in continuous contact with the surface,
measuring forces directly. This mode is suitable for hard surfaces, but may
damage soft films due to shear forces.

e Intermittent Contact Mode (Tapping Mode): The cantilever oscillates near its
resonance frequency, periodically touching the surface. This mode minimizes
damage to delicate films while maintaining high sensitivity, making it ideal
for studying molecular thin films.

e Non-Contact Mode: The tip oscillates above the surface, detecting long-
range attractive forces. This mode is less commonly used for molecular films
because of the reduced resolution.

The most widely used mode for organic thin films is tapping mode, where
the cantilever alternates between attractive and repulsive interaction regions.
This oscillation reduces tip-sample contact time, lowering the risk of damage
while achieving nanometer-scale resolution. The surface height profiles z(z,y)
are reconstructed by tracking the voltage signal required to maintain a constant
oscillation amplitude.

AFM imaging is subject to several technical challenges that must be addressed
for reliable measurements:

e Vibrations: Environmental and thermal vibrations can compromise image
stability. Anti-vibration tables or isolation systems are essential to reduce
such disturbances.

e Humidity: A water film often forms on the sample under ambient conditions,
complicating the tip approach.

e Tip artifacts: Damaged or contaminated tips can produce artifacts in the
images. Surface profiles represent a convolution of the tip shape with the
actual morphology. Regular inspection and replacement of tips are necessary
to ensure accuracy.
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e Scan settings: Inappropriate settings, such as overly fast scanning on rough
surfaces, can degrade image quality or transfer material between surface
regions.

In this thesis, AFM measurements were conducted using a Nanowizard-1I AFM
system from JPK/Bruker. Data visualization and analysis were performed using
the open-source software Gwyddion [142]. This software provides a wide range of
tools for image processing, including background correction, leveling, and statistical
analysis of surface, enabling detailed examination of the obtained AFM data.

4.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful microscopy method that was
used as a complementary technique to AFM. Initially introduced by Knoll in 1935
[143], SEM provides several advantages compared to AFM, offering faster imaging
while enabling the characterization of larger areas. It operates by scanning a
focused beam of high-energy electrons across the surface of a sample. SEM is
particularly effective for detecting features such as protruding needles on thin films,
which AFM might miss due to the physical interaction of the tip with the surface.
Concurrently, the SEM provides a limited resolution in the direction along the
electron beam (i.e. normal to the substrate in most cases).

Initially, the electron beam is generated by the electron gun (Fig. 4.3). The most
widely used types of electron guns are thermionic emission guns (TEG) and field
emission guns (FEG) [144, 145]. The emitted electrons are accelerated by applying
a high voltage (typically between 5 and 30 kV) between the cathode and the
anode, forming a high-energy electron beam. The beam is then directed through a
series of lenses, diaphragms, and deflectors that focus and guide it onto the sample
surface. The focus and spot size of the electron beam are critical for achieving high
resolution. The focused electron beam is deflected by scanning coils that control
the raster scanning of the beam over the sample surface. This movement allows
the SEM to probe different areas of the sample line-by-line [146]. As the electron
beam interacts with the sample, it generates various signals, including:

e Secondary Electrons (SE): These are low-energy electrons ejected from the
sample surface atoms as a result of inelastic scattering. Secondary electrons
provide information on the surface topography [147].

e Backscattered Electrons (BSE): These are high-energy electrons that are
elastically scattered back out of the sample. The intensity of backscattered
electrons depends on the atomic number of elements in the sample, providing
a compositional contrast [146].

e X-rays: Characteristic X-rays are emitted when inner-shell electrons are
ejected, and outer-shell electrons fall into the lower energy state. This
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process, known as energy-dispersive X-ray spectroscopy (EDS), provides
information on the elemental composition [144].

The specimen chamber and beam column are evacuated under high vacuum
conditions (107 mbar in the chamber and 107® to 10~ mbar in the column) to
minimize contamination and allow precise measurements. The various signals
generated by electron-sample interactions are then collected by the corresponding
detectors, particularly the secondary and backscattered electrons, which are cap-
tured by the Everhart-Thornley detector [148]. The detected signals are converted
into electrical signals, amplified, and processed to form an image on a monitor.
The intensity of each pixel in the image corresponds to the signal detected at that

point on the sample.

Detector

Electron
beam

Sample

Figure 4.3: Illustration of a typical SEM setup. Electron gun generates and
focuses a beam over the sample surface, and backscattered electrons are captured
by the detector.

In the context of SEM imaging, the presence of contrast effects is a key factor
in the generation of a 3D-like effect. These effects arise from various phenomena,
namely the inclination, edge, and shadowing effects [149].

In this study, a Philips X130 SEM system was used, operating with an electron
beam accelerated by a high voltage of 20 kV.

4.4 X-ray Reflectivity (XRR)

X-ray reflectivity (XRR) is a non-destructive analytical technique used to determine
the structural properties of thin films and layered materials, such as thickness,
electron density, and surface roughness. XRR provides insight into the electron
density profile of a sample along the direction perpendicular to the substrate. A
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specular reflection geometry is used for XRR measurements, where the out-of-plane
momentum transfer, ¢, is probed (see Fig. 4.4) by keeping the same values of
the incoming and detector angles (6 and (2, respectively). In this configuration,
in general, the reflectivity deviates from the Fresnel reflectivity, which assumes
perfectly flat interfaces. In practice, imperfections in interface flatness lead to
additional off-specular contributions [150, 151].

The basic setup for XRR involves directing a monochromatic X-ray beam onto
a sample at a shallow angle of incidence (), typically below 0.5°. At these small
angles, X-rays undergo total external reflection due to the refractive index of the
materials for X-rays being slightly less than unity [102].

The reflected intensity I is measured as a function of the incidence angle 6.
The intensity of the reflected beam decreases exponentially with increasing angle
beyond the critical angle for total reflection. Reflectivity R(€) is defined as the
ratio of reflected intensity to incident intensity, R(0) = Let(6) - I,t. The critical
angle 6. for total reflection is determined by the electron density of the material
and can be described by 6. = v/25, where § is the real part of the refractive index
[152].
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Figure 4.4: Schematic representation of XRR geometry, illustrating the molecular
planes within a thin film (a). The characteristic spacing is denoted by d and total
film thickness by D. The angle between the incident and reflected beams remains
fixed, resulting in the momentum transfer q, being perpendicular to the substrate.
The small red arrows indicate the off-specular contributions to the reflectivity.
Example of a XRR data for a DIP film grown on Si/SiO, at RT (b).

The reflectivity curve, obtained from an XRR experiment, can yield a series of
oscillations known as Kiessig fringes (Fig. 4.4), which, in case of a single-layer film,
result from the interference of X-rays reflected at the top and bottom interfaces
of the thin film. The periodicity of these fringes provides insight into the film
thickness and surface roughness [153, 154].
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From the periodicity of the Kiessig fringes, the thickness D of the thin film can
be extracted using:

27
Ag.’

where Ag, is the spacing between consecutive fringes in ¢.-space. In crystalline thin
films, Bragg reflections occur at angles where constructive interference from X-rays
scattered by the crystal planes is observed. This phenomenon is described by
Bragg’s law, that was previously described in Sec. 2.3.4. Laue oscillations, visible
around the Bragg peaks, provide information on the coherence length or the size
of crystalline domains normal to the substrate. The presence of both Kiessig and
Laue oscillations indicates a well-ordered crystalline film over its entire thickness
[102]. To extract precise structural parameters, the experimental reflectivity curve
is fitted using models based on the Parratt recursion formalism, which calculates
the reflectivity for a stratified medium [151].

D =

(4.1)

4.5 Grazing Incidence Small Angle X-ray
Scattering (GISAXS)

This and the following section are based on Refs. [44, 155-157], and all other
references are explicitly cited.

Grazing Incidence Small Angle X-ray Scattering (GISAXS) is a specialized form
of Small Angle X-ray Scattering (SAXS), performed in a grazing incidence geometry
[158-160]. In contrast to SAXS, which employs a transmission geometry, GISAXS
involves the X-ray beam that impinges on the surface of the sample at a shallow
incident angle «; (typically less than 1°). The scattered intensity is collected at
small exit angles ay and out-of-plane angles 1 by the detector located several
meters afar from the sample. A typical geometry for the GISAXS experiments is
depicted in Fig. 4.5.

A common coordinate system for GISAXS has the z-axis along the X-ray beam
direction, the y-axis parallel to the sample surface and the z-axis along the surface
normal. Specular scattering, which fulfills a;; = af, occurs in the absence of lateral
structures. In contrast, lateral deviations in the refractive index produce diffuse
scattering, which carries information about the sample morphology.

The components of the scattering vector q are:

2

Gz = Tﬂ(cosgbcos Qp — Cos ), (4.2)
2

qy = ;sinlpcos ay, (4.3)
2

q. = —F(sin a; + sinay). (4.4)

A
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Figure 4.5: Schematic representation of a GISAXS experiment. Image adapted
from [116].

GISAXS takes advantage of the critical angle ., at which total external reflection
occurs. When the exit angle corresponds to the critical angle, the scattering
intensity is significantly increased (this is due to, for instance, waveguide modes).
This intense scattering streak is known as the Yoneda peak [161].

The change in «; in the GISAXS experiment significantly affects the penetration
depth of the X-ray beam and thus the sensitivity to different layers within the
sample. For a; < a., the penetration is limited to a few nanometers, providing
high surface sensitivity. For a; > a., the beam penetrates deeper, averaging over
the thickness of the entire film. This tunability is advantageous in applications
such as OPV, where detailed morphological characterization is essential.

GISAXS data analysis often involves Distorted Wave Born Approximation
(DWBA), a first-order perturbation theory, which includes dynamic effects on the
intensity distribution in the region of total external reflection [162, 163]. Software
packages like FitGISAXS [164] or BornAgain [165, 166] allow modeling the full 2D
GISAXS intensity distribution, despite some limitations due to the specific options
available in each package.
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4.6 Grazing Incidence Wide Angle X-ray
Scattering (GIWAXS)

Grazing-incidence wide-angle X-ray scattering (GIWAXS) is a versatile tool that
simultaneously provides information about both in-plane and out-of-plane structure
of the sample. Experimentally, the main difference between GISAXS and GIWAXS
setup lies in the sample-detector distance - typically, the distance is considerably
reduced in the GIWAXS setup, compared to the GISAXS configuration. By
positioning the 2D detector closer to the sample, a broader angular range can
be probed with the same detector size. Consequently, each pixel of the detector
captures data from a wider angular sector, which enhances signal detection. The
GISAXS signal still appears faintly in the center of reciprocal space, unless blocked
by a beamstop.

In both GISAXS and GIWAXS, the incident angle can be varied, allowing the
extraction of different types of structural information:

e a; < a.(active layer) provides details about the crystalline arrangement near
the surface of the active layer

e a.(active layer) < «; < a(substrate) gives insights into the crystal structure
throughout the full active layer

e a.(substrate) < «; provides structural data almost exclusively about the
substrate.

The analysis of GIWAXS data provides insight into the crystalline structure of
the materials under investigation. The four scenarios that appear most frequently
in the GIWAXS patterns are depicted in Fig. 4.6:

e a) For highly crystalline films with crystals oriented parallel to the substrate
surface, well-pronounced Bragg peaks appear.

e b) If the film contains both parallel and perpendicular orientations of crys-
tallites, Bragg peaks appear in both vertical and horizontal directions.

e ¢) A more textured film with domains oriented around the horizontal align-
ment results in broadened Bragg peaks in the azimuthal direction.

e d) Powder-like films with a high degree of orientational disorder produce
Debye-Scherrer-like rings.

In grazing incidence, geometry can introduce image distortions that must be
corrected prior to analysis. One issue is that the 2D detector misses part of the
reciprocal space in the vertical direction. Missing information can be obtained
through additional measurements or by using geometries that satisfy the specular
condition, such as tilting the sample to match the Bragg angle of interest.
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Figure 4.6: Schematic illustration of film crystallinity and associated 2D GIWAXS
patterns for different scenarios: vertical lamellar stacking (a), crystallites with
both vertical and horizontal orientations (b), oriented domains (c), and complete
rotational disorder of crystallites (d). The black rectangle in the center of each
picture represents a beamstop. Image adapted from [155].

4.7 UV-Vis absorption spectroscopy (UV-Vis)

UV-Vis spectroscopy is a non-invasive technique used to analyze the absorption
properties of thin films across a wavelength range of 200 to 900 nm. These
measurements provide averaged information about the system without the need
for an optical model. However, in the transmission mode used in the present work,
they offer only semi-quantitative data about the extinction coefficient k of the thin
films. A simple transmission geometry with non-polarized light at normal incidence
was used, excluding back- and diffuse scattering effects. The measurements were
performed at normal incidence, capturing only in-plane absorption. A typical setup
includes a monochromator that isolates a narrow spectral band from a white light
source. The intensity of the light passing through the sample is measured by a
photodetector. The fundamental principle of absorption follows the Beer-Lambert
law, where transmittance T is defined as the ratio of the transmitted intensity
I(D) to the incident intensity [y through the material (Fig. 4.7):

_ ](/\) _ —a(A)D
T(N) T\ (4.5)
Here, a represents the absorption coefficient, which can be derived for thin
films if the film thickness D is known. The in-plane component of the extinction
coefficient k,,, related to the absorption coefficient and wavelength A, can be
calculated using the following equation:
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Figure 4.7: Schema of absorption spectroscopy in transmission mode. The
unpolarized beam with initial intensity I, is aligned parallel to the sample surface.
The beam undergoes attenuation within the organic film of thickness D, following
the Beer-Lambert law (Eq. 4.5). Image adapted from [140].

A-a(A)
4
Since only the in-plane component of k is measured in this setup, the scattering

effects at the glass interfaces are neglected. A measurement of a clean quartz

substrate was taken as a reference in advance and subtracted from the spectra.
All absorbance measurements were performed in-house using a Lambda 950

spectrometer by Perkin Elmer, covering a spectral range from 200 to 900 nm. A

deuterium lamp was used for wavelengths shorter than 319.2 nm, and a halogen

lamp was used for longer wavelengths. A lead sulfide detector was used for
wavelengths beyond 820 nm, replacing the photomultiplier tube used for shorter
wavelengths.

k= kyy = (4.6)

4.8 Photoluminescence spectroscopy (PL)

Photoluminescence (PL) spectroscopy is a sensitive, non-destructive optical tech-
nique widely used to investigate the electronic and structural properties of materi-
als. This technique is particularly useful for examining intermolecular interactions
within the solid-state arrangement of organic films, providing insights into the
charge-transfer (CT) states, which are the lowest-lying excited states [167-169].
Temperature-dependent PL. measurements are often conducted at low temperatures
to achieve more precise and well-resolved spectral peaks because lower temperatures
reduce the number of possible relaxation pathways and thermal broadening effects.
This makes it easier to detect CT states in the PL spectra of organic thin films at
reduced temperatures [128].
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PL setup consists of a continuous-wave laser that excites the sample at a fixed
wavelength. A laser beam is directed through a series of optical components and
focused onto the sample using an objective lens. After excitation, electrons from
the valence band move to the conduction band, creating electron-hole pairs or
excitons. These excited states are not stable and tend to relax back to their ground
state, emitting photons in the process. The energy (or wavelength) and intensity of
the emitted light provide valuable information about the electronic structure of the
material. This emission is then collected by a lens directed to a detector. A band
stop filter is placed between the lens and the detector to protect the detector from
laser radiation. Adjustable gratings (with 150 or 1800 lines per mm) are installed
to set the desired resolution of the diffracted light before reaching a charge-coupled
device detector. A video camera and interchangeable objectives enable the use of
the spectrometer as a microscope for detailed sample inspection. The intensity of
the laser can be controlled using density filters, which also help minimize potential
damage to the sample.

In this work, PL experiments were conducted using a frequency-doubled Nd:YAG
laser with a wavelength of 532 nm. A LabRam HR 800 spectrometer (HORIBA
Jobin Yvon) equipped with a nitrogen-cooled 1024 x 256 pixel CCD detector was
used. For temperature-dependent PL. measurements, a CryoVac cooling system
employing liquid nitrogen or helium was used, covering a temperature range from
293 K down to 80 K or 15 K.



60




Part 111

Results






Chapter 5

Results of pristine
dibenzoselenadiazoloquinoxaline
thin film growth and annealing
kinetics

This chapter contains results on the structural and optical properties of thin films of
pristine dbSeQ with different thicknesses that were grown under various conditions.
The results included here are partially published in [170, 171].

In recent years, organic semiconductors based on polymers and m-conjugated
small molecules have attracted considerable interest due to their potential appli-
cations in electronics and optoelectronics [172-175]. A major advantage of these
materials is their tunability through chemical modification, which allows their
properties to be tailored by adding or substituting specific functional groups. In
particular, 1,2,5-thia- and selenadiazole derivatives, with various substitutions,
are widely used as electron-accepting cores in materials for field-effect transis-
tors [176, 177], solar cells [178, 179], and light-emitting diodes [180], due to their
electron-deficient, planar heteroaromatic structures. The distinctive molecular
arrangement of 1,2,5-selenadiazoles enables these molecules to form supramolecular
synthons, where characteristic Se- - -N square motifs arise from the chalcogen bond-
ing [181]. During the past two decades, this type of secondary bonding interaction
has attracted increasing attention [182, 183]. The chalcogen bonding comes from
the interaction of o-holes (positively charged regions) on selenium atoms with
the lone pairs of nitrogen atoms acting as Lewis bases [184]. The strength and
directionality of this interaction enable the formation of dimers and polymers,
which can potentially allow electron transfer between molecules and promote the
development of well-ordered structures [182, 183, 185-187]. The molecular ordering
is crucial, as it governs charge transport, energy transfer, and optical properties,
thereby influencing the overall performance of the devices [188-190]. Furthermore,
the self-association of m-conjugated molecules through efficient 7 — 7 stacking
interactions can improve structural organization and ordering at mesoscopic scales
[191]. To optimize crystallinity within these materials, a promising design strategy
involves extending the conjugated framework by incorporating aromatic systems
into the chalcogenadiazole core. This approach not only adjusts the electronic
structure but also improves self-association through the expanded 7-surface.
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Previously studied m-conjugated polymers that incorporate a chalcogenadiazole
scaffold typically exhibit disordered thin films [192, 193]. Consequently, there
has been increased interest in small-molecule derivatives [176, 194-196], as they
offer not only improved crystallinity but also several additional advantages, such
as low polydispersity, well-defined chemical structures, and reliable synthetic
reproducibility [172].

An important consideration regarding the arrangement of molecules within the
material is the dependency of electrical and optical properties of thin films and,
thus, device efficiency on the molecular orientation relative to the substrate. This
effect has been particularly observed for low-symmetry 7-conjugated molecules [197—
201].Therefore, a comprehensive understanding and precise control over molecular
orientation are critical for unlocking the full potential of these materials in future
applications.

In this chapter, we present a detailed structural and optical characterization of
m-extended dibenzol[f,h][1,2,5]selenadiazolo[3,4-b]-quinoxaline (dbSeQ) in thin films,
which were fabricated using the OMBD method. Using a combination of ex situ
GIWAXS, together with AFM and XRR, and in situ real-time GISAXS techniques,
we analyzed the structure and morphology evolution of dbSe(Q films on silicon
substrates at various temperatures and growth rates. Optical characterization
by UV-Vis and PL was performed to obtain a comprehensive evaluation of the
structural, optical, and electronic properties of thin films.

Our results demonstrate that controlling the substrate temperature during film
growth significantly influences the molecular orientation, resulting in noticeable
changes in the film morphology and optical properties. It was also observed that
the thin films grown at LT exhibited low thermal stability, as evidenced by a
significant change in morphology during annealing to RT.

5.1 Growth conditions and sample preparation

DbSeQ was synthesized and provided by the group of Prof. Zibarev (Novosibirsk
Institute of Organic Chemistry) and used as received.

Co-deposited and bilayer thin films of dbSeQ were grown in a portable vacuum
chamber under UHV conditions using the OMBD method [38, 41, 56, 202]. We
used two types of substrates: silicon wafers (Si(100), p-type) with a native oxide
layer for X-ray and AFM characterization and quartz wafers for UV-Vis absorption
spectroscopy. Before deposition, we cleaned the substrates in an ultrasonic bath
with acetone and isopropanol for 10 minutes each, followed by heating to 480 K
inside the vacuum chamber for 12 hours.

During film growth, the substrate temperature was maintained at 303 K (room
temperature, RT) or 173 K (low temperature, LT). The deposition rate was
monitored using a quartz crystal microbalance (SQM-160, Inficon). The deposition
rate was 0.3 nm/min if not specified explicitly.

In situ XRR scans and real-time GISAXS measurements were performed at
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the beamline ID10-SURF at the ESRF (Grenoble, France) using an X-ray beam
focused to 17 x 35 um? (hor. x vert.) with a wavelength of 1.033 A. GISAXS
measurements were conducted at the incidence angle of 0.4° (i.e. above the critical
angle of the Si/SiO, substrate and all organic layers) using a 2D detector (Dectris
EIGER X 4M, pixel size 75 x 75 um?) placed at the distance of 4000 mm from
the sample.

Structural investigations were performed using XRR and GIWAXS techniques.
All the ex situ XRR scans were measured on a diffractometer (GE XRD-3003TT)
using CuKg, radiation (A = 1.5406 A). Ez situ GIWAXS characterization was
performed on a Xeuss 2.0 (Xenocs) in-house instrument using Cuk, radiation
A = 1.542 A at an incidence angle of 0.2°, employing a PILATUS 300 K detector
(Dectris).

The surface morphology of the thin films was characterized ez situ using AFM
in tapping mode, which was performed using a NanoWizard II microscope (JPK
Instruments). Additional ex situ morphology characterization was performed using
SEM, where a Philips XL30 SEM system was used, operating with an electron
beam accelerated by a high voltage of 20 kV. The AFM data was analyzed using
the Gwyddion software package [142]. Data evaluation for AFM starts with image
processing, including scar healing and removing the defects. The next step is
to mark the grains with one of the program built-in tools that uses a watershed
algorithm to detect grains [203]. After marking the grains, we can extract surface
coverage, average grain sizes (length and width of the grain), grain roundness
(width/length ratio), and correlation length (that corresponds to the inter-island
distance in this case). The following step involves the extraction of the height-
height correlation function (HHFC), which is a useful instrument to characterize
growth-induced surface roughness [56, 204]. It is defined as the mean square height
difference:

9(R) = {[M(z,y) — (=", y)]*)

for pairs of points laterally separated by R = \/(z — 2/)2 + (y — v/)2. The HHCF
can be computed from real-space images by averaging over one or more regions
that are significantly larger than R, in order to minimize edge effects [79]. HHCFs
were fitted by function

f(@) = 20%[1 — exp(—(2/€)*)]

where o is the root-mean-squared (RMS) roughness and ¢ is the lateral correlation
length. For a better understanding of what is &, it is important to mention that
during the growth process we observe the emergence of correlations across the
surface, which means that the sites are not fully independent, but are affected
by the heights of neighboring sites. The typical distance over which the heights
"feel” each other, or, in other words, the characteristic distance over which they
are correlated, is referred to as the correlation length, usually denoted by & [205].
Essentially, it describes the distance over which the surface height of the thin film
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is statistically similar to another point on the surface. More details about the fit
procedure can be found in Sec. 9.1 in the Appendices.

Ezx situ UV-Vis absorption spectra were measured in transmission mode using a
PerkinElmer Lambda 950 UV-Vis-NIR spectrometer. PL spectra were acquired
with a Labram HR 800 spectrometer (Horiba Jobin Yvon, France) equipped with a
1024 x 256 pixel CCD detector and an excitation source from a frequency-doubled
Nd:YAG laser operating at a wavelength of 532 nm. Temperature-dependent PL
measurements were performed using a CryoVac system cooled with liquid nitrogen,
allowing data acquisition in a temperature range of 80 to 290 K.

XRR data were fitted using the custom-developed program based on the refnx
data analysis package [206] and the reflectorch (mlreflect 2.0) data analysis
package that utilizes the machine learning approach [207-209]. GIWAXS data
were processed using pygid Python data analysis package for fast GIWAXS data
reduction [210].

5.2 Morphology evolution during growth

GISAXS proved to be a powerful instrument for investigating the evolution of the
morphology in thin films. In the context of this work, GISAXS is the main method
to characterize dbSeQ films, due to its versatility, applicability to rough surfaces
[211] and its ability to explore the growth of thin films in situ in real-time with
high temporal and spatial resolution [45, 158, 212]. Before the description of the
experimental data, a data evaluation procedure should be discussed in detail. The
typical real-time GISAXS experiment produces a large sequence of 2D intensity
patterns, one example of the typical image depicted in Fig. 5.1 (a). In addition to
useful information, a standard GISAXS image contains various artifacts, including
regions with zero intensity, manifested as horizontal and vertical lines. These lines
correspond to the intermodular detector gaps, i.e. the spaces between the detection
modules within the detector. Another area of the image that exhibits zero intensity
is located in the upper central part of the image. This area corresponds to the
specular beam stop that serves to protect the detector from the radiation damage
caused by high-intensity illumination occurring in this area, which could be several
orders of magnitude higher than the scattered intensity in the rest of the pattern.
The beam stop seen in the lower central part of the detector image in Fig. 5.1 (a)
serves for the same purpose at the position of the direct beam.

The whole detector image contains a lot of irrelevant information; therefore,
for the analysis, we picked a smaller region (pink rectangle) that contains the
vertical intensity streak with an intensity maximum in the lower part of it. This
maximum is called the Yoneda peak, and its position is defined by the critical
angle of the scattering material; therefore, it is a characteristic feature of the
deposited material [161, 213]. To create a g-map, we convert the pixels of the
detector image into the corresponding ¢ values in reciprocal space, and the example
of the resulting image is depicted in Fig. 5.1 (b). Rather than processing the entire
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Figure 5.1: An example of GISAXS data evaluation procedure. A typical detector
image with 2D GISAXS pattern (a). Pink dashed rectangle shows the region of
interest (ROI) that contains all information about the investigated structure.
The ROI transferred to the g-space (b). The horizontal gray and vertical yellow
dashed rectangles demonstrate the region for the vertical and horizontal cuts
[150, 158, 162]. SBS stands for specular beam stop. Horizontal (c¢) and vertical
(d) line cuts extracted from the experimental data.

two-dimensional intensity distribution (which could take a lot of computational
resources and subsequently a lot of time), the scattering data analysis can be
simplified by focusing on specific sections, or ”cuts” [158, 214]. Two types of
cuts are particularly useful: horizontal slices at constant ¢, and vertical slices at
constant ¢,,, where horizontal and vertical refer to the sample surface [215]. The
horizontal cut depends only on the wave vector component g,,, so only parallel
to the surface structures of the sample are investigated. In contrast, the vertical
cut depends on ¢, so the only perpendicular to the surface structures are probed
[158]. Both line cuts are usually integrated over several lines of detector pixels to
enhance statistical accuracy [216]. In the following section they were integrated
over 20 pixels (marked as gray and yellow dashed rectangles in Fig. 5.1 (b)). The
resulting plots of both line cuts plotted versus the scattering intensity are presented
in Fig. 5.1 (c¢) and (d).
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Data analyzing procedure contains three main parts: we extract data from
HDF5 files, convert it to the reciprocal space map, then make line cuts to obtain
2D plots of intensity versus ¢, and g,,. Then we plot waterfall plots to see the
changes over the deposition process in detail and the last step is to fit the data with
Lorentzian, Gaussian, or Voigt functions (see Sec. 9.3 in the Appendices for more
details). The fit provides useful information on the evolution of the peak intensity,
width, and position that can later be interpreted with physical concepts. The peak
intensity is related to the roughness and the amount of deposited material in the
volume illuminated by X-rays [43]. The width of the side peak is associated with
the distribution of correlation distances when the form factor contributions are
neglected, meaning that the narrower the peak, the narrower the size distribution
of the islands [45, 217, 218]. The peak position of the side maximum corresponds
to the correlation length [43]. It is important to note that the side peaks are
located symmetrically about the ¢.-axis; therefore, for a complete description of
the morphology evolution, it is sufficient to use data from one peak.
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Figure 5.2: In situ GISAXS data for the growth of neat dbSeQ thin film (dyom =
30 nm) on Si/SiO, at RT. 2D GISAXS patterns measured at the beginning
(top part) and end (bottom part) of the deposition (a), and evolution of the
intensity in the horizontal cut of the GISAXS pattern (integrated in the range of

—1 . . .
¢. = 0.056 — 0.060 A™") (b) and vertical cut (integrated in the range of ¢, = -

0.001 — 0.001 A_l) (c) during the deposition as a function of the thickness. The
white vertical lines are presenting intermodular gaps of the detector.

A starting point in our investigations is the deposition of neat dbSeQ at RT,
and Fig. 5.2 (a) shows GISAXS patterns taken at the beginning and at the end
of the deposition. At the initial deposition stage, the prominent central streak
at ¢, = 0 originating from the Si/SiO, substrate is observable. As deposition
continues, two symmetrically located side peaks emerge, suggesting the formation
of laterally correlated structures on the substrate [218]. The position of the side
peaks corresponds to the correlation length Deo,, =~ 27/q,,, where g, is the fitted
peak position [43]. D, can be interpreted as a characteristic length scale of the
features on the substrate and is affected by the island shape (e.g. form factor)
and the inter-island distance (e.g. structure factor). Subsequently, these side
peaks obscure the central peak, due to the increased roughness of the film [116].
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Those peaks appear first at the very beginning of the deposition and remain
distinguishable until the end of the experiment. As the nominal thickness increases,
the intensity of the side peaks also increases because of more scatterers in the
illuminated volume. Notably, we do not observe any new features along the ¢y,
and ¢, axes during the growth, indicating the absence of additional correlation
lengths in horizontal and vertical directions.

Quantitative information is extracted by making line cuts along g, (horizontal
line cut) at the Yoneda peak position of dbSeQ (a.(dbSe®) + «;, corresponding
t0 ¢ (dbSe®) = 0.558 A7"in the current experiment). In addition, vertical line
cuts are made along ¢, at ¢,, = 0. Fig. 5.2 (b) and (c) present waterfall plots
of the horizontal and vertical line cuts, respectively, plotted versus the nominal
thickness of the deposited film. As demonstrated in Fig. 5.2 (b), the RT growth
exhibits two symmetrically positioned peaks with respect to g,, = 0 as the nominal
thickness approaches 1 nm and at this point D, equals 617 4+ 15 nm. As the
growth continues, we observe the increase in intensity of side peaks that arises
from the increase in the amount of dbSeQ at the substrate surface. The correlation
length slightly increases and decreases throughout the deposition, and as nominal
thickness of the film equals 10 nm the correlation length D, = 807 + 4 nm and
by the end of the deposition Do, = 795 £ 5 nm. As illustrated in Fig. 5.2 (c),
the waterfall plot of the vertical line cuts reveals a pronounced Yoneda peak that
becomes more intense during the deposition process. This is attributed to an
increase in the amount of material illuminated by the X-ray beam. For neat dbSeQ
films grown at RT, the XRR analysis (typical XRR curves for various RT-grown
dbSeQ films are presented in Fig. 9.4 in Appendices) does not show any features
because of very high surface roughness of the film. The growth of dbSeQ film at
RT is characterized by weak molecule-substrate interaction and stronger molecule-
molecule interaction where the strong interaction between molecules dominates
at every growth stage [56]. We conclude that for the RT growth of neat dbSeQ),
pronounced island growth is observed from the beginning of the deposition and
the growth mode remains unchanged.

A comparison of the growth of neat dbSeQ at LT with its growth at RT
reveals several differences. As demonstrated in Fig. 5.3 (a), for the LT growth
of dbSeQ, a prominent central peak at ¢,, = 0 that arises from the Si/SiO,
substrate is observable. Throughout the entire deposition process, the central
peak remains uncovered by the side peaks. A well-defined central streak usually
corresponds to a smooth surface, while a broader streak may indicate increased
roughness or irregularities on the surface. This indicates a low film roughness, a
finding that is confirmed by the XRR measurements presented in the next section.
Figs. 5.3 (b) and 5.3 (c) present waterfall plots of the horizontal and vertical line
cuts, respectively, plotted versus the nominal thickness of the deposited film. As
illustrated in Fig. 5.3 (b), it is possible to differentiate between two distinct phases
of growth, namely 0 - 10 and 10 - 30 nm. In the initial phase, the side peaks
appear at relatively large ¢, values.
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Figure 5.3: In situ GISAXS data for the growth of neat dbSeQ thin film (d,om =
30 nm) on Si/SiO, at LT. 2D GISAXS patterns measured at the beginning
(top part) and end (bottom part) of the deposition (a), and evolution of the
intensity in the horizontal cut of the GISAXS pattern (integrated in the range of
¢. = 0.056 — 0.060 A_l) (b) and vertical cut (integrated in the range of g, = -

0.001 — 0.001 A_l) (c) during the deposition as a function of the thickness. The
green dashed line in panel (b) shows the fit result of the side peak position. The
white vertical and horizontal lines are presenting intermodular gaps of the detector.

During deposition, these peaks undergo a rapid shift toward lower ¢,, values.
As the nominal film thickness reaches 10 nm, the peak position becomes almost
unchanged with minimal fluctuations. The shift in the side peak position can

be described by an exponential function ¢,,(d) = gy + Aexp <—%), where ¢y =

0.010 A™", A =0.057 A", and dy = 2.67 nm (dashed line in Fig. 5.3 (b)). The fit is
presented in Fig. 5.4. The corresponding correlation length D, at the beginning
of the deposition (dpom = 1.7 nm) equals 20+ 1 nm, and at the end (dpom = 30 nm)
it is 63.0 £ 0.8 nm. The extrapolated to don = 0 nm value of D, equals 9.4 nm.
The vertical line cut waterfall plot presented in Fig. 5.3 (c) shows the intensity
modulations throughout the entire deposition. They shift towards lower ¢, values,
as the thickness increases, indicating the continuous vertical growth of a smooth
film [43, 218].

We assume that the growth of neat dbSeQ at LT is characterized by flat islands
and proceeds as follows. At the onset of the initial phase, a high number of islands
emerge on the substrate surface. The intensity observable at the very beginning of
the initial stage (dyom < 1.5 nm) for vertical line cut in Fig. 5.3 (c) arises from
the Si/SiO, substrate and the intensity modulations indicating continuous layer
growth. Then, the islands coalesce to form larger islands, as evidenced by the
increase in the correlation length. In the second phase, the increase in correlation
length is negligible, indicating that the film grows predominantly vertically. These
observations are also confirmed by the post-growth XRR presented in the next
section. The evolution of the film morphology during the annealing to RT is also
presented in the next section.
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Figure 5.4: Fit (red curve) of the peak position curve (blue dots) with an
exponential function, plotted versus film thickness for the L'T-grown dbSeQ film.

5.3 Morphology evolution during annealing

To investigate the evolution of the morphology of thin films grown at RT during
their annealing to 333 K, in situ XRR and GISAXS measurements were performed.
The post-growth annealing of the thin film was performed in three steps, by
subsequent heating of the substrate to 313, 323 and 333 K, respectively.
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Figure 5.5: Averaged GISAXS images for every annealing step for the RT-grown
neat dbSeQ film: 303 K (a), 313 K (b), 323 K (c), 333 K (d). The white vertical
lines are presenting intermodular gaps of the detector.

The post-growth in situ XRR scan is presented in Fig. 9.4 (f) in the Appendices,
and reveals the absence of scattering features making further XRR analysis not
feasible. The absence of distinct characteristic features is attributed to the high
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surface roughness. These observations are consistent with the results of the ex situ
analysis presented in the next section.

The selected GISAXS patterns taken during the annealing are presented in
Fig. 5.5. At the post-growth scan in Fig. 5.5 (a) we can distinguish two side peaks
located very close to each other, and the correlation length D ., = 801 £ 7 nm.

At T = 313 K (Fig. 5.5 (b)) we observe that the pronounced central streak
appeared at g, = 0, but the side peaks overlap and become indistinguishable. For
the next annealing steps depicted in Fig. 5.5 (¢, d), we observe minor changes
in the GISAXS patterns compared to T = 313 K. These findings indicate that
the correlation length during annealing increases and exceeds the experimental
resolution. We assume that the increase in the correlation length is caused by the
desorption of dbSe(Q islands from the substrate surface.

To investigate the evolution of the morphology of thin films grown at LT during
their annealing to RT, in situ XRR and GISAXS measurements were performed.
In situ XRR measurements conducted after deposition and during subsequent
annealing provided important information on the thin films of dbSeQ. Post-growth
annealing was performed in three steps from 173 to 313 K, and the selected XRR
patterns for the annealing steps are presented in Fig. 5.6.
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Figure 5.6: XRR measurements of neat dbSeQ on Si/SiO, grown at LT post
growth and during the annealing to RT. All curves are vertically offset for clarity.
For fitting and data analysis see Fig. 5.7.

In Fig. 5.6 we observe a post-growth XRR scan of a neat dbSeQ film with a
nominal thickness dyom = 30 nm deposited at LT (blue curve) along with subsequent
annealing steps up to 313 K. The pronounced Kiessig fringes are visible at each
annealing stage up to 273 K. Above 273 K, the XRR results resembled those
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Figure 5.7: Fits of the XRR data for post-growth and subsequent annealing
steps (253 and 273 K) for LT-grown neat dbSeQ) film, utilizing refnx [206] and
reflectorch (mlreflect 2.0) [207-209] packages. All curves are vertically
offset for clarity.

previously observed in RT-grown films. This indicates that, initially, the LT-grown
film is relatively smooth and remains smooth as the temperature increases, until
it reaches 273 K. In the temperature region between 273 and 313 K, the film
exhibits strong roughening, which leads to the absence of fringes in the XRR
pattern. Fitting the data using two approaches, as shown in Fig. 5.7, reveals
the low roughness for the dbSeQ film (0 = 0.41 4 0.03 nm) which persists up to
273 K. Strong roughening is attributed to the strong dewetting of the thin film as
a result of an increased thermal energy. The AFM studies presented in the next
section confirm that the films of dbSeQ grown at LT and annealed to RT, have
high roughness and high jaggedness due to dewetting. This indicates that the film
has limited thermal stability.

Unlike annealing of the RT-grown film, for the LT-grown dbSeQ film, we observe
the changes in the GISAXS patterns for every annealing step. Additional GISAXS
data was obtained during each annealing step and the results are presented in
Fig. 5.8. The discernible side peaks along the intense central streak at g,, = 0 are
observable in the post-growth scan in Fig. 5.8 (a). At T = 253 K (Fig. 5.8 (b))
we observe the shift of the side peaks towards g,, = 0, which means an increase
in the correlation length and the widening of the central streak. At T = 273 K
and at T = 313 K (Figs. 5.8 (c¢) and (d), respectively) we observe an increase
in the distance between the side peaks, indicating a decrease in the correlation
length. Fig. 5.9 shows the horizontal line cuts taken from the averaged images and
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Figure 5.8: Averaged GISAXS images for every annealing step for the L'T-grown
neat dbSeQ film: 173 K (a), 253 K (b), 273 K (c¢), 313 K (d). The white vertical

lines are presenting intermodular gaps of the detector.

confirms that the correlation length for the neat LT-grown film changes with each
annealing step, from where after the growth D.o, =62 +3 nm at T = 173 K, to
Deorr =182+ 5 nm at T = 313 K.
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Figure 5.9: Horizontal line cuts taken from the averaged image from the post-

growth and annealing scans for neat dbSe() film grown at LT. Gaps at about

Gy = 0.023 AT originate from the intermodular detector gap. All curves are
vertically offset for clarity.

In summary, we found that the in situ XRR analysis for dbSeQ thin films grown
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at RT is not possible because of the high roughness of the film. We found that the
ex situ and in situ XRR scans show almost the same results, which means that the
roughening of the RT-grown film is not a post-growth effect that appears during
the exposure of the film to the atmosphere. The GISAXS scans that were made
during the annealing revealed that the RT-grown film is characterized by large
correlation lengths that exceed the resolution of the experiment. We speculate
that the correlation length increases with each annealing step as a result of the
desorption of the film from the substrate surface. The growth of dbSeQ at LT
is characterized by the formation of the film with extremely low roughness. We
found that the film remains smooth after growth and subsequent annealing to
T =273 K. In the interval from 273 to 293 K, film roughness increases drastically.
We attribute this finding to a strong dewetting that occurs after temperature
reaches 273 K. GISAXS data showed that the changes in the correlation length
were present during each annealing step, meaning that the LT-grown dbSeQ film
exhibits changes in morphology due to annealing. The resulting morphology after
exposure of the film to RT is presented in the next section.

5.4 Ex situ morphology studies

The surface morphology plays an important role in the characterization of the thin
films, as the shape, orientation, and arrangement of the deposited molecules, as well
as the roughness, mosaicity, and porosity of the thin film formed from the deposited
atoms or molecules, significantly affect various device characteristics. For instance,
the surface morphology influences the luminescence [219-221] and plays a crucial
role in determining the thermal and electrical conductivity of devices [222-226].
Furthermore, it is critical for the photovoltaic properties of solar cells [227].
Typically, for industrial purposes, the goal is to create smooth films, as rough
interfaces often result in poor contact properties [205]. To mitigate roughness, it
is essential to understand the mechanisms that cause it and the processes that
influence the overall morphology. This knowledge can then be applied to develop
films under conditions in which roughening is minimized or eliminated.
Depending on the amount of deposited material, the growth mode in the thin film
can change [115, 134, 228| as well as various characteristics of the thin film, such
as grain size or roughness [56, 229, 230]. By adjusting growth parameters, such as
growth rate or substrate temperature, one can influence the resulting morphology
of the thin film [199, 231, 232|, therefore we prepared series of thin films of various
thickness grown on weakly-interacting Si/SiO, substrates at different growth
conditions. Oxidized silicon wafers are the most widely used substrates for thin
film growth due to their smoothness, ease of cleaning, and stability in air [56].
To observe the morphology evolution in the thin film ez situ, we grew a set of thin
films of various thicknesses, at 303 K (RT) at the same growth rate of 0.3 nm/min.
To study the influence of substrate temperatures on the film morphology, we grew
a set of films at different substrate temperatures, namely Ty, = 173,303,318
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and 328 K. Furthermore, thin films at LT were grown with various thicknesses,
dpom = 5, 10,30 and 50 nm, respectively. To obtain insights on the impact of the
rate on the resulting thin film, we grew films with the same nominal thickness
of 10 and 20 nm at the different growth rates, i.e. 0.13, 0.3 and 0.52 nm/min.
Additionally, we grew a thick film (d,om = 50 nm) with an extra-high rate of
1 nm/min.

The AFM technique was implemented to obtain surface images from which we
quantified the changes in roughness, boundary length, island size, and correlation
length. Producing AFM images of thin films of dbSe( is a difficult, time-consuming
process, because of the high roughness of the film, needle-like shape of the dbSeQ
islands and their interaction with the cantilever. To confirm the AFM morphology
data we employed additional SEM characterization, depicted in Fig. 9.3 in the
Appendices.
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Figure 5.10: AFM images of dbSeQ thin films of various thicknesses grown on
Si/SiOx with a same deposition rate of 0.3 nm/min at RT. Film thicknesses are:
2nm (a), 8 nm (b), 11 nm (¢), 14 nm (d), 18 nm (e), and 36 nm (f).

Similarly to the Sec. 5.2, we start with a deposition of neat dbSeQ at RT. In
Fig. 5.10 the representative AFM topography images of RT-deposited dbSe(Q thin
films of different thicknesses are shown. The data extracted from these images
are shown in Fig. 5.11. At d =2 nm (Fig. 5.10 (a)) we observe the formation of
relatively large needle-like structures, randomly oriented on the substrate. The
extracted numerical data reveal the average island length 250 & 71 nm, the average
width 87 £+ 20 nm and the roundness of 0.38 £ 0.18. The islands of dbSeQ are
high, with many islands are higher than 15 nm, thus the surface roughness is high,
namely oryms = 7.7 & 0.2 nm and the surface coverage about 6%. For comparison,
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the same analysis of AFM images (more details on analysis are presented in Sec. 9.1
in the Appendices) of two thin films of two other materials used in this work,
PEN and DIP grown at the same conditions to comparable thickness of 3 nm,
reveals that for PEN opys = 6 & 1 nm and the surface coverage is ~ 57%; for
DIP orms = 0.7 £ 0.1 nm, and the surface coverage is ~ 83%. The inter-island
distance for dbSeQ is D; = 451 4 140 nm, which is less than the correlation length
extracted from the real-time GISAXS data for the comparable film thickness, where
Doy = 620+ 15 nm. All of these findings indicate the preferred molecule-molecule
interaction during the film crystallization.
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Figure 5.11: Numerical values extracted from AFM images of the RT-grown
films and plotted versus film thickness: rms roughness (a), inter-island distance
(b), average island size (c), average roundness (d). The inset in panel (a) shows a
log-log scale plot with data fit with a power law o ~ D?.

As the film thickness increases, we observe that the length of the islands increases,
making them more elongated. We observe that despite the higher amount of
deposited material, the substrate is still visible, indicating the relatively low surface
coverage. The extracted numerical values for the film with thickness d = 8 nm
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(Fig. 5.10 (b)) showing that the average length has drastically increased to the
6524252 nm while the average width 125439 nm meaning that the island roundness
equals 0.23 + 0.16. The roughness increases drastically oryg = 12.7 £ 0.1 nm and
the surface coverage increases to ~ 32%. The inter-island distance remains almost
unchanged, where D;; = 431 4+ 151 nm.

As more material is deposited (Fig. 5.10 (c¢) and (d)), rod-like structures grow
preferably in the direction perpendicular to the substrate surface, as is evident
from the slightly changed average length, width, and roundness presented in
Fig. 5.11 (c) and (d), respectively. The extracted surface coverage values show
that it is relatively low and equals ~ 41% and ~ 43% for films with thicknesses
d =11 nm and d,,, = 14 nm, respectively. The inter-island distances are slightly
decreasing for these films, namely to D;; = 369 £ 127 nm and Dj; = 365 + 147 nm,
respectively. Similarly to the previous results, the inter-island distances are smaller
than the correlation length from the GISAXS data, D, =~ 800 nm. As can be
seen from the images, the islands often overlap, which we speculate is the reason
for this large difference. We can conclude that the deposited dbSeQ molecules bear
to interact with the substrate as little as possible, even at high film thicknesses.
One consequence of this phenomenon is that the measured roughness is constantly
increasing, up to orms = 19.2 + 0.3 nm for the 14 nm-thick film.

For the last two films with thicknesses d = 18 nm and d = 36 nm depicted in
Fig. 5.10 (e) and (f), respectively, we observe the increase in the island size. The
extracted values for the roughness show a constant increase to ogmg = 31.14+0.1 nm
for the 36 nm-thick film. The average length for the thickest film is 750 + 294 nm
and the average width 217+£62 nm. The roundness is slightly increases to 0.34+£0.20
and the surface coverage equals almost 70%. The inter-island distance at this point
is equal to D;; = 463 4+ 162 nm.

From the overall roughness evolution presented in Fig. 5.11 (a) we can conclude
that roughness increases almost linearly with thickness. The inset of the figure
shows the same plot in log-log scale, where the blue line is the fit of the roughness
data with a power law o ~ D?, where D is the thickness of the film, 3 is the
growth exponent. In result, 8 = 0.55, which corresponds to the rapid roughening
phenomenon, for which 8 should be greater than 0.5 [79]. This means that the
roughness increases with thickness, at a rate that exceeds that of the random
deposition limit 5 = 0.5 [56, 233]. Notably, the roughness plot looks similar to
the case of 3D growth scenario, described in detail in the work of E. Empting et
al. [234]. The inter-island distance plot depicted in Fig. 5.11 (b) shows that Dj
does not change significantly for film with different thicknesses which corresponds
to real-time GISAXS data, where the correlation length did not change significantly
during the deposition. In general, the inter-island distances extracted from the
AFM data are lower than the values of correlation length extracted from the
GISAXS data, which can be explained by the overlap of dbSeQ islands. RT-grown
films of dbSeQ are crystallizing in elongated islands, where the film with the lowest
thickness has the most round islands. We speculate that after film thickness of
2 nm, islands tend to grow more elongated. It can be explained by a preferred one-
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Figure 5.12: AFM images of dbSeQ thin films of various thicknesses grown on
Si/Si0, with a same deposition rate of 0.3 nm/min at LT. Film thicknesses are:
7nm (a), 11 nm (b), 17 nm (c), and 28 nm (d).

dimensional (1D) packing, likely formed by m-stacks of dbSe() molecules randomly
oriented across the substrate surface. We conclude that dbSeQ does not change
the growth mode during its growth at RT, which correlates with the real-time
GISAXS data.

A decrease in substrate temperature generally reduces the thermal energy avail-
able to the deposited molecules, lowering their kinetic energy and thus minimizing
their ability to move and diffuse across the surface. Furthermore, the molecules
exhibit different orientation on the substrate surface, a phenomenon observed
for dbSeQ (see Sec. 5.5) and other organic semiconductors [199, 235], resulting
in a change in morphology. Fig. 5.12 shows the AFM images of thin films of
various thicknesses, grown at LT with the same deposition rate of 0.3 nm/min
and annealed to RT. The numerical results extracted from the AFM data are
presented in Fig. 5.13. We observe the presence of numerous randomly oriented
islands that do not exhibit the same needle-like morphology as the RT-grown
films. Generally, the islands are much higher and are not as uniform as those of
RT-grown films. For the 7 nm-thick film depicted in Fig. 5.12 (a) we observe that
the surface coverage is much smaller than the one of RT-grown film of comparable
thickness. The extracted data shows that the coverage for the LT-grown film is
about 17% when for the 8 nm-thick RT-grown film is ~ 32%. The inter-island
distance Dy = 537 £ 233 nm, while the GISAXS data shows the correlation length
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Figure 5.13: Numerical values extracted from AFM images of the LT-grown films
and plotted versus film thickness: rms roughness (a), inter-island distance (b),
average island size (c), average roundness (d).

Do = 41.0£0.4 nm for the film of comparable thickness. This discrepancy can be
explained by the strong dewetting during annealing of the film to RT after growth
at LT. The roughness of the LT-grown films annealed to RT is high, resulting
in high amount of defects and high jaggedness of the resulting images taken in
tapping mode of AFM. The surface roughness equals orys = 20.2 + 0.6 nm versus
orms = 12.7 4 0.1 nm for the RT-grown film. The average length of the islands
is 438 + 153 nm and the average width is 221 4+ 75 nm. The mean roundness of
the islands is 0.53 = 0.19, which is closer to the round particles than the islands
appearing in the RT-grown sample (0.23 4 0.16).

AFM images of the thicker films grown at LT (d = 11 nm and d = 17 nm)
presented in Fig. 5.12 (a) and (b), respectively, reveal that the form of the islands
is not influenced much by the film thickness. For the 17 nm-thick film, the surface
coverage is about 26%, and the inter-island distance Dj = 435 =% 159 nm, while
the GISAXS data shows the correlation length Do, = 63.0 £ 0.8 nm for the film
of comparable thickness. Similarly to the previous results, this discrepancy can be
explained by the strong dewetting during annealing of the film to RT after growth
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at LT. The average length of the islands is 336 £ 143 nm and the average width is
192 + 85 nm. The mean roundness of the islands is 0.61 4 0.22.

For the thickest LT-grown film (d = 28 nm) the surface coverage is still low,
namely ~ 23%, while the the inter-island distance Dy = 472 + 173 nm while the
GISAXS data shows the correlation length D, = 65.0 & 0.9 nm for the film
of comparable thickness. The surface roughness is ogms = 44.0 £ 0.8 nm. The
average length of the islands is 398 + 147 nm and the average width is 245+ 80 nm,
while the roundness equal 0.68 4 0.30.

We conclude that the comparison of ex situ and in situ morphology for the
LT-grown films is not reliable, because of a strong dewetting that occurs during
the annealing of the film to RT. We speculated that it leads to the dewetting and
desorption of dbSe( molecules from the substrate and the smooth dbSe(Q film
grown at LT becomes very rough, with many separated islands on the substrate.

Height [nm]

Figure 5.14: AFM images of dbSe( thin films (d = 9 nm) grown on Si/SiO, with
a same deposition rate of 0.3 nm/min at various substrate temperatures: 308 K
(a), 318 K (b), and 328 K (c).

After the LT growth, the next step in our investigations was a deposition at
higher substrate temperatures to see how the higher thermal energy influences the
film morphology. Fig. 5.14 contains images of thin films with nominal thickness of
9 nm grown at the same deposition rate of 0.3 nm/min, but at different substrate
temperatures, namely 308, 318 and 328 K, respectively. Qualitatively, we notice
the decrease in the number of islands on the substrate surface with a temperature
increase.

For the film grown at 308 K (Fig. 5.14 (a)) the surface coverage is slightly
above 21%, which is slightly lower than the coverage for the RT-grown film
(~ 32%). The inter-island distance Dy = 554 £ 199 nm, while for the RT-grown
film Dy = 431 £ 151 nm.The average length of the islands is 824 + 339 nm and the
average width is 220 + 58 nm. The mean roundness of the islands is 0.32 + 0.19
and the roughness is orys = 22.1 + 0.4 nm.

For the film grown at 318 K (Fig. 5.14 (b)), the surface coverage is about 24%,
and the inter-island distance Dy = 1024 +429 nm, the average length of the islands
is 1084 590 nm and the average island width is 283+ 82 nm. The mean roundness
of the islands is 0.32 + 0.16.
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Figure 5.15: Numerical values extracted from AFM images of the LT-grown films
and plotted versus film thickness: rms roughness (a), inter-island distance (b),
average island size (c), average roundness (d).

For the last film deposited at 328 K (Fig. 5.14 (c)) the desorption due to the
elevated substrate temperatures is evident from the small amount of islands on the
substrate, and the extracted surface coverage is slightly below 15%. Consequently,
inter-island distance increases to Dy = 1832 + 865 nm. The average length of
the islands is 904 + 637 nm and the average width is 304 £+ 88 nm. The mean
roundness of the islands is 0.48 £ 0.28. Interestingly, the film roughness decreases
to opms = 17.2 &£ 2.4 nm.

From the numerical data, presented in Fig. 5.15 we see that the average size and
the roundness remain largely unchanged, but there is a clear trend of the increase
in inter-island distances with a temperature. We conclude that higher substrate
temperatures give rise to the increased surface diffusion and desorption processes,
which leads to fewer islands on the substrate surface.

As stated previously, the other factor that influences the resulting film morphol-
ogy is the deposition rate [236]. The AFM images for 9 nm-thick films deposited
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Figure 5.16: AFM images of dbSeQ thin films (d = 9 nm) grown on Si/SiO,, at RT
with various deposition rates: 0.13 nm/min (a), 0.3 nm/min (b), and 0.52 nm/min
(c). Thin film (d = 35 nm) grown at high deposition rate 1 nm/min (d).

at RT, at different growth rates of 0.13, 0.3, and 0.52 nm/min are presented in
Fig. 5.16 (a)-(c). Fig. 5.16 (d) presents the AFM image of a thicker film (d = 35 nm)
deposited at higher deposition rate (1 nm/min). For the properties comparison
that were used in Fig. 5.17 we focus only on 9 nm-thick films.

For the film grown with deposition rate of 0.13 nm/min (Fig. 5.16 (a)) the surface
coverage is slightly above 23%. The inter-island distance Dj = 558 4 247 nm.
The average length of the islands is 687 £ 291 nm and the average width is
113 4+ 33 nm. The mean roundness of the islands is 0.23 4+ 0.18 and the roughness
is ORMS — 13.7 £ 0.1 nm.

For the next film grown with rate 0.30 nm/min (Fig. 5.16 (b)) we see that
the roughness and roundness increase slightly (to 15.9 + 0.1 nm and 0.29 + 0.19,
respectively) compared to film with lower deposition rate, but the inter-island
distance decreases to Dy = 502 £ 179 nm. The average length of the islands is
673 +293 nm and the average width is 152 + 47 nm. The surface coverage remains
almost the same at ~ 25%.

For the next film grown with rate 0.52 nm/min (Fig. 5.16 (c)) we observe the
rapid decrease in average island sizes, where the average length of the islands is
497 £ 190 nm and the average width is 130 & 56 nm. The mean roundness of the
islands is 0.30 £ 0.17. The roughness decreases drastically to orygs = 10.0£0.2 nm,
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indicating smoothening of the film. The inter-island distance decreases to D; =
413 £+ 134 nm.

For the film with higher nominal thickness of 35 nm, grown at a high deposition
rate of 1 nm/min, we observe that the substrate is almost covered by dbSeQ
(surface coverage is around 97%). At the same time mean roundness of the islands
remains almost the same and is 0.30 & 0.17. The average length of the islands
is 582 + 219 nm and the average width is 218 4= 148 nm. Interestingly, that the
film has roughness ogys = 22.4 + 0.3 nm. A similar trend of increasing surface
smoothness with higher deposition rates has also been previously observed in both
organic materials and metals [45, 237].
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Figure 5.17: Numerical values extracted from AFM images of the LT-grown films
and plotted versus film thickness: rms roughness (a), inter-island distance (b),
average island size (c), average roundness (d).

The general trend observable in Fig. 5.17 is the decrease of inter-island distance
with a rate increase. The surface coverage and the mean roundness remain largely
unchanged, while the average length and roughness decreases. It correlates with
the general idea that during vacuum deposition an increase in particle flux leads
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to a lower surface diffusion time, thus the deposited molecule has less time to
diffuse and for example coalescence with another island before the next molecule
arrives on the substrate. It results in generally smoother films with smaller islands.
A similar trend of decreasing grain size and increasing surface smoothness with
higher deposition rates has also been previously observed in both organic materials
and metals [45, 237].

5.5 Crystalline structure of the films

To explore the molecular structure of dbSeQ thin films, we used ex situ GIWAXS.
The reciprocal space maps from GIWAXS measurements of thin films with a
nominal thickness of 50 nm, grown at RT and LT, are presented in Fig. 5.18 (a)
and (b), respectively.
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Figure 5.18: Reciprocal space maps of dbSe( thin films with a nominal thickness
of 50 nm, grown at RT (a) and LT (b). The dashed rings indicate the positions of
the diffraction peaks corresponding to the dbSe() structure, as determined from
the single-crystal analysis [106, 170].

For the RT-grown and LT-grown films of neat dbSeQ, we observe the difference
in the GIWAXS patterns caused by the reorientation of the unit cells on the
substrate under the influence of substrate temperature. Thin films of dbSe(Q) grown
at RT show the Debye-Scherrer rings at ¢ = 0.50,0.79,0.85,1.00, 1.34 A" with the
maximum of intensity aligned along ¢, and rings at ¢ = 1.69, 2.03, 2.26 A7 with
the maximum of intensity aligned along g,,. This corresponds to the known dbSeQ
structure with the unit cell parameters a = 3.88 A, b = 15.85 A, ¢ = 20.33 A,
a =+ =90° 8 =90.567° with the preferred [001] orientation (o-phase with the
edge-on orientation of molecules) as depicted in Fig. 5.19 (left). For films with
lower nominal thicknesses, the diffraction patterns remain largely unchanged, with
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the intensity scaling proportionally to the thickness. The observed Debye-Scherrer
rings correspond to the previously determined single-crystal structure of dbSeQ
and indicate the randomly oriented domains of dbSeQ on the surface [155, 156].

Figure 5.19: The predominant orientations of the dbSe(Q unit cell, namely, 011
plane perpendicular to the substrate at RT (left), and parallel to the substrate at
LT (right).

A key distinction between the LT- and RT-grown films lies in the azimuthal
intensity distribution of the (0kl) diffraction peaks. The LT-grown dbSeQ film
also shows the Debye-Scherrer rings at the same g-values, but compared to the
RT-grown film, most of the intensity for rings at ¢ = 0.50,0.79,0.85,1.00 and
1.34 A" s aligned along ¢, and for rings at ¢ = 1.69,2.03,2.26 A" the most
of intensity is aligned along ¢,. This intensity realignment indicates the [100]
orientation of the same unit cell corresponding to the A\-phase of the dbSeQ), where
the molecules exhibit the face-on orientation as depicted in Fig. 5.19 (right). The
angular distribution of the Bragg peak intensity for the (011) plane exhibits a full
width at half maximum (FWHM) of 51° for LT-grown films and 41° for RT-grown
films (Fig. 5.20), indicating a noticeable but moderate alignment. In contrast,
the diffraction intensity from the (1kl) planes shows an opposite trend, with the
majority of the intensity aligned along ¢, = 0 A~ for LT films, while it aligned
along ¢, = 0 A=' for RT films. Importantly to note the results for the LT-grown
film were obtained at RT; therefore, these data are for the annealed film after its
dewetting.

These results suggest that the crystalline domains formed during LT deposition
are predominantly oriented with the b- and c-axes of the unit cell parallel to the
substrate, resulting in the a-axis being perpendicular to the substrate surface and
the molecules adopting a tilted face-on configuration. In contrast, films grown
at RT exhibit a 90° rotation of the unit cell, with the (011) plane perpendicular
to the substrate surface and the a-axis parallel to it. In this arrangement, the



87

_@ 50 . + experimental data ..g 8. experimental data ...°..
% : ——Gaussian fit g ——Gaussian fit v

. q=050A" .6 g=050A"
-g 40 fwhm = 40.8° -g g,vhm =50.9°

-30 L4
Z B
2 20 22
L T 2
E 10 . % E 0

0 20 40 60 80 0 20 40 60 80
¢, deg ¢, deg

Figure 5.20: Angular distributions of the diffracted intensity at q, = 0.50 A™
(011 Bragg peak) extracted from the g-map of dbSeQ films grown at RT (left) and
LT (right), as shown in Fig. 5.18. The intensity profile for the both films has been
corrected for the background and ¢ stands for azimuthal angle.

molecules exhibit a tilted edge-on configuration, leading to w-stacking along the
substrate surface at RT and perpendicular m-stacking at LT, consistent with the
AFM data.

The structural differences observed between dbSeQ films grown at LT and RT
are analogous to those reported for other organic semiconductors such as pentacene,
diindenoperylene and a-sexithiophene [199, 235], though dbSeQ films exhibit a
higher degree of mosaicity. Previous studies have proposed that at lower substrate
temperatures, molecules initially adopt a face-on orientation to maximize van der
Waals interactions with the substrate but lack the thermal energy necessary to
transition to the edge-on orientation observed at RT [199, 238, 239]. However, this
explanation suggests the formation of energetically favorable closed monolayers,
which is inconsistent with the AFM data for dbSeQ films grown at LT and annealed
to RT.

5.6 Optical Properties

To explore the electronic structure of thin films grown we implemented absorption
spectroscopy in UV-Vis range and photoluminescence spectroscopy.

Fig. 5.21 shows the UV-Vis absorption spectra for dbSe(Q thin films with a
nominal thickness of 30 nm, deposited on quartz substrates at both RT and
LT and normalized to film thickness. For the RT-grown film we observe five
absorption peaks, at 2.50, 2.85, 3.17, 3.90 and 4.89 eV. In the region between 2 and
3.5 eV, there is a pronounced peak at 2.85 eV, accompanied by two lower-intensity
peaks at 2.50 eV and 3.17 eV. Similarly to other m-extended chalcogenadiazoles
[195, 240, 241], the absorption spectrum of the dbSeQ thin film grown at RT,
resembles the overall shape, but is broadened and red-shifted compared to the
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Figure 5.21: Absorption spectrum of RT- and LT-grown films of dbSeQ).

absorption spectrum in solution. Additionally, sub-optical band gap absorbance
probably results from light scattering on the rough thin film surface.

For the LT-grown film, we observe an absorption spectrum that generally
resembles that of the RT-grown film but with some differences in realtive peak
intensities. The position of the maximum peak remains largely unchanged, with
the exception of the peak at 3.90 eV for the RT-grown film, which exhibits a
slight red shift of 0.09 eV for the LT-grown film. The peak at 3.17 ¢V in the LT
film has the highest intensity among adjacent ones, while for the RT-grown film
the peak at 2.50 eV has the highest intensity. The absorption peak at 4.89 eV
for the LT-grown film has much higher intensity compared to the RT-grown film.
Considering the GIWAXS data, we attribute peaks at 2.85 and 3.17 eV to different
electronic transitions with differently oriented transition dipole moments (TDMs).
The molecular tilt toward the substrate and significant mosaicity explain the subtle
differences between the optical spectra of RT and LT films. We attribute these
differences to the partial reorientation of the dbSeQ crystallites in the thin film
during LT growth.

To further analyze the optical properties, temperature-dependent photolumi-
nescence (PL) measurements were conducted. With a 532-nm laser excitation,
only the low-energy shoulder of peak at 2.50 eV is excited. At 290 K, the PL
spectra for both the RT- and LT-grown dbSeQ films (Fig. 5.22 (a)) show three
peaks at 1.75 eV, 1.87 eV and 2.07 eV. In the RT-grown film, the peak at 2.07 eV
is the most intense, with other two peaks contributing to a broad lower energy tail.
A significant Stokes shift of 0.43 eV, previously observed in selenium-containing
chalcogenadiazoles [242], is also evident.

For the LT-grown film, the relative intensities shift again: peak at 2.07 eV de-
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Figure 5.22: PL spectra of dbSe(Q) thin films with a nominal thickness of 30 nm
grown at RT and LT, measured at 290 K (a) and 80 K (b).

creases, while peak at 1.75 eV and peak at 1.87 eV become more prominent. These
differences between RT and LT films become even clearer at 80 K (Fig. 5.22 (b)),
where peak narrowing occurs, and the relative intensity changes are more pro-
nounced. Specifically, the peak at 2.07 eV weakens significantly in the LT-grown
film, while the peak at 1.75 eV intensifies. A similar trend is observed in the RT
film, although the peak at 2.07 eV retains higher intensity.

5.7 Summary and conclusion

In summary, the present study has explored the growth behavior and optical
properties of novel semiconductor material - dbSeQ. Furthermore, we have studied
the growth of these systems at LT and have delved into the structural changes
during their annealing to RT. Additionally, we studied the influence of the rate
and elevated substrate temperatures on the growth behavior.

D
DdbSeQ dbSeQ
C——l

D gpseq

Y Y

Figure 5.23: Schematic representation of growth and annealing behavior of RT-
grown dbSeQ. Dgyseq stands for correlation length of dbSeQ.

It was found that dbSeQ on Si/SiO, substrate at RT grows in the form of rough,
randomly oriented, needle-shaped, long crystallites. The correlation distances
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obtained by GISAXS and AFM are in the sub-pum range. Annealing of the film
increases the correlation distance, due to the desorption of dbSeQ) from the substrate.
Films of dbSeQ crystallize predominantly in the o-phase, where the molecules are
standing with a tilted edge-on configuration. We confirmed quantitatively that
films grown at RT exhibit a rapid roughening phenomenon. The simplified growth
and annealing schema of the LT-grown dbSe(Q film is shown in Fig. 5.23. The
absorption spectrum in the UV-Vis range exhibits five distinct peaks and resembles
the one measured in solution. The extinction spectrum exhibits three distinct
peaks that are distinct at 80 K.

Conversely, the growth of dbSeQ at LT is characterized by significantly smaller
correlation lengths and lower roughness, compared to the RT-grown film, which
we attribute to the change in the molecular orientation of dbSe@. An important
characteristic of LT-grown dbSeQ films is low thermal stability. It was observed
that the low thermal stability of the LT-grown dbSeQ films resulted in strong
dewetting during their annealing to RT. This, in turn, resulted in high roughness
of the resulting film. The resulting islands are generally smaller and more circular
than that observed for the RT-grown film. From the GIWAXS results, it is evident
that the crystallites exhibit the A-phase in contrast to the o-phase formed during
the RT growth. The simplified growth and annealing schema of LT-grown dbSeQ
film is shown in Fig. 5.24. This change in molecular orientation leads to alterations
in the absorption spectrum, resulting in a variation in the relative intensity of the
peaks, as was previously found for the RT and LT-grown DIP films by G.Duva et
al. [199]. The extinction spectrum exhibits three distinct peaks that are distinct
at 80 K.

D gpseq

DdbSeQ

DdbSeQ
' | m ]

Figure 5.24: Schematic representation of growth and annealing behavior of LT-
grown dbSeQ. Dgyseq stands for correlation length of dbSeQ.

We investigated the influence of elevated substrate temperature and influence
of the rate on the dbSeQ thin films using exclusively AFM. We found that with
increasing substrate temperature dbSe() tends to desorb from the substrate, which
results in decreased surface coverage and increased inter-island distances. In addi-
tion, the roundness of the islands increases with increasing substrate temperatures.
There is a clear trend of decreasing inter-island distance with a rate increase. The
increased rate leads to a decrease in the average island size and smoothening of the
film. Furthermore, the change in rate does not influence the substrate coverage.

The results obtained in this chapter are crucial for the investigation of co-
deposited and bilayer films with dbSeQ presented in the next chapter. We think
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these results are interesting from the perspective of tailoring the morphology of
films which crystallize in rod-like islands during their growth.
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Chapter 6

Results of thin film growth and
annealing kinetics of bilayer and
mixed complexes incorporating
dibenzoselenadiazoloquinoxaline,
diindenoperylene and pentacene

This chapter contains results on the structural and optical properties of planar het-
erostructures and mixed thin films incorporating dibenzoselenadiazoloquinoxaline
(dbSeQ), diindenoperylene (DIP) and pentacene (PEN). The results included here
are partially published in [171].

The performance of organic electronic devices depends on the ability to prepare
thin films that are smooth, continuous, and structurally well ordered [243, 244].
Many molecular semiconductors that display excellent intrinsic electronic properties,
however, suffer from morphological instabilities during deposition or post-growth.
In particular, strong roughening during growth and post-growth dewetting are
challenges for the reliable preparation of high-quality thin-film devices.

Dewetting phenomena in molecular thin films have long been recognized as a
challenge in organic thin-film fabrication and have been the subject of extensive
studies [245] Well-studied examples of post-growth dewetting include dinaphtho(2,3-
b:2’,3’-f]thieno[3,2-b|thiophene (DNTT) [246, 247], a-Sexithiophene (6T) [248],
and DIP [249].

Dewetting and roughening are governed mainly by substrate-molecule and
molecule-molecule interactions. During deposition, dewetting tendencies may
already manifest and intermingle with kinetic roughening processes, making it
challenging to disentangle the contributions of thermodynamics and kinetics. After
growth, additional reorganization can occur dependent on temperature, revealing
the activation barriers associated with interfacial instabilities.

As was shown in the previous chapter (see Chap. 5), dbSeQ despite its excellent
electronic properties has a tendency to dewet on Si/SiO, substrates that appears
to limit its applicability in optoelectronic devices. To improve the morphology of
the resulting film and create charge transfer states, we combined dbSeQ with two
donor materials, DIP and PEN, extensively studied organic semiconductors with
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excellent electronic properties and high structural order [57, 79, 228 250-255]. In
this chapter, we study both their growth and structure as well as complementary
optical properties.

By comparing low-temperature (LT) growth with deposition at room temperature
(RT), we probe how temperature controls the onset and strength of dewetting
during film formation. Furthermore, by annealing the LT-grown films to room
temperature, we study the post-growth evolution of morphology, allowing us to
extract information on the activation temperature of the dewetting transition. We
examined the growth and structure of both on-top deposition and co-deposition of
dbSeQ with DIP and PEN. In situ X-ray scattering is an ideal tool to gain insights
into dewetting growth process and associated thin film parameters in real-time
(layer thickness, roughness, island sizes) [41]. X-ray reflectivity (XRR), grazing-
incidence wide-angle X-ray scattering (GIWAXS), and grazing-incidence small-
angle X-ray scattering (GISAXS) provided insights into thin-film structure and
growth mechanisms, while atomic force microscopy (AFM) and optical absorption
spectroscopy allowed for a detailed analysis of morphological and optical properties.
Our results reveal differences in the growth dynamics of dbSeQ in layered and
co-deposited systems, shedding light on templating effects and mixing scenarios. By
comparing these findings, we establish a direct correlation between the deposition
conditions, molecular interactions, and the resulting film morphology, which is
crucial for the design of next-generation organic electronic devices.

6.1 Morphology evolution during growth

The ability to deposit thin films in a portable vacuum chamber under UHV makes
it possible to study film growth and, more specifically, morphology evolution un
situ, during film growth using the GISAXS technique. We employed GISAXS to
observe the changes in the surface morphology of the heterostructures of dbSeQ
with DIP and PEN at both RT and LT. The GISAXS investigation of neat DIP
and PEN thin films grown on Si/SiO, are well known in the literature [119, 256],
and the GISAXS data for dbSeQ were described in detail in a previous chapter
(Sec. 5.2).

6.1.1 Morphology evolution during growth of the
heterostructures incorporating dbSeQ and DIP

To understand the influence of the organic templating layer on the growth of
the dbSeQ overlayer, we studied the growth of the bilayer dbSeQ/DIP thin films.
Fig. 6.1 (a) presents the GISAXS patterns for the growth of bilayer dbSeQ/DIP
film (nominal thicknesses dyom(dbSeQ) = 30 nm, dyom (DIP) = 20 nm) on Si/SiO,
at RT.

The two pronounced intensity peaks observed at the initial stage of the deposition
(Fig. 6.1 (a), top part) correspond to the pre-deposited at RT DIP layer. As the
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Figure 6.1: In situ GISAXS data for the growth of bilayer dbSeQ/DIP thin film
on Si/Si0O, at RT (dpom(dbSeQ) = 30 nm). 2D GISAXS patterns measured at the
beginning (top part) and end (bottom part) of the deposition (a), and evolution
of the intensity in the horizontal cut of the GISAXS pattern (integrated in the
range of ¢, = 0.056 — 0.060 A_l) (b) and vertical cut (integrated in the range of

¢zy =-0.001 — 0.001 A_l) (c) during the deposition as a function of the thickness.
The white vertical lines are presenting intermodular gaps of the detector.

deposition reaches its final stage (Fig. 6.1 (a), bottom part), the initially discernible
peaks merge. Fig. 6.1 (b, ¢) shows waterfall plots of horizontal and vertical line
cuts. The horizontal line cuts show that at the initial growth stage there are two
DIP-related side peaks present, corresponding to a correlation length D, equals
238 + 3 nm. At a nominal thickness of 1 nm, dbSeQ-related peaks are visible at
low q. Unfortunately, because of the large correlation length of the dbSeQ islands
it is not possible to resolve the peaks and extract peak position. The vertical line
cut data in Fig. 6.1 (¢) show the minor differences compared to the growth of neat
dbSeQ at RT. It is hypothesized that in a manner analogous to the case of RT
growth of a neat dbSe(), island formation occurs from the onset of deposition. It
is also hypothesized that there is a mutual influence between the two compounds,
where dbSeQ growth in large islands with the large corresponding correlation
lengths which is evident from the merged correlation peaks. The XRR data for the
RT-grown bilayer dbSeQ/DIP film presented in the next section (Fig. 6.7 (a)) show
that there are no scattering features that are characteristic of the new structures,
only the DIP-related features are observable during the deposition and subsequent
annealing. We attribute this to the limited impact of DIP on the dbSeQ layer.
As discussed in a previous chapter, thin films of dbSeQ grown at LT have
different morphology and growth behavior than those grown at RT. Similarly
to the case of neat dbSe(Q, the growth of dbSeQ on DIP at LT differs from
its growth at RT. GISAXS data for the LT growth of bilayer dbSeQ/DIP film
(nominal thicknesses dyom(dbSeQ) = 30 nm, dyom(DIP) = 20 nm) is presented
in Fig. 6.2 (a) and shows significant differences compared to the RT growth of
similar heterostructure. Similarly to the growth of neat dbSeQ at LT, we observe
a central peak of the highest intensity during the entire deposition. This indicates
a high smoothness of the film (which is confirmed by XRR measurements in
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Figure 6.2: In situ GISAXS data for the growth of bilayer dbSeQ/DIP thin film
on Si/Si0O, at LT (dpom(dbSeQ) = 30 nm). 2D GISAXS patterns measured at the
beginning (top part) and end (bottom part) of the deposition (a), and evolution
of the intensity in the horizontal cut of the GISAXS pattern (integrated in the
range of ¢, = 0.056 — 0.060 Afl) (b) and vertical cut (integrated in the range of
¢zy =-0.001 — 0.001 A_l) (¢) during the deposition as a function of the thickness.
The green dashed line in panel (b) shows the fit result of the side peak position.
The white vertical and horizontal lines are presenting intermodular gaps of the
detector.

the following section). The waterfall plot of horizontal line cuts presented in
Fig. 6.2 (b), reveals that in the beginning of the deposition only DIP-related peaks
(corresponding correlation length Doy = 28.0 & 0.4 nm) are observable. As the
nominal thickness of dbSe(Q) equals 3 nm, we could resolve the dbSeQ-related side
peaks and to extract the correlation length D, = 34.0 & 0.2 nm. In the last
resolvable point (dyom (dbSeQ) = 10 nm) it equals 66+5 nm. Beyond this point, the
correlation length exceeds the experimental resolution. The decay in peak position

can be described by an exponential function g,,(d) = ¢o + Aexp (—%), where

g =0.005 A", A=0.018 A", and do = 10.5nm (dashed line in Fig. 6.2 (b)).
We can conclude that the correlation length D, in bilayer film decays almost five
times slower than the one for neat LT-grown dbSeQ. From extrapolation of the fit
to the experimental data, we derived at a correlation length D, = 104 nm for
the fully grown, 30 nm thick dbSeQ film (Fig. 6.3). A vertical line cut mapping
in Fig. 6.2 (c) reveals the pronounced intensity modulations that are indicating
the continuous vertical layer growth, similarly to the growth of neat dbSeQ at LT.
For the LT growth of bilayer dbSeQ/DIP, we assume that the observed growth
behavior is analogous to that of the growth of neat dbSeQ at LT. However, at the
initial stage, dbSe( inherits the correlation length of the pre-deposited DIP layer.
The evolution of the film morphology during the annealing to RT is presented in
the next section.

The next step in our investigations is a co-deposition of dbSeQ with DIP at
RT, and 2D GISAXS patterns taken during the RT growth of the co-deposited
dbSeQ:DIP 1:1 film (dyom(total) = 36 nm) are presented in Fig. 6.4 (a). In the
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Figure 6.3: Fit (red curve) of the peak position curve (blue dots) with an expo-
nential function, plotted versus film thickness for the LT-grown bilayer dbSeQ/DIP
film.

beginning of the deposition, we observe only a central streak which is completely
covered by side peaks by the end of the deposition. This can be attributed to an
increased roughness of the deposited film. We observe two sets of side peaks that
belong to both compounds, dbSeQ-related peaks closer to ¢, = 0 and DIP-related
peaks at larger values. In the horizontal line cut waterfall plot in Fig. 6.4 (b), we
observe two distinct length scales that belong to both compounds. It is evident
that the DIP- and dbSeQ-related peaks demonstrate behavior consistent with that
observed for pure compounds [116, 119, 257]. We observe a completely closed layer
of DIP that results in the absence of intensity in the horizontal line cut mapping
at the thickness of ~ 4 nm in Fig. 6.4 (b). This nominal thickness of the film
corresponds to the thickness of DIP d,n,(DIP) = 2.1 nm which is close to one
monolayer. Interestingly, that neat DIP at RT tends to form 3-5 monolayers in the
beginning of the deposition in layer-by-layer mode, and in the mixture with dbSeQ
it forms only one closed layer before transition to island growth. The correlation
length Deo(DIP) in the beginning of the deposition (dpom(total) =1 nm) equals
to 63.0 £ 0.5 nm. Then the growth mode of DIP carries over to the island growth
scenario, as can be seen from the minor changes in peak position. The correlation
length as the thickness dpom(total) = 7 nm equals Do (DIP) = 108 £+ 1 nm, and
stays almost constant reaching at the end of the deposition (dyom(total) = 36 nm)
the value Do, (DIP) = 119.0 £ 0.4 nm.

In a co-deposited film, dbSe@ exhibits a behavior analogous to that of the
RT growth of a neat compound, showing island growth from the initial stage
of deposition, without a change in the growth mode. We could resolve dbSeQ-
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Figure 6.4: In situ GISAXS data for the growth of co-deposited dbSeQ:DIP 1:1
thin film on Si/SiO, at RT (d,om(total) = 36 nm). 2D GISAXS patterns measured
at the beginning (top part) and end (bottom part) of the deposition (a), and
evolution of the intensity in the horizontal cut of the GISAXS pattern (integrated
in the range of ¢, = 0.056 —0.060 A_l) (b) and vertical cut (integrated in the range

of gz, =-0.001 —0.001 A_l) (¢) during the deposition as a function of the thickness.
The white vertical lines are presenting intermodular gaps of the detector.

related peaks corresponding to Doy (dbSeQ) = 647 + 6 nm at the thickness
dpom(total) = 7 nm, and at the end of the deposition the correlation length
Do (dbSeQ) slightly decreases to 628 + 4 nm. As illustrated in Fig. 6.4 (c), the
vertical line cut mapping exhibited only minor alterations in comparison to the
growth of pristine dbSeQ film at RT. Slight intensity modulations in the ¢, direction
point to continuous vertical growth of the DIP layer. In the case of the co-deposited
dbSeQ:DIP 1:1 film, it is suggested that phase separation should take place from
the early stages of the deposition. A decrease in correlation length for the dbSeQ
islands is observable in comparison to the growth of neat dbSe@. This phenomenon
can be attributed to the influence of DIP in the mixture. Fig. 6.7 (b) in SI shows
the in situ XRR post-growth scans of the RT-grown co-deposited dbSeQ:DIP 1:1
film with a nominal thickness of 36 nm. We observe only the features related to
the RT-grown DIP film, including the Bragg peak at ¢, = 0.375 A1

6.1.2 Morphology evolution during growth of the
heterostructures incorporating dbSeQQ and PEN

Another organic material, the layer of which we predeposited to understand the
influence of the organic templating layer on the growth of the dbSeQ overlayer,
is PEN. Fig. 6.5 presents the waterfall plots of the horizontal and vertical line
cuts from GISAXS patterns for the growth of bilayer dbSeQ/PEN film (nominal
thicknesses dyom(dbSeQ) = 30 nm, dyom(PEN) = 20 nm) on Si/SiO, substrate at
RT.

Due to the intense diffuse scattering from the surface roughness and, therefore,
a wide central streak, the line cut at the Yoneda position of the dbSeQ (which
corresponds to ¢, = 0.0558 A=) contains limited information. In the region above
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Figure 6.5: In situ GISAXS data for the growth of bilayer dbSeQ/PEN thin film
on Si/SiO, at RT (dyom(dbSeQ) = 30 nm). The evolution of the intensity in the
horizontal cut of the GISAXS pattern (integrated in the range of ¢, = 0.056 —
0.060 Afl) (a) and vertical cut (integrated in the range of ¢, =-0.001 —0.001 Afl)
(b) during the deposition as a function of the thickness.

¢, = 0.098 A~ two correlation streaks are distinguishable. The horizontal line
cuts in Fig. 6.5 (a) show the distinct side peaks around ¢,, = 0 that tend to merge
as the nominal thickness increases. It is evident that the two pronounced intensity
peaks observed at the initial stage of the deposition correspond to the pre-deposited
at RT PEN layer. The correlation length for these peaks D,y equals 349 4+ 3 nm.
During the deposition of dbSeQ), the side peaks shift towards ¢, = 0, indicating
the increase in the correlation to D¢, = 731 & 11 nm at the nominal thickness
of 15 nm. As the deposition reaches its final stage (dpom(dbSeQ) =~ 30 nm), we
observe that the well-defined peaks, which were initially discernible, have now
become indistinguishable. The vertical line cut data in Fig. 6.5 (b) shows the
pronounced single Yoneda peak and no additional scattering features. We found
that it shows slight differences compared to the growth of neat dbSeQ at RT. We
assume that in a manner similar to the case of RT growth of a bilayer dbSeQ/DIP
or neat dbSeQ) film, island formation occurs from the onset of deposition. We also
hypothesize that there is a mutual influence between the two compounds, where the
corresponding correlation lengths for dbSe( exceed the resolution achievable in the
experiment, indicating large dbSe(Q islands. We found that the ex situ XRR data
for the RT-grown bilayer dbSeQ/PEN film presented in the next section (Fig. 6.18)
in SI) show that there are no scattering features that are characteristic of the
new structures, only the PEN-related features are observable after the deposition.
Similarly to bilayer with DIP, we attribute the absence of new features to the
limited impact of PEN on the dbSeQ layer.

To understand the mixing behavior of co-deposited films, the next step in our
investigations is a co-deposition of dbSeQ with PEN at RT, and the waterfall
plots from the line cuts of 2D GISAXS patterns taken during the growth of the
co-deposited dbSeQ:DIP 1:1 film (dpom(total) = 36 nm) are presented in Fig. 6.6.
Initially, in the horizontal line cut waterfall plot (Fig. 6.6 (a)) we can distinguish
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Figure 6.6: In situ GISAXS data for the growth of co-deposited dbSeQ:PEN
1:1 thin film on Si/SiO, at RT (dyom(total) = 36 nm). The evolution of the
intensity in the horizontal cut of the GISAXS pattern (integrated in the range
of ¢, = 0.056 — 0.060 Afl) (a) and vertical cut (integrated in the range of ¢y, =-

0.001 — 0.001 A_l) (b) during the deposition as a function of the thickness.

two side peaks, likely belonging to PEN islands, and at this point D, equals
456 + 5 nm. At dpom(total) = 2.5 nm peaks are covered by the central streak,
indicating large correlation length for both deposited compounds. After this point,
the further analysis is not feasible, because the resolution of the experimental setup
is not sufficient to discrete side peaks at large Do. The vertical line cut mapping
in Fig. 6.6 (b) shows the pronounced peak at high ¢, values at the beginning
of the deposition and another peak at dpom(total) = 15 nm. Both peaks shift
toward the lower ¢,, indicating the continuous layer growth of the film. Based
on ez situ morphology data presented in Sec. 6.3.2, we assume that co-deposited
dbSeQ:PEN 1:1 film, likewise dbSeQ:DIP 1:1 film exhibit phase separation during
the growth. Fig. 6.18 in shows the ex situ XRR post-growth scans of the RT-grown
co-deposited dbSeQ:PEN 1:1 film with a nominal thickness of 36 nm. We observe
only the featlllres related to the RT-grown PEN film, including the Bragg peak at
¢ =041 A",

6.2 Morphology evolution during annealing of

heterostructures incorporating dbSeQ and
DIP

In the next step of the characterization of the thin films incorporating dbSeQ
and DIP, we employed XRR and GISAXS to obtain more information about the
morphology of thin films during their annealing. XRR allows us to determine the
thickness and roughness values with a high degree of precision if the thin film is
not very rough. It also allows for the identification of Bragg peaks associated with
atomic planes that are oriented parallel to the surface in a direction perpendicular
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to the substrate if the thin film is crystalline [258]. We used this technique to
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Figure 6.7: Post-growth and annealing XRR measurements of heterostructures
incorporating dbSeQ and DIP grown at RT on Si/SiO,: bilayer (a) and mixed (b)
thin films. All curves are vertically offset for clarity.

obtain information on the samples grown at RT and LT in situ. The reflectivity
curves of neat DIP thin films are well known in the literature [259], and the XRR
data of dbSeQ were described in detail in a previous chapter (Sec. 5.3).

To investigate the evolution of the morphology of bilayer film of dbSeQ/DIP
(dyom(dbSeQ) = 30 nm, dyom(DIP) = 20 nm) and mixed film of dbSeQ:DIP 1:1
(dyom(total) = 36 nm) grown at RT during their annealing to 333 K, in situ XRR
and GISAXS measurements were performed. The post-growth annealing of the
thin film was performed in three steps, by subsequent heating of the substrate to
313, 323 and 333 K, respectively.

The post-growth and annealing in situ XRR scans for both RT-grown het-
erostructures is presented in Fig. 6.7 (a) and (b). We observe minor differences
in all three XRR curves for the bilayer film, as can be seen in Fig. 6.7 (a). After
deposition of neat DIP layer, we observe two pronounced DIP-related Bragg peaks
at ¢, = 0.375 and ¢. = 0.750 A~! and weak Kiessig fringes in region ¢, < 0.2 A~'.
Near the Bragg peaks the Laue oscillations are observable. After the deposition of
dbSeQ), Kiessig fringes vanish because of the increased surface roughness, and the
Laue oscillations diminish slightly. There are no additional dbSeQ-related Bragg
peaks visible. After the annealing to 333 K the curve remains almost unchanged,
and we do not observe an increase in crystallinity or smoothing for the dbSeQ
layer, significant enough to see it in the reflectivity pattern.

GISAXS patterns obtained during annealing are presented in Fig. 6.8. In the
post-growth scan in Fig. 6.8 (a) we see the region of high intensity around ¢,, = 0,
but the side peaks are not distinguishable due to the large correlation length of
dbSeQ on DIP. At T = 313 K (Fig. 6.8 (b)) we observe that the pronounced central
streak appeared at g, = 0, but the side peaks are not distinguishable. For the
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Figure 6.8: Averaged GISAXS images for post-growth and each annealing step
for the RT-grown bilayer dbSeQ/DIP film: 303 K (a), 313 K (b), 323 K (c), 333 K
(d). The white vertical lines are presenting intermodular gaps of the detector.

next annealing steps depicted in Figs. 6.8 (c,d), we observe negligible changes in
the GISAXS patterns compared to T = 313 K. It indicates that the annealing to
333 K does not significantly influence the morphology of the bilayer dbSeQ/DIP
film.

XRR scans for the mixed dbSeQ/DIP 1:1 film are presented in Fig. 6.7 (b).
Similarly to the bilayer film with DIP, we observe the Bragg reflection at ¢, =
0.375 A~! that is related to DIP. The Kiessig fringes and Laue oscillations are
more pronounced than for a bilayer film, which means a generally smoother film.
Subsequent annealing does not change the reflectivity curve, indicating the stability
of the film during annealing.
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Figure 6.9: Averaged GISAXS images for post-growth and each annealing step
for the RT-grown mixed dbSeQ:DIP 1:1 film: 303 K (a), 313 K (b), 323 K (c), 333

K (d). The white vertical lines are presenting intermodular gaps of the detector.
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The selected GISAXS patterns taken during the annealing of RT-grown db-
SeQ:DIP 1:1 film are presented in Fig. 6.9. In the post-growth scan in Fig. 6.9 (a)
two sets of side peaks related to dbSeQ and DIP are recognizable. At this
point, the correlation length for DIP D, (DIP) = 120.0 £ 0.6 nm and for dbSeQ
Deorr(dbSeQ) = 629 £ 4 nm. After the annealing to T = 313 K (Fig. 5.5 (b))
we observe that the pronounced central streak appeared at g, = 0, similarly
to RT-grown bilayer dbSeQ/DIP film. Previously distinguishable dbSeQ-related
side peaks are covered by the central streak and are no longer discernible. We
attribute this to an increase in the correlation length due to desorption of dbSeQ.
DIP-related peaks are not changing the position, meaning high thermal stability
of DIP. For the next annealing steps depicted in Figs. 6.9 (c¢,d), we observe minor
changes in the GISAXS patterns compared to the pattern at T = 313 K, where
the DIP-related peaks remain at the same position and the dbSeQ-related peaks
remain indistinguishable. We conclude that the presence of DIP in the mixture
does not influence the thermal stability of dbSe(Q and we observe the annealing
behavior similar to the one of neat RT-grown dbSeQ film. At the same time,
dbSeQ does not decrease the thermal stability of DIP, which is evident from the
stable side peak position of the DIP-related peaks.
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Figure 6.10: Post-growth and annealing XRR measurements of neat dbSe(Q
grown on Si/SiO, at LT during the annealing to RT. All curves are vertically offset
for clarity. For fitting and data analysis see Fig. 6.11.

The completely different annealing scenario from the RT-grown films was ob-
served during the annealing of LT-grown bilayer dbSeQ/DIP film. In situ XRR
data for bilayer dbSeQ/DIP film (d,om(dbSeQ) = 30 nm, dyom(DIP) = 20 nm)
grown at LT are shown in Fig. 6.10. DIP films grown at low temperature on SiO,
consist predominantly of A-crystalline phase with the lying-down molecules and are
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characterized by a smooth surface [113, 260]. At the same time, on the curve for

the LT-grown DIP film, we observe a weak Bragg peak at approximately 0.37 A
that is characteristic of the o-phase of DIP with standing-up molecules, which is
known to coexist with the A-phase [115, 261, 262]. The roughness of the DIP layer
defined from the fit of the Kiessig oscillations (Fig. 6.11) is 1.10 4 0.02 nm. After
dbSeQ was deposited, the roughness decreased to 0.44 4+ 0.01 nm. We observe
slight roughening of the film at 253 K, where the roughness of dbSeQ layer equals
0.91 £ 0.02 nm and as temperature reaches 273 K, we observe changes in contrast
for the Kiessig fringes which indicate the change in coverage of the dbSeQ layer.

e Data
1004 @\ e ML fit
E — refnx fit
-4
S 10
o
| -
S, 1078
>
o+
g -12
<])10 1
]
k=
10—16_
0.00

Figure 6.11: Fits of the XRR data for post-growth and subsequent annealing
steps (253 and 313 K) for LT-grown bilayer dbSeQ/DIP film, utilizing refnx [206]
and reflectorch (mlreflect 2.0) [207-209] packages. All curves are vertically
oftset for clarity.

Starting from T = 253 K, the Bragg reflection at ¢. ~ 0.37 A~! is visible and
becomes more pronounced as the temperature increases, due to the reorientation
of the DIP domains from A to o- orientation. As temperature reaches 313 K, we
observe the absence of the dbSeQ-related features, and the smoothening of DIP
film, to the roughness of 0.20 & 0.01 nm. We do not observe new Bragg peaks from
the dbSeQ neither directly after its growth nor after the annealing.

Similarly to the XRR data, the GISAXS annealing patterns for the LT-grown
film exhibit visible changes with each annealing step and the results are presented
in Fig. 6.12. Due to the large correlation distances, the side peaks that are located
along the intense central streak at ¢,, = 0 are not observable in the post-growth
scan in Fig. 6.12 (a). The pronounced modulations in the vertical direction along
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q. = 0 are visible and are related to the waveguide effect arising from the conformal
roughness between the DIP and dbSeQ layers [170, 263, 264].

At T = 253 K (Fig. 6.12 (b)) we observe the shift of the side peaks towards
larger ¢,, = 0, which means a decrease in the correlation length, namely to
Deorr = 190 = 7 nm. The width of the central streak increases as well as can be
seen from Fig. 6.13.
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Figure 6.12: Averaged GISAXS images for every annealing step for the LT-grown
bilayer dbSeQ/DIP film: 173 K (a), 253 K (b), 273 K (c), 313 K (d).

At T = 273 K (Fig. 6.12 (c)) we observe an increase in the distance between
the side peaks, indicating a decrease in the correlation length, namely, to Do, =
70 £5 nm. At T = 313 K (Fig. 6.12 (d)) we observe a completely different
scattering pattern than for previous annealing steps. The horizontal line cut
depicted in Fig. 6.13 shows the sudden shift of side peaks towards g,, = 0, where
the correlation length D.,, = 246 + 4 nm. This drastic increase in correlation
length can be attributed to the desorption of the dbSeQ molecules, which in turn
uncovers the DIP with higher correlation length. This indicates that changes in
the film occur under the influence of temperature.

In summary, we explored the annealing kinetics of heterostructures incorporating
dbSeQ and DIP and found that the bilayer dbSeQ/DIP film grown at RT is relatively
stable under heat. Additionally, we found that the presence of a templating organic
layer does not improve crystallinity of the overlayer, and we found that the dbSeQ
layer increases the roughness of the bilayer film. GISAXS data showed that the
scattering patterns are largely unchanged meaning that the film exhibits minor
changes in correlation length during the annealing.

In the case of the co-deposited dbSeQ:DIP 1:1 film grown at RT we found the
same scenario that applies for the analogous bilayer compound. The XRR data
show the absence of dbSeQ-related features and the absence of changes in the
XRR pattern during annealing, implying the stability of the co-deposited film. The
GISAXS data show that the correlation length related to DIP does not change,
and the correlation length of the dbSe(Q islands increases beyond the experimental
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Figure 6.13: Horizontal line cuts taken from the averaged image from the post-
growth and annealing scans for bilayer dbSeQ/DIP film grown at LT. Gaps at

about q,, = 0.023 A™ originate from the intermodular detector gap. All curves
are vertically offset for clarity.

resolution during annealing.

The growth of a bilayer dbSeQ/DIP film at LT, likewise the growth of neat dbSeQ
at LT, is characterized by the formation of the film with extremely low roughness.
We found that the film remains smooth until the substrate temperature increases to
T = 273 K after which the roughness increases drastically. We attribute this finding
to a strong dewetting that occurs after temperature reaches 273 K. Interestingly,
that the layer of dbSe(Q does not prevent the DIP from the reorientation to its
o-phase. GISAXS showed that the changes in the correlation length were present
during each annealing step, meaning that the LT-grown dbSeQ film has limited
thermal stability. We also found that at the last annealing step, the DIP layer
is being uncovered by the dbSeQ overlayer because of dewetting. The resulting
morphology after exposure of the film to RT is presented in the next section.

6.3 Ex situ morphology studies

The next step in the analysis of the thin films is studying the morphology ex situ
to investigate the influence of post-growth processes. In order to achieve this,
high-resolution microscopy (AFM and SEM) and X-ray reflectivity techniques were
employed to obtain information in real-space and reciprocal-space. Initially, the
discussion will cover bilayer and co-deposited dbSe(@ thin films containing DIP.
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The co-deposited and bilayer films incorporating PEN are additionally investigated
by XRR. The morphology of neat DIP and PEN thin films is well known in the
literature [265, 266], and the morphology of dbSeQ was described in detail in a
previous chapter (Sec. 5.4).

6.3.1 Ex situ morphology studies of the heterostructures
incorporating dbSeQ and DIP

The AFM data for the dbSeQ complexes that include DIP were obtained exclusively
for films grown at RT.

Height [nm]
Height [nm]

Figure 6.14: Real space AFM data: bilayer dbSeQ/DIP film grown at RT (a)
and co-deposited dbSeQ:DIP 1:1 grown at RT (b).

The AFM image of the bilayer dbSeQ/DIP film (dapseq = 8 nm, dpp = 20 nm)
grown at RT is presented in Fig. 6.14 (a). The morphology of this bilayer film
differs from the pristine dbSeQ film grown on the Si/SiO,, where the bilayer film
has more pronounced and homogeneous needle-like dbSeQ islands. The presence
of needle-like islands of dbSeQ is observed, and the surface coverage is about 33%.
The inter-island distance is Dy = 530 4+ 12 nm, while the correlation length from
the GISAXS data is higher than the experimental resolution. We speculate that
this is due to the overlapping of the needles of dbSeQ. The average length of the
islands is 881 £ 351 nm, and the average width is 116 & 28 nm. The average
roundness of the islands equals 0.21 £ 0.13, indicating that the dbSe(Q islands in
the bilayer film are more elongated than the islands in neat dbSe( film.

The morphology for a RT-grown co-deposited dbSeQ:DIP 1:1 film (dabseq =
17 nm, dprp = 25 nm) is presented in Fig. 6.14 (b). The average island length
equals 549 + 316 nm and the average width equals 165 £ 35 nm, with average
roundness equal to 0.33+0.17, while the surface coverage is about 36%. The average
inter-island distance of dbSeQ Dy = 556 + 15 nm is in a good agreement with the
correlation length extracted from GISAXS data that equals Do, = 628 + 4 nm.
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The much smaller islands of dbSeQ in this case can be explained by the presence
of DIP in the mixture.

Furthermore, the results of the SEM measurements are presented in Fig. 6.15.
We observe the appearance of rectangular-shaped structures formed on the dbSeQ
needles, which are not characteristic of dbSeQ or DIP.

Figure 6.15: Real space SEM data for co-deposited dbSeQ:DIP 1:1 grown at RT:
x 15000 magnification (a) and x 65000 magnification (b).

The morphology data showed that DIP has a limited impact on the morphology
of dbSeQ thin films. For the bilayer film, we observed needle-like islands of dbSeQ
likewise for the neat dbSe(@ film. Interestingly that the templating layer of DIP
does not increase the surface coverage for dbSeQ. We observed that for the co-
deposited film, both compounds tend to phase separate, which is evident from the
DIP islands located between the dbSe( islands. The average island size is smaller
for the mixture than for the neat dbSeQ grown at RT, which can be attributed to
the impact of DIP. The inter-island distance extracted from the AFM image is in
good agreement with in situ GISAXS data.

6.3.2 Ex situ morphology studies of the heterostructures
incorporating dbSeQ and PEN

The AFM image of the bilayer dbSeQ/PEN film (dgpseq = 14 nm, dpgy = 16 nm)
grown at RT is presented in Fig. 6.16 (a). We see that similar to neat dbSeQ), the
islands of dbSeQ have elongated needle-like form, but unlike bilayer dbSeQ/DIP
film, the inter-island distances are larger. The surface coverage for dbSe(Q islands is
about 31%. The inter-island distance extracted from AFM is Dj = 706 & 270 nm,
while the correlation length from the GISAXS data is Deor = 731 & 11 nm. In
the gaps between the dbSeQ islands, the islands of PEN are observable. The
distinguishing characteristic of this thin film is the substantial length of the
dbSeQ islands, which can reach up to 2 um. The average length of the islands is
1020 £ 480 nm, and the average width is 219 4+ 35 nm. The average roundness of
the islands equals 0.30 + 0.21, indicating that the dbSeQ islands in the bilayer film
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Figure 6.16: Real space AFM data: bilayer dbSeQ/PEN film grown at RT (a)
and co-deposited dbSeQ:PEN 1:1 grown at RT (b).

are slightly less elongated than the islands in neat dbSe( and bilayer dbSeQ/DIP
films.

The morphology for a RT-grown co-deposited dbSeQ:PEN 1:1 (dyom(total) =
30 nm) film is presented in Fig. 6.16 (b). We observe that dbSeQ forms needle-like
islands in a similar manner to the growth of pristine dbSeQ grown on Si/SiO,
and PEN forms wedding-cake-shaped islands between dbSe(Q) islands. The average
island length equals 661 4+ 314 nm and the average width equals 180 + 37 nm,
with average roundness equal to 0.33 & 0.17, while the surface coverage is about
32%. The average inter-island distance of dbSeQ Dy = 476 4+ 190 nm is in a
good agreement with the correlation length extracted from GISAXS data that
equals D¢ = 456 + 5 nm. An additional topology image is presented in Fig. 6.17

Figure 6.17: Real space SEM data for co-deposited dbSeQ:PEN 1:1 grown at RT.

confirms the smaller needle-shaped islands of dbSeQ oriented randomly on the
substrate. We found that likewise for the co-deposited dbSeQ:DIP 1:1 film, islands
of dbSeQ are smaller than for the neat dbSeQ film. We attribute this finding to
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the presence of PEN in the mixture.

The ez situ XRR scans for the aforementioned films are presented in Fig. 6.18.
For the bilayer dbSeQ/PEN film only PEN-related features are visible, including
two Bragg peaks that emerge at ¢, = 0.4 A~! and ¢. = 0.8 A~!. Similar to bilayer
films with DIP, no Bragg peaks corresponding to the novel structures are present.

Sy —— dbSeQ
102 —— dbSeQ:PEN 1:1
g —— dbSeQ/PEN BL
] PEN

o)

| -

5,

>

ot

0

c

Q

)

<

10—18

0.0 0.2 04 0.6 0.8 1.0
qz [A71]

Figure 6.18: Ex situ XRR scans of neat dbSeQ, neat PEN, bilayer dbSeQ/PEN
and co-deposited dbSeQ:PEN 1:1 films grown at RT. All curves are vertically offset
for clarity:.

XRR scans for the co-deposited dbSeQ:PEN 1:1 film reveal two PEN-related
Bragg peaks at ¢. = 0.4 A~! and ¢. = 0.8 A~!. Similarly to the bilayer film, we
observe no new features related to mixed phase.

In conclusion, we found that how PEN influences dbSe(Q) in the RT-grown
heterostructures that incorporate both compounds. For the bilayer film, we
observed large islands of dbSeQ), in the um range which characterizes by the large
inter-island distances which are in a good agreement with GISAXS data. The
roundness of the dbSeQ islands is slightly higher than for the neat dbSe(Q film.
The XRR data for the dbSeQ/PEN bilayer film showed no new peaks characteristic
for the new phase of dbSeQ on the PEN. For the co-deposited dbSeQ:PEN 1:1
film, it is evident that both compounds exhibit a phase separation scenario. The
real-space morphology showed the needle-like dbSeQ) islands along the islands
of PEN. A good correlation between GISAXS and AFM data was found for the
co-deposited film.
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6.4 Crystalline structure of the films

In order to achieve a more complete understanding of the in-plane and out-of-
plane structures of mixed and bilayer films, a series of GIWAXS experiments were
conducted. In this section, we present ex situ GIWAXS data for films grown at
RT. Initially, the discussion will cover bilayer and co-deposited dbSeQ thin films
containing DIP, and then heterostructures incorporating dbSeQ and PEN. The
GIWAXS data for neat DIP and PEN thin films is well known in the literature
(199, 267], and the GIWAXS results of dbSe(Q were described in detail in a previous
chapter (Sec. 5.5).

6.4.1 Crystalline structure of the heterostructures
incorporating dbSeQ and DIP

GIWAXS data for the bilayer dbSeQ/DIP film grown at RT are presented in
Fig. 6.19 (a). As it was stated in Sec. 5.5, dbSeQ at RT grows with randomly
oriented domains, so thin films of dbSeQ grown at RT show the Debye-Scherrer
rings at ¢ = 0.50, 0.79, 0.85, 1.00, 1.34 A" with the maximum of intensity aligned
along ¢, and rings at ¢ = 1.69 2.03, 2.26 A7 with the maximum of intensity
aligned along ¢,,. The measured pattern for the bilayer film reveal the presence of
pronounced intensity peaks, which are predominantly attributed to DIP (truncation
rods at ¢, = 1.17 and 1.48 A" and a bright peak at ¢,, =0, ¢, = 0.37 A_l). All
these peaks belong to the o-phase of the DIP [199], while the weak Debye-Scherrer
rings (¢ = 0.50, 0.85 and 1.05 A_l) are related to dbSeQ. The absence of new
features in GIWAXS data indicates the weak influence of DIP on dbSeQ.
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Figure 6.19: GIWAXS data for: Bilayer film of dbSeQ/DIP grown at RT (a).
Co-deposited film of dbSeQ:DIP 1:1 (b). Blue dashed circles indicate peaks from
dbSeQ), green (o-phase with preferred [001] orientation) and cyan (A-phase with
preferred [100] orientation) circles indicate peaks from DIP.
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The results obtained for the co-deposited dbSeQ:DIP 1:1 film confirm previous
suggestions about the phase separation during the co-deposition. In Fig. 6.19 (b)
we observe intense peaks of DIP (truncation rods at ¢, = 1.17, 1.48, 1.71 At

and two peaks at ¢, = 0, ¢. = 0.37 A7 and Gy = 0, ¢. = 0.72 Afl) and
weak Debye-Scherrer rings related to dbSeQ (¢ = 0.50,0.85 and 1.05 A_l). We

observe the absence of new features indicative of a new mixed crystalline structure
or enhanced long-range order in the co-deposited film; however, there is a peak
at gzy = 0.37 A_l, q. = 0 which corresponds to A-phase of DIP, indicating the
partial reorientation of DIP molecules due to the presence of dbSeQ. This confirms
our previous suggestion that the co-deposited dbSeQ:DIP films undergo phase
separation of both components.

In summary, the GIWAXS data for bilayer dbSeQ/DIP film confirmed our
previous suggestions about the limited impact of the templating layer on the
overlayer of dbSeQ. GIWAXS data for the co-deposited dbSeQ:DIP 1:1 film,
confirmed our previous hypothesis regarding the phase separation in such complexes.
Interestingly, we observed the signal attributed to the A-phase of DIP in thin films,
indicating the influence of dbSe(Q on the orientation of the DIP molecules in the
co-deposited film at RT.

6.4.2 Crystalline structures of the heterostructures
incorporating dbSe@Q and PEN

GIWAXS data for the bilayer dbSeQ/PEN film grown at RT are presented in
Fig. 6.20 (a). Similarly to bilayer films of dbSeQ with DIP, we do not observe
new features characteristic for a new orientation of dbSeQ. We see that the
two pronounced and elongated Bragg peaks related to PEN at ¢,, = 1.35 and
1.65 A=! and two high-intensity peaks in the region above ¢. = 0.30 A~! belong
to the o-orientation of the PEN [199]. The weak Debye-Scherrer rings around
¢zy = 0.50, 0.85 and 1.00 A-1 are similar to those of RT-grown dbSeQ on the
Si/SiO, substrate. The absence of new features in GIWAXS data indicates the
weak influence of the PEN layer on dbSeQ.

Before discussing GIWAXS patterns of mixed films dbSeQ:PEN, it is important
to note that PEN growth at RT on a Si/SiO, substrate is characterized by multiple
phases dependent on the thickness of the thin film [80]. The elongated peaks at
Gzy = 1.35 and 1.65 A~! and the peaks at ¢. = 0.40 and 0.80 A~' are in complete
correspondence with the previously performed data for the o-orientation of PEN
molecules in thin films grown at RT [199]. The weak Debye-Scherrer rings around
¢zy = 0.50, 0.85 and 1.00 A~ are similar to those of RT-grown dbSeQ on the
Si/SiO, substrate. For the co-deposited dbSeQ:PEN 1:1 film there are no new
diffraction peaks indicative of a new mixed crystalline structures. However, we
observe an intense peak at g, = 0.16, ¢. = 0.42 A_l that corresponds to the
tilted by 21° Holmes bulk phase of PEN [268]. We attribute the appearance of
this phase of PEN to the influence of dbSeQ in the mixture.
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Figure 6.20: GIWAXS data for: Bilayer film of dbSeQ/PEN grown at RT (a).
Co-deposited film of dbSeQ:PEN 1:1 (b). Blue dashed circles indicate peaks from
dbSeQ), green (o-phase with preferred [001] orientation) and cyan (A-phase with
preferred [001] orientation) circles indicate peaks from PEN.

In summary, the GIWAXS data for the heterostructures with dbSeQ and PEN
showed results quite similar to those of the heterostructures that incorporate
dbSeQ and DIP. For the bilayer dbSeQ/DIP film, we confirmed our previous
suggestions about the limited impact of the templating layer on the overlayer of
dbSeQ. GIWAXS data for the co-deposited dbSeQ:PEN 1:1 film confirmed our
previous hypothesis regarding the phase separation in such complexes. However,
we observed the signal attributed to the bulk-phase of PEN in thin films, indicating
the influence of dbSe( on the orientation of the PEN molecules in the co-deposited
film at RT. These findings are consistent with the results obtained previously from
the AFM and XRR analysis.

6.5 Optical Properties

For the optical characterization of the thin films, we employed transmission ab-
sorption spectroscopy in the UV-Vis range. This technique is non-invasive and
allows us to obtain relatively quick information on absorption spectra of the thin
film. The optical characterization of neat DIP and PEN thin films is well known in
the literature [86, 128, 266, 269], and the optical data of dbSeQ were described in
detail in Sec. 5.6. Initially, the discussion will cover bilayer and co-deposited dbSeQ
thin films containing DIP, and then bilayer and mixed dbSeQ films incorporating
PEN. The optical characterization of all films was performed ex situ.
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6.5.1 Optical characterization of the heterostructures
incorporating dbSeQ and DIP

The absorption spectrum of the bilayer dbSeQ/DIP film in Fig. 6.21 demonstrates
minor (0.02-0.05 eV) discrepancies in peak position compared to the absorption of
the neat DIP film. As expected, we see no changes in spectra for the bilayer film
compared to the neat compounds, all of the features arising from the superposition
of the dbSe@ and DIP absorption curves. The dbSeQ-related peaks (2.50, 2.85,
3.17, 3.90 and 4.89 eV) in the bilayer film are practically invisible because of the
much greater absorption of DIP in the UV-Vis range and there are no new peaks
emerge.

As previously outlined, the dbSeQ spectrum exhibits three prominent peaks in
the region preceding 3.25 eV. These peaks include a high-intensity peak at 2.85 eV
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Figure 6.21: Optical absorption spectra in UV-Vis region for the various thin
films incorporating dbSeQ) and DIP, normalized to the film thickness. Gaps at
about 1.5 eV originate from the switch of the detector.

and two low-intensity peaks at 2.50 eV and 3.17 eV, respectively. In the same
range, DIP exhibits weak peaks at 2.21, 2.38, and 2.58 eV. According to Nichols
et al. [269], these peaks correspond to a vibronic progression. There is also a
peak at 2.81 e¢V. This is in full agreement with previous works, such as Duva et
al. [270]. The absorption spectrum of the co-deposited dbSeQ:DIP 1:1 film shows
an indication of the A-phase of DIP in co-deposited film. This is evident from the
different relative intensity of the low-energy peaks (2.27, 2.47, 2.67 and 2.80 eV)
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compared to the RT-grown DIP film [199]. It confirms that the dbSeQ in the
mixture influences the orientation of DIP unit cells, as was shown by GIWAXS
before. Furthermore, presence of dbSeQ in the mixture causes a decline in the
intensity of the peaks above 3 eV, compared to neat DIP, which can also be
attributed to the influence of dbSeQ.

In summary, the UV-Vis data for bilayer dbSeQ/DIP film confirmed our previous
suggestions about the limited impact of the templating layer on the overlayer of
dbSeQ. UV-Vis data for the co-deposited dbSeQ:DIP 1:1 film showed that the
majority of the absorption peaks arise from the superposition of neat compounds,
which confirms our previous hypothesis regarding the phase separation in such
complexes. We found another confirmation of the presence of the A\-phase of DIP
in thin films, indicating the influence of dbSeQ on the orientation of the DIP
molecules in the co-deposited film at RT.

6.5.2 Optical characterization of the heterostructures
incorporating dbSe(Q and PEN

The absorption spectrum of the bilayer dbSeQ/PEN film in Fig. 6.22 demonstrates
minor discrepancies in the peak position compared to the absorption of neat PEN
film. We observe the presence of high-intensity PEN-related peaks between 1.6
and 2.5 eV, namely at 1.83, 1.94, 2.09, and 2.25 eV. In PEN molecules, the TDM
is oriented along the short molecular axis, resulting in amplified absorption in
the transmission geometry for RT-grown films containing PEN. Similarly to the
bilayer dbSeQ/DIP film, we observe no changes in spectra for the bilayer film
compared to the neat compounds, all of the features arising from the superposition
of the dbSeQ and PEN absorption curves. In the region between 2.3 and 3.2 eV,
where PEN does not have significant absorption features, we observe pronounced
dbSeQ-related absorption peaks. In the high-energy range the broad peaks of PEN
at 4.3 and 5.1 eV are observed. It is evident that no new peak emerges, indicating
a negligible influence of the PEN layer on the absorption spectrum of the bilayer
film.

The absorption spectrum of the co-deposited dbSeQ:PEN 1:1 film shows an
indication of the different polymorphs of PEN in co-deposited film, which is
evident from a change in relative peak intensities for peaks in the energy range
of 1.5 — 2.6 eV [271]. We attribute this observation to the influence of dbSeQ on
PEN in the co-deposited film, as was shown by GIWAXS data before.

In summary, we observe that the RT-grown films incorporating dbSeQ and PEN
do not show the new absorption features compared to pure compounds. This
serves as additional evidence that the film structure did not change as a result
of the change in the deposition surface. There is no evidence of charge transfer
or intermixing in absorption spectra for co-deposited films with PEN as well as
for bilayer films with PEN. In the analogous manner to co-deposited dbSeQ:DIP
1:1 film we observe the presence of different phase of PEN in the co-deposited
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Figure 6.22: Optical absorption spectra in UV-Vis region for the various thin
films incorporating dbSe() and PEN, normalized to the film thickness. Gaps at
about 1.5 eV originate from the switch of the detector.

dbSeQ:PEN 1:1 film which we attribute to the influence of dbSe(@ on PEN.

6.6 Summary and conclusion

In this section, we offer a comprehensive summary of the results obtained in
this chapter, thereby facilitating the drawing of the most profound conclusions
about co-deposited and bilayer dbSeQ films with DIP and PEN grown at different
substrate temperatures. Initially, the discussion will cover co-deposited and bilayer
dbSeQ thin films containing DIP, and then co-deposited and bilayer dbSe(Q films
incorporating PEN.

6.6.1 Summary and conclusion on films with DIP

The growth of dbSeQ on top of a DIP film at RT results in large, rough, needle-like
islands of dbSe( with a correlation length exceeding the experimental resolution.
Compared to a neat dbSeQ film, the crystallites of dbSeQ grown on DIP are more
elongated. From the AFM data, we found that the correlation length is so large
because of the overlap of the islands of dbSeQ. From the AFM data we found out
the correlation length is so high because of the overlap of the islands of dbSeQ.
Additional characterization by XRR, GIWAXS, and absorbance spectroscopy did
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not show signs of a different crystalline and electronic structures. The results
indicated that the morphology of the bilayer films was influenced by the underlying
layer; however, no significant changes in the crystallinity or the new phase of the
dbSeQ layer were observed for the RT-grown bilayer films with DIP as a bottom
layer. Optical characterization confirmed the absence of distinctive features due to
the bilayer architecture, supporting the conclusion of negligible structural changes
induced by the planar heterojunction. Annealing to 333 K showed that the bilayer
films remained stable; the growth and annealing schema of RT-grown bilayer
dbSeQ/DIP film is presented in Fig. 6.23.
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Figure 6.23: Schematic representation of growth and annealing behavior of
RT-grown bilayer dbSeQ/DIP film. Dapseq, Dpip stand for correlation lengths of
dbSe(Q) and DIP, respectively.

The growth of dbSeQ on top of the DIP film at LT is characterized by the
inheritance of the correlation length of the DIP by dbSeQ at the beginning of
the deposition and a subsequent, fast increase of the correlation length beyond
the resolution limit of the experiment. Similarly to the growth of neat dbSeQ
at LT, we observe continuous layer growth for the bilayer film. The analysis of
post-growth and annealing data reveals that the layer of dbSeQ on DIP has a low
roughness that remains stable until annealing to 273 K. After this temperature, we
observed only DIP-related scattering features as a result of the strong dewetting
of the dbSeQ film. We assume that the dbSeQ layer desorbs from the film, leaving
only the DIP layer. Notably, the dbSeQ layer does not prevent DIP from the
bottom layer from reorientation to its o-phase during annealing of the film to
RT. The growth and annealing schema of RT-grown bilayer dbSeQ/DIP film is
presented in Fig. 6.24.
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Figure 6.24: Schematic representation of growth and annealing behavior of
LT-grown bilayer dbSeQ/DIP film. Dgapseq, Dprp stand for correlation lengths of
dbSe(Q) and DIP, respectively.
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Analysis of the growth of co-evaporated dbSeQ:DIP 1:1 film at RT reveals a clear
phase separation of the two compounds after the completion of the first monolayer.
The GISAXS measurements showed two distinct in-plane correlation lengths, which
belong to each of the deposited materials. We speculate that dbSeQ and DIP are
mixing in the beginning of the deposition when the monolayer of DIP is formed. In
the co-deposited film, the morphology has not shown significant changes compared
to that of the neat compounds. However, the dbSe(Q islands in the co-deposited
film are shorter and exhibit a more circular shape in comparison to those observed
in the neat dbSeQ film at RT. We found that the inter-island distances for dbSeQ
in co-deposited film are smaller compared to the growth of neat dbSeQ at RT.
Interestingly, the presence of dbSeQ in the co-deposited allows DIP to form only
one closed monolayer, instead of 3-5 monolayers, as was previously found for neat
DIP film. The subsequent annealing showed the increase in the correlation length
for the dbSeQ islands, indicating low impact of DIP on the thermal stability of
co-deposited film. Additionally, we observe the presence of the A-phase of DIP
molecules in the co-deposited film, which can also be attributed to the influence
of dbSeQ. In the absorption spectrum, we observed peaks that can be described
by superposition of the individual components, confirming our suggestion about
the phase separation. The growth and annealing schema of RT-grown bilayer
dbSeQ/DIP film is presented in Fig. 6.25.
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Figure 6.25: Schematic representation of growth and annealing behavior of RT-

grown co-deposited dbSeQ:DIP 1:1 film. Dgpseq, Dpip stand for correlation lengths
of dbSe(Q and DIP, respectively.

6.6.2 Summary and conclusion on films with PEN

For the growth of dbSeQ on PEN film at RT, we observe the same growth behavior
as for the bilayer dbSeQ/DIP film, where the correlation length of dbSeQ is large
and rapidly exceeds the experimental resolution. From the AFM data, we observe
the large overlapping islands of dbSeQ. We do not observe the influence of the PEN
layer on the optical or structural properties of dbSeQ. Optical characterization
confirmed the absence of the templating effect that is evident from the absence of
new signals in the UV-Vis spectrum. We have not observed the distinct in-plane
correlation length scales in GISAXS experiments due to the rough nature of both
components and length scales beyond the resolution of the experimental setup, as
presented in Fig. 6.26.
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Figure 6.26: Schematic representation of growth and annealing behavior of bilayer
dbSeQ/PEN film at RT. Dapseq, Dprn stand for correlation lengths of dbSe@ and
PEN, respectively.

The growth of the co-deposited dbSeQ:PEN 1:1 film at RT is characterized by
large inter-island distances beyond the experimental resolution for both compounds.
We observe a growth pattern that resembles the one for co-deposited dbSeQ:DIP 1:1
film. We assume that, likewise the co-deposited film with DIP, the co-deposited
film with PEN exhibits phase-separation from the beginning of the deposition but
cannot prove it due to the fact that we have not observed the distinct in-plane
correlation length scales in GISAXS experiments. From absorption spectroscopy,

D gpseq
D gpseq X
"

TTRTINTOTY . . "
DB AW w WD NN
—

Figure 6.27: Schematic representation of growth and annealing behavior of
co-deposited RT-grown dbSeQ:DIP 1:1 film. Dapseq, Dpen stand for correlation
lengths of dbSe() and PEN, respectively.

we found that for the co-deposited film a different PEN phase appeared. In
addition, optical measurements proved our initial suggestions about the clear phase
separation for RT grown films, which was proved by the absence of the new peaks
in the UV-Vis spectrum. Morphology studies did not show significant changes in
morphology compared to neat compounds. The growth and annealing schema of
the film is presented in Fig. 6.27.

We demonstrate the growth behavior of the dbSeQ in various heterostructures
and how it can be influenced by the substrate temperature. Our results provide
crucial insight into the understanding of growth mechanisms in donor-acceptor
blends, which could be used for the development of device architectures.
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Part 1V

Conclusions and outlook






Chapter 7

Conclusions

This thesis provides insights into the growth and annealing behavior of thin films
of m-conjugated molecules of selenadiazole. We prepared and analyzed a variety of
thin films under different growth conditions, both ex situ and in situ to characterize
growth and reveal post-growth effects. We also have grown various heterojunctions
of dbSeQ with donor semiconductor molecules diindenoperylene and pentacene in
BHJ and PHJ. The real-time experiments helped us to observe the morphology
evolution during film deposition and allowed us to make some suggestions about
growth behavior. Optical characterization served as an additional instrument
for obtaining information on the electronic structure of neat and co-deposited
compounds.

It was found that dbSeQ on Si/SiO, at RT grows in the form of rough, randomly
oriented, needle-shaped, long crystallites. The correlation distances obtained by
GISAXS and AFM are in the sub-um range. dbSeQ crystallizes predominantly in
the o-phase, where the molecules are standing with a tilted edge-on configuration.
The absorption spectrum in the UV-Vis range exhibits five distinct peaks and
resembles the one measured in solution.

Conversely, the growth of dbSeQ at LT is characterized by significantly smaller
correlation lengths and lower roughness, compared to the RT-grown film, which
we attribute to the change in the molecular orientation of dbSeQ. It was observed
that the low thermal stability of the LT-grown dbSe(@ films resulted in strong
dewetting during their annealing to RT. This, in turn, resulted in high roughness
of the resulting film. The resulting islands are generally smaller and more circular
than that observed for the RT-grown film. From the GIWAXS results, it is evident
that the crystallites are oriented in the A-phase in contrast to the o-phase formed
during growth at RT. This change in the molecular orientation leads to alterations
in the absorption spectrum, resulting in a variation in the relative intensity of the
peaks, as was previously found for different organic films grown at RT and LT.[199]

The growth of dbSeQ on top of a DIP film at RT results in large, rough,
needle-like islands of dbSeQ with a correlation length exceeding the experimental
resolution. Compared to a neat dbSeQ film, the crystallites of dbSeQ grown on DIP
are more elongated. From the AFM data, we found that the correlation length is
so large because of the overlap of the islands of dbSeQ. Additional characterization
by XRR, GIWAXS, and absorbance spectroscopy did not show signs of a different
crystalline nor electronic structure.

The growth of dbSeQ on top of the DIP film at LT has several differences
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compared to the growth of neat dbSeQ. At the beginning, the correlation length of
dbSeQ is equal to that of DIP, which means that dbSeQ grows in the gaps between
DIP islands. After the initial stage, a subsequent fast increase in the correlation
length beyond the resolution limit of the experiment is observed. Notably, the
decay of the correlation length of dbSeQ in the bilayer is almost five times slower
than that for the neat compound. From the XRR it is evident that the layer of
dbSeQ on DIP has a low roughness that remains stable until annealing to 273 K.
Above this temperature, we observed only DIP-related scattering features as a
result of the strong dewetting of the dbSeQ film. Interestingly, the dbSe(Q layer
does not prevent DIP from the bottom layer from reorientation to its o-phase
during annealing of the film to RT.

The growth of co-evaporated dbSeQ:DIP 1:1 film at RT is characterized by
mixing of both compounds in the first monolayer. After the first layer is closed,
a phase separation growth scenario occurs. In the co-deposited film, the dbSeQ
islands are smaller and exhibit more circular shape in comparison to those observed
in the neat dbSeQ film at RT. We found that the inter-island distances for dbSeQ
in the co-deposited film are smaller compared to the growth of neat dbSe( at RT.
Interestingly, the presence of dbSe( in the co-deposited film allows DIP to form
only one closed monolayer, instead of 3-5 monolayers, as was previously found
for neat DIP. Sterical competition of the islands of both compounds results in
smaller dbSeQ islands compared to those of neat dbSeQ. Additionally, we observe
the presence of the A-phase of DIP in the co-deposited film which can be also
attributed to the influence of dbSeQ.

For the growth of dbSeQ on PEN at RT, we observe the same growth behavior
as for the dbSeQ growth on DIP. The correlation length of dbSeQ is large and
rapidly exceeds the experimental resolution. From the AFM data, we observe
large overlapping islands of dbSeQ. The PEN layer has virtually no impact on the
optical or structural properties of dbSeQ.

Co-deposited dbSeQ:PEN 1:1 films at RT exhibit is characterized by large inter-
island distances in the sub-um range for both compounds. We observe a growth
pattern that resembles that of the co-deposited dbSeQ:DIP 1:1 film. We speculated
that, likewise to the co-deposited film with DIP, the co-deposited film with PEN
exhibits a phase-separation growth scenario. From absorption spectroscopy and
GIWAXS, we found that for the co-deposited film a tilted Holmes bulk phase of
PEN appeared.

We studied the growth behavior of dbSe(Q in various heterostructures and how it
can be influenced by the substrate temperature. The general trend for the growth
of neat and bilayer films at RT is the formation of rod-shaped islands of dbSe(,
with inter-island distances in the sub-pum range. Neat and bilayer films deposited
at LT exhibit low roughness and a correlation length of ~ 60 nm, which is of the
order of magnitude smaller than for RT-growth. The annealing of these films to
RT leads to strong dewetting. Simultaneous deposition of dbSe@ and DIP at RT
leads to a clear phase separation, but for the co-deposited film with DIP mixing
occurs in the first monolayer. The islands of dbSeQ are generally smaller in the
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co-deposited films than those of neat dbSeQ, because of the sterical competition
of the islands of both compounds. Additionally, it was found that the presence
of dbSeQ in co-deposited films leads to the appearance of a different phase of
the second compound. Our results provide crucial insight into the understanding
of growth mechanisms in donor-acceptor blends. We expect that the growth
scenarios for dbSeQ in combination with DIP and PEN can be transferred to other
rod-shaped OSCs. The search for other binary mixtures that can enhance the
thermal stability and structural order of films with dbSe(Q is underway.
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Chapter 8

Outlook

This thesis provides valuable information on the structure and growth behavior
of dbSe@ and its blends with DIP and PEN, while raising several questions for
future research and leaving room for improvement.

e We found that at LT, dbSeQ forms a smooth film. However, the question
about the crystallinity of the film is still open. Additional in situ real-
time XRR and GIWAXS studies for the LT-grown film could track the
roughness evolution and answer the question of whether the film is crystalline
or amorphous? If it is crystalline, how does annealing change its crystalline
structure?

e Our growth studies would be helpful in tailoring the length scales according
to the needs. The important direction for future research would be the
development of encapsulation techniques to prevent LT-grown dbSeQ from
annealing effects.

e Another idea is to create a PHJ with DIP or PEN at LT, but to use dbSeQ
as a templating layer. We assume that it could increase the thermal stability
of the dbSeQ film and weaken the dewetting.

e The growth of the thin film on strongly-interacting substrates such as metals
or on the oriented mica could improve the crystallinity of dbSeQ and might
change the orientation of the unit cell of dbSeQ.

e We have shown that both co-deposited films with dbSeQ exhibited phase
separation, meaning that dbSeQ has the potential to be implemented as
a spacer material to tailor the length scales of other materials in the co-
deposited films.

e More detailed XRR studies during annealing of the LT-grown neat dbSeQ film
would allow us to define the exact temperature at which desorption occurs. In
contrast, the growth of neat dbSe() at other substrate temperatures between
173 and 273 K would answer the question at which temperature dbSe(Q
change orientation on the substrate.
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Chapter 9

Appendix

This chapter presents supplementary data for the results discussed in Chap. 5,
focusing on the characterization of dbSeQ films. The additional data includes
AFM/SEM images and fitting procedures for the AFM and GISAXS data.

9.1 Additional morphology investigations

In order to compare the morphologies of the dbSe( thin films with known materials,
we deposited thin films of DIP and PEN, where both films have a nominal thickness
of 3 nm. The resulting images are presented in Fig. 9.1. We observe that the
islands of PEN and DIP are more uniform than those for dbSeQ. The surface
coverage for both films (~83 % and ~57 % for DIP and PEN, respectively) is
significantly larger compared to the films of dbSeQ with comparable or higher
thicknesses.
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Figure 9.1: AFM images of thin films with a nominal thickness of 3 nm grown at
RT: DIP (a), PEN (b). The height scale is given in nm.

In Fig. 9.2 we present an example of analysis of HHCF from the raw AFM
image (Fig. 9.2 (a)). As a first step, we employed grain detection procedures
using the watershed algorithm (red mask in Fig. 9.2 (b)). It allows us to extract
the height-height correlation function (HHCF) with in-built functions in the
Gwyddion software. After extraction, we are able to fit it with a Gaussian function:
f(x) = 2021 —exp(—(x/£)?)], where o and ¢ are the roughness and correlation
length, respectively. The fit result is depicted in Fig. 9.2 (c).
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Figure 9.2: AFM scan of dbSeQ thin film with a nominal thickness of 12 nm
grown on Si/Si0O, (a). Example of marking grains by watershed algorithm, where
the grains are marked by red color (b). HHCF and its fit by Gaussian function (c).
The height scale for AFM images is given in nm.

Because AFM measurements do not always produce clear and defect-free images,
as an additional real space characterization method, we picked a SEM. The
resulting images for different thin films are presented in Fig. 9.3. We observed a
good convergence between AFM and SEM data, confirming the quality of AFM
images. This fact is important for the AFM analysis presented earlier in Sec. 5.4.

Figure 9.3: SEM images of dbSeQ thin films grown at RT: d = 36 nm (a),
d = 12 nm (b).
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9.2 Additional XRR data

We performed series of ex situ and in situ XRR experiments, where the results are
presented in Fig. 9.4. From the Fig. 9.4 (a) and (b) it is evident that the tendency
of dbSe(@ to grow as a rough film remains unchanged with a film thickness. We
observe no scattering features for those scans, which we attribute to the high
roughness that does not not change with thickness. For the LT-grown film depicted
in Fig. 9.4 (c) we observe the absence of scattering features due to high roughness.
This finding correlates with the AFM data and we suggest that the high roughness
is a result of dewetting that occurs during the annealing of the film to RT. The
AFM image of the RT-grown film with a high deposition rate (Fig. 5.16 (d)) reveals
that the roughness of the film is relatively low compared to other RT-grown films.
The XRR of this film is presented in Fig. 9.4 (d) and does not show the prominent
features, even within the higher ¢,-range.

a b c

— 107 — 1071
2 £ 1072 £

5 5 5

4 -3 g d -3
g 10 s ” s 10
kA & 10 A
2105 2 2107°
@ 2 10-6 2

[ [0} [

€ € € 1077
£ 107 £ £

0.0 0.2 0.4 00 02 04 06 08 10
q[A1] q[A]
10°
_ 107 d 107 e B
£ 2 £107!
= c =
2 10-3 2103 R
g 10 _g g 102
21075 21075 2107
-4
€ 107 £ 107 5 10
10-5
0.0 05 1.0 15 0.0 05 1.0 15 005 010 015 020
qlA] alA] alA]

Figure 9.4: Ezx situ XRR scans of dbSeQ) thin films grown on Si/SiO, substrate,
with deposition rate 0.3 nm/min: RT-grown film, demm = 20 nm (a). RT-grown
film, dpom = 10 nm (b) LT-grown film, d,,;, = 30 nm (c¢). RT-grown film with
high deposition rate 1 nm/min, d,em, = 50 nm (d). RT-grown film with nominal
thickness d, o, = 30 nm on the glass substrate. XRR scan was taken with higher
exposure time (e). In situ XRR scan for the RT-grown film taken with high-
intensity X-ray source. Nominal thickness d,,,, = 30 nm (f). The inset shows the
fit result of the Kiessig fringes. All the y-axes are in logarithmic scale. Note that
each image has different q-range.

It is evident that the presence of significant noise becomes discernible in all the
aforementioned scans, particularly at higher ¢, values, beyond which the scattered
signal from the surface exhibits a decrease in intensity relative to regions of material
near-critical angles [272]. In an effort to enhance the signal and mitigate noise,
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the exposure time for a specific point was increased from 30 to 90 seconds. The
resulting curve, presented in Fig. 9.4 (e), does not exhibit prominent reflectivity
features, even upon closer examination.

A further attempt to detect features for RT-grown films was made in situ,
directly after depositing a film with a nominal thickness of 20 nm with a source
of the high brilliance at the ESRF synchrotron facility. The results are depicted
in Fig. 9.4 (f). At first glance, the curve exhibits local minima, indicating its
suitability as a candidate for fitting. To analyze the reflectivity data, we employed
a custom-developed program based on the "refnx” data analysis package [206].
The inset in Fig. 9.4 (f) displays the fit result for the experimental data. The
fitting yielded the following parameters: d = 1140.2 nm and opys = 3+ 1 nm.
These results are not correlate with a real data, which makes the analysis not
reliable.

9.3 Additional GISAXS data

The section 5.2 contains the part about the evaluation of GISAXS data from
raw patterns. In this section, several details about curve fitting that were not
disclosed previously are added. In the current example, three peaks are being fitted,
corresponding to the central and two side peaks in the GISAXS patterns. The
side peaks in the current example are fitted with asymmetric Lorentzian functions
(denoted "aLorentzian” in Fig. 9.5) and the central peaks is fitted as a combination
of two Lorentzian functions (denoted as Lorentzian in Fig. 9.5).
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Figure 9.5: Example of the peak fitting procedure for one of GISAXS patterns
taken during the growth of neat dbSe( film at L'T. The right part of the image
contains separate functions are used in combination to create the best fit. The
central part of the data is fitted with two Lorentzian functions.

The present procedure is designed to estimate the peak parameters, including
the peak position, width, and height (intensity). These parameters were used for
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the physical interpretation of the results.
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List

AFM
BA
BHJ
BL
CCD
CT
CVD
dbSeQ
DESY
DIP
DWBA
EA

ES
ESRF
FWHM

of Abbreviations

Atomic Force Microscopy
BornAgain

Bulk Heterojunction

Bilayer

Charge-Coupled Device

Charge Transfer

Chemical Vapor Deposition
Dibenzoselenadiazoloquinoxaline
Deutsches Elektronen-Synchrotron
Diindenoperylene

Distorted Wave Born Approximation
Electron Affinity

Ehrlich-Schwoebel barrier

European Synchrotron Radiation Facility

Full Width at Half Maximum

GISAXS Grazing Incidence Small Angle X-Ray Scattering

GIWAXS Grazing Incidence Wide Angle X-Ray Scattering

HOMO
HHFC
IE

IGP
LCAO

Highest Occupied Molecular Orbital
Height-Height Correlation Function
Ionization Energy
Ion Getter Pump

Linear Combination of Atomic Orbitals



138

LT
LUMO
OMBD
OLED
OFET
OPV
0SC
OTFT
PEN
PHJ
PL
PVD
QCM
RMS
RT
SAXS
SEM
TDM
TMP
TSP
UHV
UV-Vis
VL
XRR

Low Temperature

Lowest Unoccupied Molecular Orbital
Organic Molecular Beam Deposition
Organic Light Emitting Diode
Organic Field-Effect Transistor
Organic Photovoltaics

Organic Semiconductor
Organic Thin-Film Transistors
Pentacene

Planar Heterojunction
Photoluminescence

Physical Vapor Deposition
Quartz Crystal Microbalance
Root Mean Square

Room Temperature

Small Angle X-Ray Scattering
Scanning Electron Microscopy
Transition Dipole Moment
Turbomolecular Pump
Titanium Sublimation Pump
Ultrahigh Vacuum
Ultraviolet-Visible

Vacuum Level

X-Ray Reflectivity
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