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Abstract

Organic semiconductors are a versatile group of materials with potential to augment inorganic semicon-
ductors, especially in applications such as OLEDs. When formed into amorphous films, organic semi-
conductors offer mechanical flexibility, enabling the creation of novel form factors for optoelectronic
devices. Despite facing challenges such as low luminance efficiency and limited operational lifespans at
higher voltages, there is strong optimism about their potential for improvement, driven by the diverse
range of chemical compositions within this material class.

Discovering and synthesizing materials with specific desired properties solely through experimental
experience and trial-and-error approaches can be a daunting task. To complement and enhance this
approach, it is essential to integrate computational models into the discovery process. These compu-
tational tools become increasingly important in material science, particularly in OLED engineering.
Through the combination of experimental insights and theoretical simulations, researchers can stream-
line the design of materials with desired properties in a more efficient and effective manner.
Computational tools of this nature must span extensive time and length scales, necessitating the inte-
gration of diverse methods ranging from quantum chemistry to mesoscopic transport models. These
methods can be embedded within scale-bridging computational workflows that enable property predic-
tion. In this work, I integrated existing methods into multiscale workflows to conduct computational
investigations into charge carrier mobility, luminance efficiency during device operation, and acceler-
ated long-term lifetime studies using the kinetic Monte Carlo method.

One of the developed workflows aims to investigate how molecular geometry and electronic structure
of the employed molecules are influenced by structural dynamics. This analysis expands an existing
mobility simulation workflow by integrating molecular dynamics as an additional dimension.

In addition to this study where molecular properties are translated into transport properties of amor-
phous structures, comprehensive device simulations have been performed to assess the impact of device
architectures on luminance efficiency. The goal is to systematically identify performance bottlenecks
and establish design rules for devices that can mitigate severe roll-off processes. As a final step, a compu-
tational degradation model was developed capable of simulating molecular degradation and luminance

loss across a wide range of devices under various operating conditions.



Zusammenfassung

Organische Halbleiter sind eine vielseitige Gruppe von Materialien mit dem Potenzial, anorganische
Halbleiter zu erginzen, insbesondere in Anwendungen wie OLEDs. Wenn sie zu amorphen Filmen
geformt werden, bieten organische Halbleiter mechanische Flexibilitat, was die Schaffung neuartiger
Formfaktoren fiir optoelektronische Gerite ermdglicht. Trotz Herausforderungen wie geringer Effizienz
und begrenzter Betriebsdauer bei hoheren Spannungen herrscht eine starke Zuversicht hinsichtlich
ihres Verbesserungspotenzials, angetrieben durch die Vielfaltigkeit von chemischen Zusammensetzun-
gen innerhalb dieser Materialklasse. Die Entdeckung und Synthese von Materialien mit spezifisch
gewiinschten Eigenschaften allein durch experimentelle Erfahrung und Trial-and-Error-Ansatz, kann
eine anspruchsvolle Aufgabe sein. Um diesen Ansatz zu ergénzen und zu verbessern, ist es unerlésslich,
theoretische Modelle in den Entdeckungsprozess zu integrieren. Diese Simulations-Werkzeuge spie-
len eine zunehmend wichtige Rolle in der Materialwissenschaft, insbesondere in der Entwicklung von
OLEDs. Durch die Kombination experimenteller Erkenntnisse und theoretischer Simulationen kénnen
Forscher die Entwicklung von Materialien mit gewiinschten Eigenschaften effizienter und effektiver
vorantreiben. Simulatons-Tools dieser Art miissen umfangreiche Zeit- und Langenskalen abdecken
und erfordern die Integration verschiedener Methoden von der Quantenchemie bis zu mesoskopis-
chen Transportmodellen. Diese Methoden kénnen in Multiskalen Simulationen eingebettet werden,
die die Vorhersage von Eigenschaften ermoglichen. In dieser Arbeit habe ich bestehende Methoden in
Multiskalen-Simulationen integriert, um computergestiitzte Untersuchungen zur Ladungstragermobil-
itat, zur Leuchtdichte-Effizienz wihrend des OLED-Betriebs und zur Untersuchung von -Lebensdauer
unter Verwendung der kinetischen Monte-Carlo-Methode durchzufithren. Einer der entwickelten Ar-
beitsablaufe zielt darauf ab, zu untersuchen, wie Geometrie und elektronische Eigenschaften der ver-
wendeten Molekiile durch strukturelle Dynamik beeinflusst werden. Diese Analyse erweitert einen
vorhandenen Mobilitatssimulations-Workflow durch Integration molekularer Dynamik als zusatzliche
Dimension. Zusatzlich zu dieser Studie, in der molekulare Eigenschaften in Transporteigenschaften
amorphen Strukturen iibersetzt werden, wurden umfassende Geratesimulationen durchgefiihrt, um den
Einfluss von Geratearchitekturen auf die Leuchtdichte-Effizienz zu bewerten. Das Ziel ist es, Leis-
tungsengpésse systematisch zu identifizieren und Designregeln fiir Gerite festzulegen, die effizienz
mindernde Prozesse reduzieren konnen. Als abschliefender Schritt wurde ein Degradationsmodell im-
plementiert, das in der Lage ist, molekulare Degradation und Verlust der Helligkeit von diversen OLED-

Architekturen, unter verschiedenen Betriebsbedingungen zu simulieren.
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Introduction

For over seventy years, organic electronics has persisted as a dynamic area of study, consistently draw-
ing scientific interest as a potential substitute for silicon and gallium arsenide-based electronics. Central
to organic electronics is the utilization of hydrocarbon-based molecules, commonly referred to as OSC,
as the fundamental constituents for electronic devices. One of the most fascinating aspects of OSC lies
in the vast expanse of potential chemical compounds, offering a virtually limitless variety of chemical
and physical properties. This rich diversity provides researchers with an opportunity to explore and
synthesize compounds tailored to exhibit specific sets of properties ideal for various applications. Con-
sequently, the ability to custom-design compounds to meet precise requirements opens up new avenues
for innovation and advancement across numerous fields [1].

Nonetheless, organic materials lagged significantly behind conventional inorganic semiconductors in
terms of longevity and performance. A significant milestone occurred in 1987 when Tang and VanSlyke
[2], researchers at Kodak laboratories, achieved a breakthrough with the demonstration of an electro-
luminescent device based on organic compounds. This event marked the start of the development of
practical organic light emitting diodes (OLEDs). Despite lower electroluminescent (EL) efficiency than
traditional LEDs, organic devices have attracted considerable attention because of their potential for
diverse applications stemming from their inherent mechanical flexibility. This flexibility is especially
interesting for applications like curved displays, foldable phones, and creative lighting solutions (shown
in Figure 1.1). These factors serve as substantial market catalysts, driving the extensive commercializa-
tion of OLED technology within the display industry. Market forecasts reveal a projected global market
volume for OLED technology reaching 260 billion USD by 2032, as emphasized in [3], thereby under-
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scoring the significant impact of OLEDs.

Furthermore, OLEDs provide another crucial advantage with their low energy consumption, a feature
of utmost significance considering that approximately 15% of global energy consumption is allocated to
lighting, contributing to 5% of worldwide greenhouse gas emissions [4], highlighting the importance of

further improvements in OLED technology and general OSC materials.

Figure 1.1: Flexible OLED-display. Picture taken from [5]. Copyright 2024 Fluxim AG.

Despite the advancements made in recent decades, OSC and organic light-emitting diode (OLED) tech-
nology continue to face challenges such as low carrier mobility and short lifetimes, leaving room for
enhancing device efficiency and lifetime. When considering the vast array of materials and potential
device structures, it becomes evident that relying solely on experimental work is highly time and re-
source intensive. This is where theoretical and computational models come into play, offering crucial
insights into material and architecture bottlenecks.

In contrast to perfectly crystalline inorganic semiconductors, where electron transport can be described
by the well-established band-transport theory, this framework is only applicable to OSC with minimal
structural disorder. However, in amorphous thin-film OSC, structural and energetic disorder results in
the localization of electronic states on individual molecules. Consequently, charge carriers primarily
move between neighboring molecules, a phenomenon known as hopping transport. Heinz Béssler used
the concept of percolation paths for charge transport across multiple molecules, a concept that remains
widely accepted in the field to this day [6]. Developing a comprehensive model capable of fully eluci-
dating charge and exciton transport in amorphous OSCs is exceptionally challenging, mainly due to the
multi-scale nature of the problem. This endeavor necessitates integrating diverse methods from various
fields to bridge the relevant scales effectively. It begins with accurately describing the electronic struc-

ture of individual molecules, which operates at the sub-nanometer scale, and extends to understand-
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ing their interactions within their respective environments. However, conducting a quantum-chemical
analysis of entire amorphous thin-films, comprising millions of molecules, is practically infeasible. The
next challenge arises when attempting to simulate charge transport across numerous molecules, where
charges navigate through what are referred to as percolation paths within the organic solid. These paths
can extend up to several micrometers [7, 8]. The complexity intensifies even further when aiming to
simulate entire OLED devices. This is because charge carriers must traverse multiple thin-films com-
posed of different materials and interact with carriers of opposite sign to form excitons. These excitons,
subsequently, may either move within the system or undergo various decay channels, adding another
layer of intricacy to the simulation.

In my thesis, I will address three topics related to OSC and OLED modeling across different length and
timescales. This ranges from quantum mechanical studies of dynamic effects on electronic structure and
transport parameters in amorphous organic layers, to in-depth kinetic Monte-Carlo (KMC) analyses of
multilayered OLED devices focusing on efficiency loss mechanisms, and finally to long-timescale degra-
dation simulations examining the effects of intrinsic molecular degradation on device performance. The

structure of this thesis is organized as follows:

Chapter 2 presents a detailed overview of the fundamental operating principles of OLED devices.
Essential concepts related to device efficiency are introduced, followed by a concise discussion of the

materials and manufacturing techniques applied in practice.

In Chapter 3, I discuss the computational tools pertinent to this work. Starting with electronic
structure methods, from the Hartree-Fock (HF) approximation to describe the self-consistent field (SCF)
algorithm, followed by the discussion of the Kohn-Sham (KS) approach within density functional the-
ory (DFT). Subsequently, the semi-empirical density functional tight-binding (DFTB) method, which
was extensively used in Chapter 4, is introduced and explained in more detail. After discussing elec-
tronic structure methods, the DEPOSIT protocol for generating amorphous organic structures [9] is
introduced. This is followed by a brief overview of employing molecular dynamics (MD) to simulate
structural fluctuations within these structures. Lastly, a theoretical examination of charge and exciton
transport in amorphous organic layers is presented. This understanding serves as the basis for employ-
ing the KMC method in OLED simulations.

In Chapter 4, the computational tools discussed earlier are utilized to investigate dynamic effects
on the electronic structure of amorphous organic morphologies. The primary focus is on understand-
ing the origin of energetic disorder by analyzing both its static and dynamic contributions, while also
examining the influence of fluctuating intermolecular couplings. The study further explores how these
dynamic phenomena impact hole mobility within amorphous structures. An interesting observation
has been made regarding dynamic disorder in organic materials. It has been observed that materials
with a highest occupied molecular orbital (HOMO) that is delocalized across many rotatable groups

tend to show a relatively high contribution of dynamic disorder to the total disorder. Conversely, in
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molecules where the primary components of the HOMO are localized on non-movable parts, the con-
tribution of dynamic disorder is significantly smaller. This gives hints on how the electronic structure
of single molecules has to be, in order to reduce the dynamic disorder in complicated amorphous solids.
Such an ad-hoc prediction for the static disorder based solely on single molecular properties is very
challenging due to the complexity of the deposition process and intermolecular interactions that lead
to the disordered morphology. Therefore, the explicit differentiation between static and dynamic disor-
der presented here offers insights into effectively reducing overall disorder by focusing on mitigating

dynamic disorder of the molecules comprising the structure.

Chapter 5, focuses on conducting comprehensive OLED simulations aimed at identifying architec-
ture bottlenecks that contribute to efficiency roll-off. This investigation employed a parametric toy
model to represent the microscopic structure and simulation parameters, allowing for a systematic ex-
ploration of various architecture designs. Through extensive KMC simulations, it is demonstrated how
effective this approach is in efficiently pinpointing drawbacks associated with specific device archi-
tectures and proposing optimization strategies to enhance device efficiency across a broad spectrum
of operational conditions. The results of this study reveal that implementing exciton-blocking layers
between the hole transport and emissive layer, as well as between the electron transport and emis-
sive layer, coupled with an increased thickness of the emissive layer, leads to a significant reduction
in efficiency roll-off in OLEDs. This exploration underscores the practical applications of simulation-
driven design for enhancing OLED performance and addressing critical efficiency-related challenges.
By leveraging simulation tools and parametric modeling, this work showcases how theoretical insights
can guide experimental efforts toward optimizing device architectures and achieving more stable and
efficient OLEDs.

In Chapter 6, a modified version of the KMC approach was implemented to account for exciton-
quenching based degradation processes and the potential destruction of individual sites within the de-
vice. This study is instrumental in determining whether host or emitter degradation predominates in
limiting the lifetimes of OLED devices. Throughout this investigation, it became evident that simulat-
ing realistic device lifetimes using KMC requires employing several methodological improvements. The
first strategy involves a post-simulation adjustment of the system time, where KMC steps corresponding
to quenching and subsequent degradation are corrected using single molecular parameters, consider-
ing molecular stability and a factor reflecting the frequency of quenching events at individual sites.
This factor is influenced by device architecture and operational conditions and had to be parameterized
by preparatory KMC simulations. The approach enabled the simulation of lifetime curves for OLEDs
with low emitter concentrations. However, for higher emitter concentrations resulting in lower current
densities, this method was impractical within reasonable KMC simulation times. A second methodolog-
ical improvement involved using only a fraction of the degradation simulation to model the fraction of
intact molecules over time and to extrapolate the behavior of the device over extended operational pe-

riods. This modeling approach was validated by comparing the resulting luminance curves with those
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obtained from explicit degradation simulations. The findings from this study highlight that in OLEDs
employing typical iridium-based phosphorescent emitter molecules, the primary limiting factor for de-
vice lifetimes appears to be degradation of the host molecules within the emissive layer. This insight
underscores the importance of understanding and mitigating degradation mechanisms to enhance the
stability and longevity of OLED devices, particularly those employing phosphorescent emitters. The
methodological innovations applied in this research contribute valuable tools for assessing and predict-

ing device lifetimes under realistic operating conditions.



Organic semiconductors & OLEDs

Organic semiconductors (OSC) are organic solids exhibiting semiconducting properties. They primarily
consist of carbon and hydrogen, often with additional heteroatoms such as nitrogen, oxygen, or heavier
elements. Some cases may also involve heavy metal complexes with special photophysical character-
istics. When discussing semiconducting behavior, one typically considers how conductivity increases
with temperature by thermally exciting electrons from the valence band to the conduction band, thereby
creating mobile charge carriers—a well-known phenomenon in inorganic semiconductors. In typical in-
organic semiconductors, band gaps range from 0.67 eV (Ge) to 1.1eV (Si) up to 1.4eV (GaAs) [10].
Unlike their inorganic counterparts, intrinsic conductivity of organic semiconductors is absent, necessi-
tating the generation of mobile carriers through extrinsic processes like charge injection, doping, or pho-
toexcitation followed by charge separation. Another notable distinction is the dielectric constant—typ-
ically €, = 11 in inorganic semiconductors, effectively screening Coulomb interactions, versus €, = 3.5
in organic OSC, leading to stronger Coulomb interactions among mobile carriers. This characteristic sig-
nificantly impacts applications such as organic photovoltaic (OPV) devices where efficient separation
of excitons (bound electron-hole pairs) is essential. To make OSC appealing for electronic applications,
they must allow carrier injection from common contact materials like Indium Tin Oxide (ITO) for hole
injection or Aluminum (Al) for electron injection. For utilization in display applications, OSC must also
exhibit a band gap within the visible light spectrum. These requirements are fulfilled by 7-conjugated
materials [11, 12]. OSC can be categorized into three main classes: (i) organic crystals, (ii) polymer
films, and (iii) amorphous organic films, each possessing distinct properties.

In amorphous organic films and organic crystals, which consist of molecules typically with a molecular
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mass below 1000 atomic units, the bonding between molecules is primarily of the van der Waals type
[13]. This, combined with a disordered structure, results in lower carrier mobilities compared to inor-
ganic semiconductors, leading to higher layer resistance. However, OSC devices can be build from thin
films (approximately 200 nm), which helps to reduce the overall resistance [14]. Crystalline OSCs have
better mobility compared to disordered OSCs but are usually very fragile and challenging to fabricate
in electronic devices and to contact with electrode materials. In contrast, amorphous films are easier
to handle, and importantly, the fabrication of mixed films, such as in conductivity doping [15, 16], or
blending molecules with desired photophysical properties for more efficient emission, can be achieved.
This is why amorphous structures are more interesting for technical applications and are focus of this

work.

2.1 Fundamentals of OLEDs

OLEDs are electronic devices incorporating amorphous OSC that exhibit EL characteristics, emitting
light in response to electric current [17]. The basic process of generating light involves electrons and
holes recombining to form an exciton (an electron-hole pair), followed by the emission of a photon
through radiative decay. Over the past few decades, there has been remarkable progress in the de-

velopment of efficient OLEDs achieved through the optimization of materials and device architectures

[18].

2.1.1 Historical development

In the 60s, organic EL devices consisted of single-layer architectures where an organic layer (often
crystalline Anthracene) was positioned between an anode for hole injection and a cathode for electron
injection [19, 20]. However, these single-layer devices exhibited the significant drawback of requiring
high operation voltages, resulting in poor power-conversion efficiency. Attempts were made to lower
the operating voltage by depositing thinner layers of Anthracene; nevertheless, these modifications still
resulted in low quantum efficiency [21]. This was mainly explained by inefficient electron injection
causing charge imbalance inside the organic layer. In 1987, Tang and VanSlyke made a significant
breakthrough by implementing a bilayer organic structure between an indium tin oxide anode and a
magnesium-silver alloy cathode, which notably enhanced the EL performance [2].

The device exhibited IV characteristics similar to conventional diodes, where under forward bias (with
the positive terminal of the external voltage source connected to the anode and the negative terminal at
the cathode), high current densities and light emission were observed. This behavior can be attributed
to the hole injection barrier between the anode and the first organic layer composed of TPD, as well
as the injection barrier between the second organic layer (made of Alq3) and the cathode (see Figure
2.1). These injection barriers can only be overcome by forward biasing, facilitating carrier injection
at the electrodes. Conversely, under reverse bias, these barriers become stronger, effectively blocking
the injection of holes and electrons. This achievement marked the beginning of modern-day OLED

technology.
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Figure 2.1: Schematic representation of a Tang and VanSlykes OLED. Under forward bias, elec-
trons and holes are injected at the anode and cathode, respectively. The compound Alq3 was used as
electron injection and transport material. At the anode a diamine was used similar to shown in the
figure (TPD).

Figure 2.1 illustrates the working principle of the device, showing how injected carriers recombine at
the interface between the organic layers, resulting in photon emission. Compared to modern OLED
devices, the early device developed by Tang and VanSlyke exhibited a relatively low external quantum
efficiency of approximately 1% [2]. Since then, efficiencies have significantly improved [22, 23]. In the

following section, the concept of external quantum efficiency will be defined.

2.1.2 External quantum efficiency

The external quantum efficiency 7y of an OLED is determined by the fraction of injected electrons
and holes that result in emitted photons without being absorbed by the device material. Tetsuo Tsutsui

introduced this concept, which is defined by four factors [24]:

Hext =V * Mr * 1IPL * Hout (2.1)

where y represents the charge balance factor, 77, denotes recombination efficiency, #py, denotes photo-
luminescence efficiency, and 74, refers to the outcoupling efficiency. Each of these four factors is the
focus of research efforts aimed at maximizing the external quantum efficiency.

The charge balance factor y reflects the necessity for an electron and a hole to recombine into an exciton,
which can be hindered by asymmetric transport properties between electrons and holes, leading to non-

ideal ambipolar carrier transport [25]. The Photoluminescence efficiency #p, quantifies the effectiveness
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of light emission via radiative decay of excitons. This decay process competes with non-radiative path-
ways, typically influenced by strong exciton-phonon coupling [26] or exciton-quenching [27, 28]. After
generation, the photons need to be extracted from the device. The outcoupling efficiency #,,; measures
the fraction of photons that are successfully extracted [29, 30]. The first three factors are commonly

denoted as the internal quantum efficiency:

Mint =¥ * Mr * 1pL - (2.2)

The recombining electron and hole carry a spin of 1/2 and —1/2, respectively [14]. After the process of
recombination, excitons can exist in four possible spin states: one state with a total spin of zero, known
as singlet, and three states with a total spin of 1, collectively termed triplets. The spin contributions
to the excitonic wavefunctions for singlet and triplet states are illustrated in Figure 2.2. Due to spin
statistics, 25% of formed excitons will be singlets, while the remaining 75% will be triplets. Devices that
exclusively rely on fluorescent emission, where singlet excitons decay into the electronic ground state
by emitting a photon, are inherently limited to an internal quantum efficiency of 25%. The introduction
of phosphorescent emitters by Baldo et al. [31] marked a second breakthrough in OLED technology,
enabling a theoretical internal quantum efficiency of 100%. A more detailed discussion of light emission

mechanisms in organic materials is given in the next section.

2.1.3 Light emission mechanisms

As previously discussed, only one-fourth (25%) of the formed excitons are singlets. The early generations
of OLEDs relied on fluorescent emitter materials, which could only emit light from singlet excitons [2,

] This limitation resulted in a theoretical internal quantum efficiency of 25%, translating to an external
quantum efficiency of around 5% in practice. In the late 90s, it was demonstrated that phosphorescent
materials could enhance the internal quantum efficiency up to 100%. Baldo et al. blended phosphores-
cent emitter molecules into an organic matrix and showed a strong increase in the internal quantum
efficiency [31, 33, 34]. This is attributed to the fact on phosphorescent emitters, both singlets and triplets
can radiatively decay [35, 36, 26, 37]. The singlets can undergo radiative decay through either a fluores-
cent pathway or via intersystem crossing (ISC) to a triplet state, followed by phosphorescent emission
[38]. A fast ISC-rate however, requires strong spin-orbit coupling between the singlet and triplet states.
Also the phosphorescence emission rate wpp,s strongly depends on the spin-orbit coupling which was
demonstrated by McGlynn et al. [39]. The phosphoresence emission rate is proportional to the quadratic

spin-orbit coupling:

|<ll’s1 | Hso ‘¢T1>|2
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This implies that strong spin-orbit coupling in phosphorescent emitters is essential. Purely organic
materials typically lack significant spin-orbit couplings [40], rendering them unsuitable as emitters in

OLEDs. Therefore, phosphorescent emitter molecules often incorporate heavy-metal elements such as
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Figure 2.2: Scheme for the external quantum efficiency. Injected holes and electrons recombine
to form singlet or triplet excitons, which subsequently undergo either radiative or non-radiative decay
processes. For radiative decay, the resulting photon must exit the device, a process referred to as external

emission. These sequential steps collectively determine the overall external quantum efficiency of an
OLED.
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Figure 2.3: Emitter generations. On the left side, the diagram illustrates the principle of fluores-
cent emitters in OLEDs. Only 25% of the formed excitons are singlet-type, explaining why fluorescent
emitters have a theoretical limit for internal quantum efficiency of 25%. In the center, employing phos-
phorescent emitters raises the theoretical limit to 100%. These emitters can harvest all formed excitons
by leveraging strong spin-orbit coupling to convert singlet excitons into triplets. The triplet excitons
can then decay radiatively through phosphorescence. A critical requirement for phosphorescent emit-
ters is strong spin-orbit coupling, which is typically not achievable with purely organic materials. On
the right side, TADF molecules do not necessitate strong spin-orbit coupling because they transform
triplet excitons back into singlet excitons through reverse intersystem crossing, instead of undergoing
radiative decay from the triplet state. This transformation allows them to emit regular fluorescence. A
key condition here is a small singlet-triplet energy gap.

Pt or Ir [41]. Despite the widespread adoption of phosphorescence-based OLEDs in commercial applica-
tions, they are burdened by certain drawbacks including high production costs, toxicity associated with
heavy metal atoms, and challenges in developing stable blue phosphorescent emitters [42]. In 2012,
Uyama et al. [43] introduced an alternative approach aiming to achieve a theoretical internal quantum
efficiency of 100% using thermally activated delayed fluorescence (TADF) molecules.

TADF molecules enable efficient conversion of triplet excitons back to singlet states through processes
called reverse intersystem crossing (RISC), assuming negligible phosphorescence rates in purely organic
materials due to weak spin-orbit coupling. Subsequently, these singlet excitons can undergo regular
fluorescence decay. This process requires a competitive RISC rate compared to the non-radiative decay
rate, which is closely related to achieving a very small singlet-triplet energy gap (AEs, _t,). In Figure

2.3 depicts the three generations of emitters and their operational principles.

2.2 Modern OLED devices

Over time, efforts to improve OLED efficiency have included not only utilizing phosphorescent or TADF
emitters to harvest triplets but also advancing device architectures by incorporating additional layers
[18, 44]. The introduction of extra organic layers was aimed at overcoming specific drawbacks, resulting
in OLEDs with a multilayered structure where each layer was designed to address particular limitations
or challenges. A standard schematic representation of a multilayer OLED device typically includes an
energy diagram depicting the HOMO and lowest unoccupied molecular orbital (LUMO) levels of each

layer. An example of such a multilayer device is illustrated in Figure 2.4, where the materials used for

11
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Figure 2.4: Energy diagram of a multilayer OLED. The energies of the HOMO and LUMO are indi-
cated by the lower or upper edge of each layer. The device structure, from left to right, includes an anode,
a hole injection layer, followed by a hole transport layer and an emissive layer where phosphorescent
emitters are doped into a host matrix. Next is the electron transport layer, followed by the electron
injection layer, with the cathode located at the end of the device.

each layer are also indicated. As an example, a hole injection layer (HIL) can be incorporated between
the anode and the subsequent organic layers to reduce the injection barrier and enhance injection ef-
ficiency [45]. Similarly, an electron injection layer (EIL) can be utilized to enhance electron injection
efficiency at the cathode. These injection layers are followed by either hole transport layer (HTL) or
electron transport layer (ETL), which serve to transport the carriers to the emissive layer (EML) located
at the center of the device. In Figure 2.4, the material used for the HIL is F4-TCNQ [45]. The materials
Liq and F-PH are employed for the EIL and ETL, respectively, as described in [46]. The HTL and the host
material within the EML are composed of CBP, with Ir(ppy)3 being utilized as phosphorescent emitter
[47]. The device configuration and materials illustrated in Figure 2.4 represent just one example within

a nearly limitless space of compound and architecture combinations.

12
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Figure 2.5: Chemical structure of Alq3 and a-NPD

2.2.1 Device manufacturing

When fabricating multilayer OLEDs using small organic molecules (with a molecular weight below 1000
atomic units), the most commonly used method is physical vapor deposition (PVD) due to the superior
thermal stability of these molecules compared to larger polymers [48]. The fabrication process begins
with a glass substrate that is precoated with an indium tin oxide anode. Subsequently, the organic
molecules are deposited layer by layer by evaporating them in a vacuum chamber and allowing them
to condense onto the substrate. PVD is a time-consuming process, giving amorphous OSC films a sig-
nificant disadvantage compared to alternative technologies such as Liquid Crystal Displays (LCDs) or
plasma-based panels, which offer faster manufacturing processes. Attempts to increase the deposition
rate can negatively impact the physical properties of the deposited film. For instance, in the case of Alq3,
increasing the deposition rate led to worsened electron mobility and increased total power consumption
[49]. Matsushima et al. conducted a comprehensive investigation into the effects of deposition rates on
the optical and electrical properties of two different materials: a-NPD and Alq3 (Figure 2.5). The find-
ings suggest that high deposition rates can have both positive and negative effects on conductivity, as
depicted in Figure 2.6. While the conductivity of a-NPD slightly improves with high deposition rates, it
drastically decreases for Alq3. This highlights the challenge of identifying materials that can withstand
and benefit from higher deposition rates. Navigating this complexity in material selection is crucial for

optimizing device performance following thin film deposition processes.

2.3 Efficiency roll-off

Despite significant advancements in OLED technology over the past decades, challenges persist, par-
ticularly in achieving high luminance at high current densities without efficiency losses and reduced
device lifetime. Earlier, I discussed how incorporating phosphorescent or TADF emitters into OLEDs
theoretically allows for internal quantum efficiency up to 100%, but practical efficiency falls short of
this. One immediate challenge is efficiency roll-off, where efficiency decreases with increasing current

density. A major contributor to efficiency roll-off are excitonic quenching events [51].

13



CHAPTER 2. ORGANIC SEMICONDUCTORS & OLEDS

10°g 310°
) L L
K E o [#] a-NPD (3V) ] S
‘e 10 | = " o107
§ E ™ E g
- eNpD(1V)] . . O
= 100! ( )_!103 ~
% 107 TOF mobility 410 %
[ = E
& F | j E
S 10tk aig, (15V) 1 107 %
s F <
é 10°F ha {10° 3
4 i. ., o
0%y 4107 5
E E N
10'5-||||||| s 1 aannl s ol L el i ]0-9

107* 10" 10° 10’
Deposition rate [nm s™]

Figure 2.6: Effect of deposition rate. For a-NPD, a higher deposition rate results in a slight improve-
ment in transport performance. However, for Alq3, high deposition rates lead to a significant decrease
in transport properties and consequently affect device performance negatively. Reprinted from [50].
Copyright 2024, with permission from Elsevier.

In phosphorescent emitters, although phosphorescence efficiency is relatively high, triplet lifetimes (few
us) are much longer than singlet lifetimes (few ns). This extended triplet exciton lifetime introduces an-
other issue, as excitons can diffuse through the matrix and quench either by interacting with other
excitons or with charge carriers (polarons). The most prevalent quenching processes are triplet-polaron
quenching (TPQ)! and triplet-triplet annihilation (TTA), which significantly reduce internal quantum
efficiency at high current densities [38, 27, 52]. In general, all these quenching events result in the loss of
an exciton by transferring its excess energy to the quenching partner [53]. At high operation voltages,
the overall carrier density increases, leading to a higher exciton density, particularly within the EML.
The rise in exciton density automatically increases the likelihood of exciton-exciton or exciton-polaron

quenching which explains the efficiency roll-off.

2.3.1 Triplet-triplet annihilation (TTA)

When a donor and acceptor molecule are both in their lowest triplet excited state (T;), TTA involves
the energy transfer from the triplet state of the donor to the excited acceptor molecule. This results in
the donor returning to its electronic ground state (Sy), while the acceptor is left in either its first triplet-
or singlet-excited state (S1). The mechanism can be described by:

75%

T, +S0—> T + S

T+ T =X 25% (2.4)
——)SH+SO _)Sl +SO

ICharge carriers are frequently called polarons because of the Coulomb-induced polarization of their surroundings.

14
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Figure 2.7: Schematic illustrations of TTA (top) and TPQ (bottom). In the case of TTA, the in-
termediate state of the acceptor molecule is shown in a high triplet state, as described in equation (2.4).
For TPQ, the illustration demonstrates triplet-electron quenching.

As discussed by Murawski et al. [38], TTA leads to an intermediate state X. From this state, the acceptor
molecule can transition either to an energetically high triplet state (T},) or singlet state (S,,), which then
thermally relax back to the lowest triplet or singlet states, respectively. The highly excited intermediate
state of the acceptor molecule can trigger molecular degradation, for instance by bond breaking [54, 55,

, 57,58, 59]. In guest-host systems such as the EML, TTA can occur among guests (emitter molecules),
among hosts (host matrix), and between guests and hosts. Singlet excitons can undergo quenching with
other singlets through singlet-singlet annihilation (SSA) as discussed in [60, 61], or with other triplets
through singlet-triplet annihilation (STA) as studied in [62, 63, 64]. These processes resemble TTA and

can be formally described in a similar manner.

2.3.2 Triplet-polaron quenching (TPQ)

TPQ is also a significant contributor to efficiency roll-off in OLEDs [27, 65]. Similar to equation (2.4),
TPQ can be formally expressed as [38]:

+ “TPQ - +
T1+h —)So+h —)So+h (25)
W
T1+€7(T—PQ>50+€7*—>50+€7. (26)

In this mechanism, the excited donor molecule transfers its energy to a molecule that has either a hole
or an electron, creating an intermediate state where the charged molecule becomes highly excited. This
excited state then quickly decays back to its original state through thermal processes, effectively leading

to the disappearance of the initial exciton [27].
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Theoretical background & computational
methods

Computational investigations in the realm of organic semiconductors and OLEDs apply theoretical prin-
ciples spanning various length and time scales. In this chapter, I aim to provide a brief summary of the
theories, methods, and implementations utilized in this thesis. Beginning with electronic structure cal-
culations, wherein the molecular Schrodinger equation must be approximately solved to gain insights
into molecular energy levels and intermolecular couplings. To facilitate comprehension, I will com-
mence with one of the conceptually simplest methods, the HF approximation. Although mainly serving
as an educational example, it aids in introducing fundamental concepts such as the basis set and SCF
procedure. Subsequently, I will delve into the fundamentals of DFT to establish a groundwork for un-
derstanding DFTB, a method extensively utilized in this thesis.

Furthermore, I will provide a brief overview of the field of computational modeling of amorphous or-
ganic thin films and the theory of charge and exciton transport. Lastly, I will review various computa-

tional methods employed to model these processes in OLED devices.
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3.1 Electronic Structure of Molecular Systems

In the domain of material science and computational chemistry, electronic structure theory stands out

as a primary discipline. Within this field, atomic units emerge as the prevailing unit system:

The cornerstone of electronic structure theory lies in the molecular Hamiltonian, which, for a molecule

composed of N electrons and M nuclei, is formulated as follows:

H=T,+ Vo + Vee + Vo
L& M N M 212,
—__ 3.1
2Z ;Zﬂ‘z R;| 2Z|fz—7‘ Z'|RI—R]| G
=H,+ V. (3.2)

The summation index for electrons is denoted by lowercase letters i and j, while capital letters represent
summation over nuclei.

The first term, Te, signifies the kinetic energy operator of the electrons, whereas the second term, Ven,
denotes the Coulomb attraction between electrons and nuclei. The third term, Vee, signifies the electron-
electron interaction, while the last term, Vnn, represents the nuclei-nuclei repulsion. Notably, the kinetic
energy of the nuclei is absent from consideration.

The Hamiltonian (3.1) is formulated under the Born-Oppenheimer approximation [66]. This approxi-
mation exploits the considerable mass disparity between nuclei and electrons, allowing the treatment
of electrons as moving within the field of the nuclei with fixed positions. As a result, the kinetic energy
of the nuclei is neglected, and the interaction between nuclei V., is a constant.

The eigenfunctions of the electronic Schrédinger equation:

HWe({ri}, {R1}) = Eo({R1}) e({ri), {R1}) (33)

are the electronic wavefunctions W that explicitly depend on the positions of the electrons, while nu-
clei positions enter the wavefunctions as parameters. Also the corresponding eigenvalues E. depend
parametrically on the nucleonic positions.

The total molecular energy in Born-Oppenheimer approximation is the given by:

M
72
Etot - E RI 2 Z IRI _ R]l (34)

The total energy constitutes a hypersurface in the space of nucleonic positions, commonly referred to

as the potential energy surface (PES). The goal of electronic structure theory is to establish a theoretical

framework for addressing the electronic Schrédinger equation (3.3). Due to the inherent complexity of
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this problem, analytical solutions are generally not feasible. Thus, the approach involves: i) Develop-
ing theoretical approximations to the electronic problem. ii) Implementing these approximations into
computer programs to transform the task of solving the electronic Schrodinger equation approximately
into solving numerical problems.

Such approximate methods can be broadly categorized into two fundamentally different approaches:
wavefunction-based methods, where an ansatz for the electronic wavefunction is made to render the
problem solvable, and density-based methods. Both types of methods find applications in practice, and
providing an in-depth survey of all methods would be beyond the scope of this thesis.

3.1.1 Hartree Fock Theory

As previously mentioned, the HF-theory is a wavefunction-based method, which is rooted the theory of
molecular orbitals. Similar to the concept of orbitals used in atomic physics, molecular orbitals describe
the electronic structure of molecules. Mathematically, this involves decomposing the many-electron
wavefunction W, ({r;}) into a series of uncorrelated single-electron functions, referred to as molecular

» %

orbitals ;. In the following, I will omit the subscript “e” to denote that I am discussing electronic wave-
functions. To preserve the antisymmetry of the many-electron wavefunction, the Slater determinant is

employed:

Pi(x1)  Palxr) ..o Pn(xp)
\P(xl,...,xN):Lybl(_XZ) "Dz(:xZ) ¢N:(x2), (3.5)

Pi(xn) Ya(xn) -0 Pn(xN)

To be more precise, the single-particle functions 1); are better referred to as spin-orbitals rather than

molecular orbitals because they also incorporate the spin as a degree of freedom:

Yi(x;) = @ilri)- &(o;) (3.6)
x; = (r,07) . (3.7)

where &;(0;) denotes the spin wavefunction of the electron as a function of a dummy variable ¢;. The
electrons spin can either be spin-up or spin-down. The spatial contribution ¢;(r;) is a function of space.

The electronic energy can now be obtained by:

|piv;) - (¢,¢JI| )w»), (3.8)

||r - 1j]

N N
E=(WIANM) =Y il [y + 5 Z((%%
i ij

where in the last term, electron i and j was exchanged. The minus sign is a consequence of the antisym-

metric many electron wavefunction. All operators in the Hamuiltonian that only act on single electrons
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are written in the compact form:

A 1
h 3.9
2 Z |r1 RIl ( )

In the subsequent step, the spin orbitals 1; must be selected to minimize the energy, in accordance
with the variational principle. This minimization process is carried out under the boundary condition

of orthonormal molecular orbitals:
<1Pi|1l’j> = de ¥; (x);(x)

- [(do @0 [ ar g

=5ij, (3.10)
indicating the orthogonality of the spin and spatial contributions to the spin-orbital.
By minimizing the energy (3.8) with given boundary conditions one finds the following equation for

the spin-orbital 1;:
libl xl) - él#’l(xl) (311)

o

The differential equation for a single electron introduced above is known as the Hartree-Fock equation.

The operators introduced, | j and Kj, are termed the Coulomb and exchange operators, respectively.

Acting on spin orbital ; they yields:

qun=fd’vﬁ)hw(» (3.12)
A VI ()
Kyt = [ @' L), (313)

The Coulomb operator evaluates the Coulombic interaction between an electron in spin-orbital i and
the electrostatic potential arising from the electron in spin-orbital j. The exchange operator measures
the energy necessary for exchanging an electron between spin-orbital i and spin-orbital j.

Given that only closed-shell molecules are the focus of Chapter 4, after integrating over all spin degrees

of freedom, the closed-shell restricted Fock operator can be defined as follows:

N/2

lel(rl)+Z[2f]—K]] , (3.14)
j
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leading to the restricted Hartree-Fock equation:

E(ri)pi(ri) = eii(r;) . (3.15)

The factor ¢; serves as the Lagrange multiplier, arising from the boundary condition in the variational
optimization process. It can be interpreted as the energy associated with molecular orbital i.

I no longer use spin-orbitals because the definition of the restricted Fock operator includes integration
over all spin degrees of freedom, and now I employ the spatial component ¢;, which is refered to as
molecular orbitals. It is noteworthy that when electrons possess antiparallel spin, the exchange energy

becomes zero. This clarifies why there is no factor of 2 preceding the exchange operator.

Introducing a basis set

To render the Hartree-Fock approximation suitable for implementation in computer programs and for
conducting practical electronic structure calculations, additional approximations are necessary, particu-
larly concerning the molecular orbitals. In nearly all prevalent quantum chemistry softwares, the linear

combination of atomic orbitals (LCAO) method is applied:

M K

ei(r) =) ) cuixiulri=Ry). (3.16)

I pea

A molecule comprising M atoms, where each atom I possesses K; orbitals, can be expressed as a sum
of atom-centered atomic orbitals x(r — Ry).

For instance, considering the Hydrogen atom, at least one atomic orbital with 1s-character would be
necessary to represent the electronic structure (minimal basis set). For an isolated Lithium atom, the
minimum number of basis functions would be 2, with one representing 1s-character and the other rep-
resenting 2s-character. Similarly, for an H2 molecule, a minimum of 2 basis functions would be required,
with one 1s-like atomic orbital for each hydrogen atom.

In general, the only atom for which an exact solution of the atomic orbitals is known is the isolated
Hydrogen atom. Using the radial behavior as a template, atomic orbitals for other atoms can be con-
structed similarly. This involves representing the angular parts using spherical harmonics and the radial
part using an exponential decay function oc exp(—Cr), where C dictates the decay length and r denotes
the distance from the atom. These atomic orbitals are termed Slater-type orbitals.

In practice, however, the radial part is often represented by a Gaussian function instead. The primary
reason for this choice is that many integrals encountered in calculations can be solved much faster and
more straightforwardly when Gaussian-type orbitals are employed.

To simplify the following equations, I will not explicitly sum over atoms I and their orbitals. Instead,
I will use p as a generalized index where both summations are already included. Additionally, I will

not explicitly specify the atom-centered character. Consequently, the number of atomic orbitals for a
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molecule is given by K = M - Kj, and the molecular orbital in terms of atomic orbitals is expressed as:

K

pi(r) = ch‘xy(r) , (3.17)

K
where the summation over index y now denotes a summation of all orbitals of all atoms constituting
the molecule. Each molecular orbital has one set of coefficients c;.
Self-consistent field calculation

By introducing of a basis set (3.17), the Hartree-Fock equation (3.15) can be written as:

F(r)) cvizu(ri) =€) cvixlry). (3.18)

v v

Multiplying with x,(r;)* from the left and integrating over space yields:

ZFI“/CW = Zsyvcvi‘gi » (3.19)
v v

with the Fock matrix
Fuv = [ dr ti0Fr0) (320)

and the ovrerlap matrix

Suv = Jdr Xu(r)xy(r). (3.21)

This equation can be expressed in matrix form, and for each molecular orbital index i, we obtain the

Roothan equations in matrix form:
Fc=Sce (3.22)

where F and S are K x K matrices defined as described earlier, € is the diagonal matrix diag[eq, ..., ek,
containing the molecular orbital energies, and c is the coefficient matrix.

The Roothan equations (3.22) have now been transformed into matrix equations, which can be efficiently
solved using high performance computing (HPC). The output provides the coefficient matrix and the or-
bital energies for a given molecular structure.

Recalling the definitions of the Fock operator (3.14) and the Coulomb and exchange operators (3.12)
and (3.13), it becomes apparent that the Fock operator, and consequently the Fock matrix in the basis
of atomic orbitals, depends on the molecular orbitals (or spin-orbitals), and thus also on the coefficients
F = F(c) that we seek to determine.

To address this challenge, one employs the SCF approach. Initially, an estimate for the coefficients is
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made, then the generalized eigenvalue equation (3.22) is solved, the Fock operator is recalculated with
the newly computed coefficients, and this process is repeated iteratively until the coefficient matrix con-

verges.

3.1.2 Density Functional Theory

The HF approximation is a method used to tackle the numerical solution of the many-electron Schrédinger
equation via a wave function-based approach. While HF-computed energies capture significant portions
of the total energy, they lack what is known as correlation energy. This deficiency arises from treating
Coulomb interaction between electrons in a mean-field manner, where each electron interacts with the
averaged electrostatic potential from all other electrons. Consequently, Coulomb-induced electron cor-
relations are neglected.

For many applications, the accuracy of the HF approximation proves insufficient, necessitating the use
of more sophisticated methods to incorporate correlation energy. Various approaches exist, ranging
from perturbative methods to extensions of the wave function approach, such as Configuration Inter-
action and Coupled Cluster methods [67, 68].

A different strategy for addressing this issue does not rely on the many-electron wave function, a com-
plex mathematical object, but instead utilizes a more intuitive observable: the electron density, denoted
as n(r). This approach expresses the total energy in terms of the electron density, denoted as E[n(r)],
giving rise to DFT. The foundation of DFT lies in the Hohenberg-Kohn theorems [69], which assert that:
i) there exists a unique correspondence between the ground-state electron density and the external po-
tential, which, in this context, refers to the electron-nuclei interaction term, and ii) the true electron
density minimizes the energy.

The first Hohenberg-Kohn theorem implies that the electron density serves as a unique descriptor for
each molecular structure. Meanwhile, the second theorem resembles the variational principle, which
states that the correct wavefunction minimizes the total energy—a principle implicitly utilized in the
discussion of the HF equation (3.15).

Understanding how the energy can be formulated as a functional of the electron density and gaining
insight into the practical implementation of DFT calculations are crucial topics to discuss. This is be-
cause DFT serves as the foundational framework for later approximations utilized to make the work

presented in chapter 4 feasible.

Electron density

The relation between the electron density and the many-electron wavefunction is given as:

n(r)= dea dez...xN |W(r,0,%,,...,xN5)1%, (3.23)

where n(r)dr is interpreted as the probability to find an electron r. Note that if one omits the single

integration over the spin degrees of freedom o one could define a spin-polarized electron density n, (r)
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which is useful in some cases [70].

In a similar manner, one can define the pairwise electron density as:
N(N -1
n(r,v') = % J do do’de3 xN Pt 0,0, %5, 28 (3.24)

The probability of finding an electron at position r while another electron is positioned at #’ is repre-
sented by n?)(r,#’)drdr’. This encompasses the full electron correlation, contributing to the complexity
of solving the Schrodinger equation. One can separate the complicated correlation part from the un-

correlated contributions to the pairwise density in the following way:
@y 1y 1 / @)y 4
n N r,r’) = En(r)n(r )+ An'(r, 1), (3.25)

where if one would neglect the second term one describes uncorrelated electrons. The correction in-
cludes corrections coming from correlation.
Energy as a density functional

The objective now is to represent the expectation value of the molecular Hamiltonian defined in equation
(3.1) as a functional of the electron density. This can be achieved by expressing the contributing terms
as such a functional.

With the provided definitions, the electron-nuclei interaction expressed as a functional of the electron

density can be written as:

Een[”] =(Y| Ven V)
o~ (-21)
B jdr Z‘|T—R1|n(r)

- [ drveatrimir, (5.26)

where the external potential v (r) is defined.

The electron-electron interaction can be expressed as:

Eee[n] = <\P| Vee |\P>
(4 ¢’
_ j drdp (T’

Ir—1’|

= % Jdrdr’% +AE[n], (3.27)

where the last term represents the correlation-induced corrections to the electron-electron interaction.

The kinetic energy term cannot be expressed as a functional of the electron density due to the in-
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volvement of second-order derivatives in the expectation value of the kinetic energy operator. This
challenge is particularly pronounced for correlated many-electron wavefunctions. To address this, Kohn
and Sham proposed separating the intricate correlation effects on kinetic energy from those that can be

captured by uncorrelated motion. This led to the introduction of Kohn-Sham orbitals gblKS, facilitating

the representation of kinetic energy [71, 72]:
|
_ KS| w2 |,,KS
T[n]_-EE (VS| VE [9f5) + AT[n] . (3.28)

i

The first term represents the kinetic energy of non-interacting particles, while the second term serves
as a correction to account for correlation effects. Much like the spin orbitals employed in HF-theory,
Kohn-Sham orbitals consist of both spin and spatial components, are orthonormal, and crucially, enable
the computation of the true electron density. These orbitals mimic non-correlated particles moving
within an auxiliary system featuring an effective potential.

The electron density can be obtained by:

N
n(r)=) WP (3.29)
i=1

For simplicity, I will refer to Kohn-Sham orbitals as just ;.

Combining all terms together, we reach the total energy in the following form:

nn(r’)

1Y 5 1 o
E[n]= ) Z(tpiwi |1,l11> + Jdr Vext (F)1(1) + Ejdrdr P + AT[n]+ AE[n]+ Eqy -
i=1

(3.30)

The challenge of incorporating electron correlation effects into the total energy is now addressed through
the two correction terms. When combined, they form what is known as the exchange-correlation func-

tional.
Exc[n] = AT[n]+ AE..[n]. (3.31)

The primary challenge in the many-electron problem now lies in determining the exact form of the
exchange-correlation functional, which remains unknown.
Kohn-Sham Equations

Applying the variational principle to the total energy (3.30), one finds the Kohn-Sham equations:

(572 vt [ar 0 2By g, 632)

r—r’|
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Real system Kohn-Sham system

Figure 3.1: Kohn-Sham auxiliary system. On the left side a molecular system with nuclei (red
circles) and interacting electrons (green circles) is shown. Each electron interacts with all other electrons
and the interactions are shown with the connection lines. The Kohn-Sham approach replaces the real
system with an ficticious system where single electron like particles (blue circle) move in an effective
potential veg(r).

which are single particle wave-equations, similar to the HF-equatios (3.15) with the main difference of
incorperating correlation effects by means of the exchange correlation functional.

To solve Kohn-Sham equations again the SCF procedure (3.22) presented before can be applied.

The last term represents the functional derivative of the exchange-correlation functional with respect
to the electron density. The effective potential seen by the non-interacting electrons is given by:

n(r’)  OExc[n]

|r —7/| on

Vei(F) = Vene(r) + f dr’
= Vext (1) + vu(r) + vxc(7) (3.33)

and depends on the exchange-correlation functional employed.
Figure 3.1 shows a schematic presentation on how the realistic interaciting system is replaced by the

Kohn-Sham auxiliary system.

Exchange correlation functionals

In principle, solving the Kohn-Sham equations could lead to exact energies if the true form of the
exchange-correlation functional was known. However, this is not the case, and approximations must

be used. Over the past decades, numerous developments, ranging from simple to more advanced ap-
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proximations for exchange-correlations, have been made.
Starting with the Local Density Approximation (LDA), where the functional depends solely on the elec-

tron density E)IEEA[n(r)], and progressing to the Generalized Gradient Approximation (GGA), which also

considers the first spatial derivative Egg’A[n( r), Vn(r)], and to very advanced hybrid functionals where
parts of the exchange energy incorporate the HF exchange energy.

One particularly prominent functional is Becke 3-parameter Lee—Yang—Parr (B3LYP), which has been
successfully utilized in describing the electronic structure of organic molecules [73].

The B3LYP functional combines components from other functionals, with each part having its own

weighting factor typically determined through fitting to very accurate high level methods [74].

3.1.3 Density Functional Theory Tight Binding

Over the past decades, DFT has risen as one of the most utilized quantum chemical methods, finding
applications even in industrial research and development. However, the effectiveness of DFT is also
contingent upon the size of the system under study, as it scales with K3, where K denotes the number
of basis functions required to represent the system. This highlights that the computational expenses
associated with DFT can become exceedingly high for large systems, such as bio-molecules or, as perti-
nent to our context, amorphous organic solids consisting of thousands of small organic molecules. This
is where highly efficient semi-empirical quantum chemisty methods like DFTB come into play.

The method of choice for the study presented in Chapter 4 is DFTB, an approximation of the standard
DFT discussed previously. In this section, I aim to elucidate the main concepts and principles underlying
the DFTB method, elucidate its distinctions from conventional DFT, and expound on its application in
electronic structure calculations pertinent to this study.

The first concept underlying DFTB is to decompose the true electron density as follows[75]:
n(r) = no(r) + on(r), (3.34)

where 1((r) resembles the electron density as it would be if all atoms composing the molecule or solid
were free and no charge transfer occurred due to covalent bonds. The correction term o7 is assumed to
be small. In the standard DFTB scheme, the energy functional is expanded around the reference density

ng up to the second order of the correction term. The approximated energy reads

E — S 1 VZ dr’ n(r/) E 1 drdr’ 62EXC[11(,] 1
[nO]_;<4)z’_§ +vext(r)+j r m+vXC[n0])4}z>+ Rep+5f rar Snon’ |1"—1"|
N
= Z(lple[nO] |¢1> + Erep + ECoulomb[én]
i=1
= Egs[no] + Erep + Ecoulomb[07] - (335)

In the electronic structure calculations carried out for this study, only the first two terms, the so-called

bandstructure energy Epg and the repulsive energy E,., [75], directly influenced the results. The con-
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tribution from all second-order expansion terms in d# played only an indirect role, being utilized solely

for the parameterization of the repulsive energy, as described by:

Eup =3 | dr vulnolno(r)+ Exclnol + Emn - [ dr oxclinollr). (36)

It is named as such because it incorporates the nuclei-nuclei repulsion term. In the subsequent section,
I will briefly outline the computation of the bandstructure energy and the derivation of the repulsive

term.

Matrix elements

Once more, closed-shell systems are considered, allowing us to assume that all spatial contributions to
the molecular orbital are doubly occupied up to the HOMO. Thus, one can rewrite the bandstructure

energy as:

N/2

Enslno] = ) 2(@ilHlnolli) - (3:37)
i=1

Applying the LCAO as already discussed in (3.17), one finds:

N/2
Egs[no] = Z2cyicviH,9V . (3.38)
i=1

To determine the orbital coefficients, one must once again solve a set of algebraic equations, which take

the following form:

Z(Hﬁv — €Sy )i =0, (3.39)

v

where the matrix elements are given by

H;A)v = Jdr Xy(r)H[nO]Xv(r) (3.40)
S, = Jdr X (P (). (3.41)

A crucial aspect of atomic basis sets is that they utilize only a minimal basis set for the matrix elements,
and solely the valence electrons are taken into account. The core electrons are incorporated into the
repulsive energy.

As our goal is to compute electrons that are tightly bound in a solid or molecule, using atomic orbitals
from free atoms would not be suitable due to their diffusive nature. Instead, orbitals from pseudo-
atoms are utilized. This is achieved by solving a single atomic Schrédinger equation and introducing a

confining potential to attain a more appropriate distance behavior of the atomic orbitals for subsequent
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applications.
In practice, the basis functions of the pseudo-atoms are acquired by solving the following Schrédinger

equation:

(+577+ 2 4 e+ 1) o)} 20) = 2, 6.42)

where the confining potential uses a cutoff distance as parameter and has the following form:

2
Veont(r) = ( - ) : (3.43)
Teutoff
The pseudo-atom Schrédinger equation is frequently solved using standard Density Functional Theory
(DFT) employing the PBE functional.
The confined atomic orbitals obtained are then utilized to compute the matrix elements of the Hamilto-
nian (3.40) and the overlap matrix (3.41). This process is performed for atomic pairs of different elements,
including both homonuclear and heteronuclear pairs, at various distances. The resulting integrals are
stored in Slater-Koster files, allowing for easy lookup and eliminating the need for recalculation.
In traditional DFT (or HF), the molecular structure is initialized, an initial guess for the coefficients of
the molecular orbitals is made, followed by computation of the first-guess density. Subsequently, the
Kohn-Sham Hamiltonian and the matrix elements, involving numerous integrations over the Gaussian
basis functions, are computed. The coefficient matrix equation (3.22) is then solved, and this process
is repeated until convergence is achieved. This iterative procedure involves multiple cycles where the
matrices need to be recomputed at each step.
In contrast, in DFTB with tabulated integrals, the molecular structure, comprising all atoms composing
the molecule, is read, and for each atomic pair, the integrals for the Hamiltonian and overlap matrix are
retrieved from the tabulated integrals. The algebraic equation can then be solved to obtain the orbital
coefficients and molecular orbital energies. This streamlined process eliminates the need for the SCF

procedure, making the DFTB approach much faster.

Repulsive term

The repulsive energy is a highly intricate term encompassing not only the nuclei-nuclei repulsion but
also components of the exchange-correlation energy. Following the philosophy of DFTB, the repulsive
term is represented by a simpler mathematical expression, which is subsequently parametrized based on
higher-level calculations. This process resembles the parametrization of the matrix elements described
earlier.

The repulsive term is written as

1
Erep= 2 ZVITP[”OI’ noyp, Ryy] . (3.44)
Lj
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In the provided expression, the summation indices denote different atoms within the molecule or solid.
VP signifies a pairwise potential that relies on the reference densities of atoms I and | as well as their

mutual distance Rjj.

Next, pairwise energies are computed using a reference method, typically a Density Functional The-
ory (DFT) calculation, to create a scan of energy versus atomic distances. The repulsive energy is then

determined by this scan and can be expressed as follows:
VIr]ep(RU) = (Eref(RI]) - Eel(rU)) + E[S]hift ’ (3.45)

where, E . represents the reference energy, E.; denots the electronic energy obtained from the DFTB
calculation, encompassing the Coulomb term but excluding the repulsive term, and E;;p accounts for any
global offset between the reference energy and the DFTB energy. For the calculations in this work, the
so-called MIO-parametrization was used. There, the reference method was DFT with a B3LYP functional
and 6-31G(d) basis set [76, 77, 78].

However, in practice, instead of fitting energies, forces between atoms are typically employed for fitting

purposes.

Calculation of couplings

A decisive parameter in the modelling of charge transfer between small organic molecules is the so-
called electronic coupling. In most of the hopping transport models the hopping rate depends on the
absolute square of the electronic couplings. The calculation of the coupling though is far from straight
forward and many methods are used to do this. The coupling for hole transfer between two chemically
identical closed shell molecule plays a crucial role for the work presented in chapter 4 which is I want
to present the method to compute the coupling that was applied in this work.

A fundamental concept underlying the coupling involves the notion of diabatic states ¥, and P}, where
state a signifies the hole located on the donor molecule D while the acceptor A remains charge-neutral.
Due to the relatively weak coupling between organic molecules, it is a valid approximation to express the
diabatic states as a combination of spin-orbitals localized on either the donor 4}? or acceptor l,bf. One
can conceptualize this as a 2N — 1 electron system where an electron is absent in the donor (resulting
in a hole), and the acceptor is in a neutral charge state. After hole transfer, the donor molecule becomes
neutral, and the hole resides at the acceptor molecule.

The diabatic state before charge transfer is given by:

1
Wy = e P (1) YR (o 91 () R ()] (3.46)
(2N -1)!
Here, |...| denotes the Slater determinant of the single-particle spin-orbitals. The Highest Occupied
Molecular Orbital (HOMO) of the donor orbital is only half-occupied, as indicated by the occupation of

spin orbitals up to 1,01]3,_1. Conversely, the spin orbitals of the acceptor are fully occupied. Following
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charge transfer, the 2N — 1 electrons are redistributed such that the donor returns to a closed-shell
configuration, while the acceptor assumes an open-shell configuration.
The diabatic state b reads:

1

JeN 1)

The electron 2N — 1 jumped from the HOMO of the acceptor to the HOMO of the donor gbf, (xoN-1) -

The electronic coupling can be computed as

W, = [YP(x1)... PRy (-1 P () - PN (xan-1)] - (3.47)

Hab = <\Pa|He,dimer |\Ilb>
~ <\pa|HDFTB1 |'P,)
= <1P?1 Hppras |1P1]31> : (3.48)

In this context, the electronic Hamiltonian of the dimer is approximated using the DFTB1 Hamiltonian
discussed earlier, and the Slater-Condon rules are employed for the evaluation of matrix elements. Since
the Slater determinants differ by only one state, the resulting expression simplifies to an integral over
the Highest Occupied Molecular Orbital (HOMO) orbitals of the donor and acceptor molecules.
However, a remaining issue arises from the non-orthogonality of spin orbitals between two distinct
molecules. To fully account for electronic coupling, it is advantageous to work within an orthonormal
basis.

This can be achieved by representing the Schrédinger equation of the dimer in matrix form [79]:

Hu Ha\(ca)_ g1 S)(e
Hhu be Cy S 1 Cy

Hc=ESc, (3.49)
with the coefficients ¢, and c;, and the overlap, defined as
S =(wrled) = (walen) - (3.50)
Diagonalizing the spin-orbitals is accomplished using a transformation matrix X that satisfies
X'SX =1andc=Xc'
Such a matrix brings the matrix equation (3.49) into
HXc =ESXc, (3.51)

which when multiplying with X from left reads:

H'¢’=Ec, (3.52)
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with H' = XTHX.
This diagonalization of the spin-orbitals can be achieved through the Lowdin-orthogonalization proce-

1/2

dure [80], where X is chosen as S™"/“. To compute the square root of the overlap matrix, one takes the

square root of its diagonal form s, which is related to the form used in Eq. (3.49) by a unitary matrix:
xX=5"2=-yus?ut. (3.53)

The unitary transformation matrix reads

U:%(i _11] (3.54)

Applying all these transformations, the actual coupling in orthogonal basis can be found by

H;j - 3(H;i + Hjj)S
1-§2

HY, =Ty = (3.55)
As previously mentioned, one of the reasons for the efficiency of DFTB stems from the utilization of a
minimal basis set. While this approach enhances computational speed, it also poses challenges in accu-
rately describing the interaction between two atoms across a wide range of distances, as it relies on an
approximative basis function derived from solving the confined single atomic problem (3.42). Unfortu-
nately, the tail of the basis function becomes suppressed, resulting in a poor representation of the atomic
orbital at distances beyond the bond length. However, this portion of the atomic orbital is crucial for
calculating electronic coupling, which consequently leads to a severe underestimation when standard

DFTB parameters are used for coupling calculations.

By reducing confinement during the parametrization process, an improved description of the atomic
basis at larger distances is achieved. This approach allows for mimicking the features of a basis with
longer-reaching tails with the computational efficiency of a minimal basis. In benchmark studies by
Kubas et al. [81, 82], such a procedure was employed to properly capture the tails of the basis set. It was
found that the couplings, when compared to high-level calculations, exhibited only a systematic error,

which could be corrected by scaling the obtained couplings with a constant factor [83, 84, 79].

3.2 Modelling amorphous organic structures

In a multiscale simulation of organic semiconductors, the first step is to model thin amorphous organic
films. Unlike crystalline semiconductors, whether they are organic or inorganic, describing amorphous
structures mathematically is quite challenging. This complexity highlights the necessity of using com-
putational methods to effectively simulate these structures.

Simulation techniques in this context involve integrating the geometric and physical characteristics of

individual molecules, allowing for the simulation of amorphous structures composed of thousands of
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molecules. Accurately representing intra- and intermolecular forces is crucial for capturing properties
such as packing density, as well as potential isotropy or anisotropy.

There are two main approaches to model amorphous organic structures: MD [85, 86, 87, 88] and Monte-
Carlo (MC) [89, 9]. MC methods encompass a class of computational approaches that utilize random
numbers to compute physical observables, solve differential equations, integrate functions, or model
various processes. In the context of generating amorphous structures, MC methods involve randomly
generating structures through defined “moves,” with subsequent acceptance or rejection of the new state
determined by the Metropolis criterion. In comparison, MD methods involve solving Newton’s equa-
tions using force-fields to model molecular motion within classical mechanics.

In the work discussed in Chapter 4, a combination of both approaches was used: the structures were
generated with the MC-based simulation tool DEPOSIT [9], followed by subsequent MD simulations to

study the structural dynamics of the amorphous materials.

3.2.1 DEPOSIT: Monte-Carlo protocol for structure generation

In the DEPOSIT protocol, the process of simulating PVD involves adding single molecules to a simula-
tion box one by one. For each molecule, several simulated annealing cycles are conducted to determine
its lowest energy conformation inside the simulation box. This process continues until the desired num-
ber of molecules is deposited. The deposition protocol starts with initializing a simulation box with the
dimensions L,, L, and L,. Then single molecules are added one by one until the desired number of

molecules is reached.

Energy contributions

The energy of a molecule in the deposition process consists of contributions from both intermolecular
and intramolecular interactions. In DEPOSIT the bond lengths and bond angles of the molecules remain
constant during the entire deposition process. Consequently, geometry optimizations of the molecules

are typically conducted beforehand using DFT. This leads to the following expression:
Eiotar = Uy + Uc + Upg - (3.56)

The first two terms are so-called non-bonded terms representing interatomic interactions, which in this

case is the Lennard-Jones interaction

S\ 12 .\6
=3 e (32) () )
L

ri]- ri]-

and the Coulomb interaction

ris

1 qiq;j
U-==>) —. (3.58)
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Dihedral angles

Figure 3.2: Definition of the dihedral angle. The dihedral angle between two planes defined by sets
of three points each is used to characterize torsion angles in molecular structures.

The Lennard-Jones parameters €;; and o0;;, along with atomic charges ¢;, can be obtained from pub-
lished literature [90, 91] or methods involving fitting to ab-initio calculations. The non-bonded energy
contributions depend on the interatomic distance r;;. The intra-molecular energy coming from torsional

deformations of the molecule (see Figure 3.2) is given by:
Upn = ZVm [1+cos(y P —Ym)] - (3.59)
m

The parameters for the torsion terms, are the energy amplitude V,,,, the periodicity n,, and a phase angle
¥Ym- The parameters for the torsional energy can also be either used from existing databases or by fitting

to energies obtained from quantum-chemical calculations.

Simulated annealing

After setting up the simulation box and all necessary energy parameters, a molecule is placed randomly
inside the simulation box, and the initial total energy E; is computed according to equation (3.56).
Next, a random molecular move is executed, which can involve either a random translation of the en-
tire molecule, a random 3D rotation of the molecule around its center of geometry, or a random but
physically permissible adjustment of the dihedral angles ¢,,. This results in a new state with energy
E;. The new state is accepted or rejected according to the Metroplis criterion [92]:
eXP(—EﬁB_éo ), if E{ —E; <0,

1, otherwise ,

P= (3.60)
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Figure 3.3: Deposition process. A molecule is deposited on top of already deposited molecules ac-
cording to the described DEPOSIT protocol.

where P denotes the probability for acceptance. If the proposed state is rejected, the molecular confor-
mation is reset to its previous state. If the proposed state is accepted, the next random move is performed
based on the new conformation.

Such moves are repeated n times while the temperature is reduced for each step according to

1/n
T.

T, =T, T: , (3.61)
where the start- and end temperature are denoted with T, or T, respectively. This iterative process is
known as simulated annealing (SA), designed to globally minimize the molecule’s energy while avoiding
being trapped in local energy minima [93]. Several simulated annealing cycles can be run in parallel,

ultimately choosing the conformation with the lowest energy to serve as the final deposited molecule.

SA cycles are performed for each molecule that is deposited, progressively constructing the entire
structure molecule by molecule. Following the deposition of each molecule, the non-bonded interac-
tions Uy and Uc need to be updated based on the addition of the new molecule. As more molecules
are deposited, additional interaction terms are incorporated into the energy evaluation during the SA
process. The previously deposited molecules are treated as static. The deposition process is illustrated

in Figure 3.3.
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3.2.2 Molecular dynamics

In the work presented in Chapter 4 after the deposition process, the structural dynamics of the generated
morphologies is simulated using MD which is briefly discussed here. The fundamental concept behind
Molecular Dynamics (MD) is to approximate all quantum mechanical interactions through an analytic
expression for the energy U({r}), where {r} represents the positions of all atoms. This energy function
comprises multiple terms, each of which needs to be parameterized based on higher-level quantum
chemistry methods [94]. By deriving the forces acting on each atom from this energy function, we can

solve the equations of motion based on Newtons laws:
F; = m;a;, (3.62)
where m; is the mass of atom i. The forces are computed with
F,=-V;U({r}). (3.63)
Force field parameters
Again, the expression for the energy can be decomposed into bonded and non-bonded terms
U({r}) = Upondea + Uy + Uc , (3.64)

where the Lennard-Jones and Coulomb potential were introduced in equations (3.57) and (3.58). In the
MD simulation, bond angle- and bond-length vibrations are explicitely considered. Together with the

torsion-terms (3.59), the energy of the bonded contributions reads:
Unonted =3 9_kj(d; —d2)?
]
3y fl0 -0
k
+ZVm[l +cos(ty @ — Vi)l » (3.65)
m

where the sums run over all bonds, bond angles and dihedral angles. The parameters k; and f; represent
the force constants of the bond-length and bond-angle oscillations respectively. The parameters for
the torsion terms have been discussed earlier. The specific functional forms of the bonded terms are
somewhat arbitrary and can be adjusted to more complex expressions as needed. When referring to a
“force field,” it generally encompasses the choice of functional forms and the specific parameterization
used for a specific applications.

For the work in Chapter 4, the force field employed was the general Amber force field (GAFF) [91, 90].
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Bonded interactions

Bond-length and -angle oscillations

Dihedral angles

Figure 3.4: Schemes Illustrating terms in the bonded energy terms.

MD trajectory

As previously mentioned, the objective is to solve Newton’s equation (3.62) to determine the atomic
trajectories r;(t). In practice, this is achieved through numerical integration, commonly utilizing the
Verlet algorithm [95], where the time evolution of particle positions, velocities, accelerations, and the

related forces is described by:

ri(t+dt) = ri(t) + v;(t)dt + %ai(t)dtz (3.66)
v;(t+dt) = v;(t) + a;(£)dt (3.67)
a;(t+dt) = ;Fi(t). (3.68)

1

The timestep df in the Chapter 4 was 2 ps.

In an MD simulation, the process begins by assigning each atom its initial position and a velocity typ-
ically drawn from a Boltzmann distribution. The energy U(r) is then computed based on the current
atom positions. From this energy evaluation, atomic accelerations are determined, followed by the cal-
culation of velocities for the next time step and subsequently updated atomic positions. This iterative
cycle continues until certain stopping criteria are met.

There are additional aspects of MD simulations to consider, such as alternative integration schemes
and the use of boundary conditions like thermostats or barostats [96, 97], but discussing these topics is

beyond the scope of this thesis.
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3.3 Theory of charge & exciton transport in molecular systems

In this section, I will discuss the transport mechanism of charges and excitons in amorphous organic ma-
terials, which is fundamentally different from band transport in crystalline solids [98]. This discussion

will provide the basis for understanding the computational model applied throughout this thesis.

3.3.1 Charge transport in amorphous organic solids

A central physical property of materials in nano-electronics or electronics in general is the conductivity

tensor with elements o;;:

Oij = epPHij, (3.69)

where e represents the elementary charge, p is the density of mobile carriers, and p;; denotes elements
of the carrier mobility tensor.

This definition is general and applies without regard to the specific type of material or nature of charge
transfer. Detailed characteristics related to specific materials such as structure or external factors like

temperature or doping dependency are governed by the parameters p and p;;.

Carrier density

The density of mobile carriers can be decomposed into two contributions: the intrinsic part and an
extrinsic part p = piy + Pext- The intrinsic contribution for holes and electrons are closely related to the

density of states DOS(¢) of the material of interest:

Pint = J DOS(e)f (¢, T) (3.70)
€]
o
pi}:’ﬂ = J- DOS(E)(l _f(ng))’ (371)
with the Fermi level e Fermi-Dirac distribution:
1
fle,T)= ——. (3.72)

exp (ék;—éTF) +1
The extrinsic contribution is highly dependent of material defects like introduction of dopants or field-
induced energy-shifts with respect to the Fermi level.
Or amorphous organic semiconductors, for long time the mechanism of doping was not well understood.
Fediai et al. published a work where doping in molecular systems was studied on the scale of large

amorphous structures [16, 99, 15].
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Carrier mobility

Carrier mobility is defined using the time-averaged carrier velocity (v);, often referred to as drift veloc-

ity, in response to an external electric field F:

@ (3.73)

Hij F;
For our interest in isotropic amorphous structures under a homogeneous electric field, the tensorial
equation (3.73) simplifies to a scalar equation for carrier mobility y = (v)/F.
Modeling the drift velocity heavily depends on the transport mechanism, which is inherently tied to the
material properties. In solid-state physics, the well-established band-transport theory describes carrier
transport in crystalline systems. A key feature of this theory is the significant carrier delocalization; for
example, the electron gas model [100].
In disordered systems, especially in amorphous organic materials, charge carriers tend to be highly lo-
calized on individual molecules or functional groups. This localization is primarily attributed to two fac-
tors: structural disorder within the material and weak coupling between neighboring molecules [101].
Given this carrier localization, transport in such systems is typically described by the charge hopping
model [102].
In the hopping model, the transportation of either holes or electrons is depicted by consecutive jumps
from one molecule i to another j. For each hop between a pair of molecules, there is an associated
CT

charge transfer (CT) rate w; i

CT-rate equation

Typically, rates of charge transfer (CT) are often described using Marcus theory [103]. I will briefly dis-
cuss some fundamental concepts behind Marcus theory. This theory operates within the high-temperature
limit (kg T > hw, ), where w, represents the frequency of vibrational mode v. This temperature limit
makes a classical treatment of the molecular vibronics possible. For simplicity, I consider a single vi-
brational mode characterized by frequency w and equilibrium coordinate q(o). The molecules PES can

then be expressed as

U(q)=U" + %a)(q—q(o))2. (3.74)

Applying Fermis Golden Rule to the case of manifold initial states, as present here, and considering the

classical treatment of vibrational motions, the resulting rate formula reads:

o7 =2 [ a4 £0) 1Pt~ U, (75)
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where

1 —Ui(a)
== 3.76
f(9) ZeXP( KT (3.76)
is the probability that the donor-molecule i occupies molecular state q. The electronic coupling J;; can
be obtained by equation (3.55).

Integrating over g and collecting all terms, leads to the final form of the Marcus rate:

2 1 Agji+A)?
(“CT) _ Tt ( ij ) ] (3.77)

— ..2 —_—
i VaokT e"P( TART

In practice, the energy difference A¢;; = U;O) - Ui(o) is taken as the difference between the HOMO
energy for hole transport and the LUMO energy for electron transport [104]. The parameter A, known

as the reorganization energy, is defined as

@ 0 0
A= T(LI;- g2, (3.78)

. e 0 0 1l fps .
where w is a characteristic frequency, and q;- ) and qg ) are equilibrium positions of the molecular vibra-
tions associated with states j and i, respectively. The reorganization energy A is often computed using

the Nelsen four-point procedure [105, 106].

Gaussian Disorder Model

In 1993, Heinz Bassler, suggested that the energies of the hole- and electron transporting states (HOMO
and LUMO) form a Gaussian density of states [6]:

DOS(¢) =

(e (6))) , (3.79)

1
e —
V2mo? Xp( 202

where the parameter o is the energetic disorder in absence of any spatial correlations. After performing
KMC calculations, Béssler fitted an analytic expression to the obtained carrier mobility and found out

that the mobility strongly depends on the energetic disorder [6]

4( o 2
ﬂ(T)=#oeXP(—§(kB—T) ] (3.80)

The field dependency was first observed in experimental time-of-flight measurements and found to be

of Poor-Frenkel type [107]:

p(F) = w(T)-exp (y(T)VF) (3.81)
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Figure 3.5: Visualization of the reorganization energy and the energy-difference in Marcus
theory.
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Figure 3.6: Gaussian disorder model. The Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) levels were calculated along the transport x axis in an amorphous
structure composed of CBP molecules. This structure was generated using the DEPOSIT protocol [9].

where F is the electric field strength, and (T) is an empirical temperature-dependent factor:
u(F,T) = w(T)-exp(y(T)VF), (3.82)

with an empirical temperature dependent factor y(T).

3.3.2 Exciton transport

The description of exciton dynamics, akin to charge dynamics, depends on the specific properties of
the material being studied. In inorganic semiconductors, which typically exhibit high levels of order,
excitons can span multiple unit cells, forming what are referred to as Mott excitons [108]. Conversely,
in disordered organic semiconductors, excitons remain localized on individual molecules [109], forming
so-called Frenkel-excitons.

This distinction provides the rationale for treating exciton diffusion in a manner similar to charge car-
rier transport, involving discrete hops from one molecule to another. There are two recognized types
of exciton transfers: one involves simultaneous charge transfer from a donor molecule i to an accep-
tor molecule j, referred to as Dexter transfer [110], and the other involves de-excitation of the donor
molecule followed by energy transfer to the acceptor molecule, leading to its excitation; this is termed
Forster transfer [111]. Figure 3.7 illustrates the Forster and Dexter transfer processes of a singlet exci-
ton.

In this study, Dexter transfer is modeled using Marcus theory (3.77) in a similar manner to charge
transfer, but with the relevant excitation energies substituted for the charge transfer energies. Dexter
transport necessitates an overlap between the LUMOs and HOMOs of the donor and acceptor molecules,

making it a very short-ranged transport mechanism, akin to charge transfer.

41



CHAPTER 3. THEORETICAL BACKGROUND & COMPUTATIONAL METHODS

A A

Forster Dexter

Figure 3.7: Forster and Dexter exciton-transport. Forster transfer involves the de-excitation of the
exciton donor molecule 7, with energy transfer to molecule j, resulting in the excitation of molecule
j. The energy transfer is indicated by a wiggly line. On the other hand, Dexter transfer, the second
transfer mechanism, involves the simultaneous transfer of both the electron in the excited state and the
remaining hole.

Forster transfer can also be described using Marcus theory, where the corresponding excitation energies
and excitonic reorganization energy are used in the exponent. However, the coupling can be effectively

approximated by:

|d;|d;|
3 ’

Ifi::)rster
ij
T i ]

=x

(3.83)

where d; represents the transition dipole moment and « describes the relative orientation of the transi-
tion dipole moments of the donor and acceptor molecules. The transition dipole moment, for instance,
in the case of a molecule in the first excited singlet state where the electron is excited from the HOMO
to the LUMO, can be expressed as:

d= J-d" Vriomo (M Trrumo(r). (3.84)

Unlike Dexter transfer, Forster transfer does not require an overlap between the molecular orbitals of
the donor and acceptor molecules. The coupling is mediated by the interaction of the transition dipole
moments, which can extend over several nanometers.

Further details on Forster transfer and its application within this work can be found in Chapter 5 and
in the study by Stehr et al. [112].
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3.4 Device simulations

The preceding sections provided an introduction to the theoretical foundations used in computational
models for simulating charge and exciton transfer in disordered systems, and even for performing com-
prehensive device simulations. A typical example for a device could be the one presented in Figure 2.4.
Now, I will introduce several prominent computational approaches, briefly comparing their strengths
and weaknesses, before delving into a more detailed description of the general Kinetic Monte Carlo
(KMC) algorithm.

3.4.1 Overview of simulation methods

The theoretical concepts discussed above are all for one particular purpose, generating structures com-
puting the electronic and excitonic properties, but the actual simulation of nano-electronic devices re-
quires dedicated simulation methods. Before I introduce the KMC that was exclusively used in this
work, I want to give a short and brief description of two other methods, namely the drift-diffusion
model (DDM) and Master equation (ME) approach.

Drift-Diffusion model

DDM approaches are widely used and popular for device modeling in inorganic semiconductors. They
excel in simulating complex device geometries [113, 114] and can effectively describe charge transfer in
devices spanning several micrometers [104].

These approaches operate under a macroscopic framework, treating charge flow as a continuum. The
fundamental equations include the continuity equation, which ensures charge conservation, and an
equation incorporating driving forces on the current density.

For electrons, the continuity equation is expressed as [115]:

on(r,t)
ot

= %an(r, t)+ G(r,t) — R(r, t), (3.85)

where the change in electron density at position r is governed by the charge flux (first term), as well
as electron generation G(r,t) due to processes like exciton separation, or annihilation R(r,t) due to
processes like recombination. The specifics of these terms can vary between implementations, but the
underlying concept remains consistent.

The second equation describes carrier transport physics influenced by external fields (drift) and concen-

tration gradients within the device (diffusion):
jn(r) = qn(r)u,F +qD,Vn(r), (3.86)

where electron mobility y, and electron diffusion coefficient D,, are typically included as material-

specific parameters.
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DDM is suitable for describing devices in steady-state conditions:

an(r,t)

T = 0, (3.87)

particularly when the steady-state does not significantly deviate from thermal equilibrium [104]. How-
ever, DDM may not adequately handle disorder that cannot be effectively captured by material constants
and requires explicit treatment.

In summary, DDM is limited in addressing nanostructured devices [116] and scenarios where disorder

plays a critical role beyond what can be represented by effective material parameters.

Master-equation

Another approach to simulate complete devices in three dimensions involves solving the Master Equa-
tion. This method facilitates a comprehensive 3D simulation of a device. Before starting the device-
simulation, a hopping matrix is initialized, representing a discretized spatial grid where each lattice
site corresponds to a molecule. Specifically focusing on cubic lattices, each point is assigned an energy
value drawn from a Gaussian distribution where the distribution width represents the energetic disor-

der. Once the grid is set up, charge transport within the lattice can be described using the ME.

For example, considering holes: [117, 118, 119]):
dpi _ CT CT
dt —Z(p]-wji (1-pi)-piw;; (1-pj))-R;i+G;. (3.88)
j#i

In this approach, the occupation probability p; represents the likelihood of site i being occupied, while
a)ﬁT denotes the hole transfer rate from site j to i, often calculated using the Marcus equation (3.77).
The terms R; and G; correspond to the annihilation and generation rates of holes, respectively. Similar
equations are necessary for modeling other types of particles. Charge hopping leads to a continuous
change in the occupation probability p;, which ranges continuously between 0 and 1. When the system
reaches a steady state (dp;/dt = 0), a set of coupled equations must be solved self-consistently.

A significant drawback of the ME approach is the treatment of Coulomb interactions among charge
carriers within the device. Because occupation probabilities are continuous, a mean-field approximation
of Coulomb interaction is commonly used. However, this approximation can sometimes underestimate
the forces acting on charge carriers, leading to potential inaccuracies in process rates.

Figure 3.8 depicts a 2D quadratic hopping matrix. The various colors indicate HOMO energies sampled
from a Gaussian distribution. The semi-transparent red dots symbolize partial hole occupation (with

values ranging between 0 and 1).

3.4.2 Kinetic Monte Carlo

Kinetic Monte Carlo methods simulate the dynamics of physical systems by implementing predefined

transition rules and utilizing random numbers to evolve the system from one state to another, while
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Figure 3.8: Discrete hopping matrix for ME approach. The red circles indicate partial hole occu-
pation of the sites. The square colors represent the energetic disorder.
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also assigning a physical time increment to each progression step.

In OLED modeling, a primary distinction between the KMC method and the Master Equation method
lies in the occupation probability, which is strictly binary (either 0 or 1) in KMC. This discrete repre-
sentation mirrors charge transfer as distinct events, aligning well with the hopping transport model
used for disordered OSC systems. This approach allows for an exact treatment of Coulomb interactions
among charge carriers in the device, but typically requires significantly more computational resources
compared to ME simulations [104, 119].

The KMC algorithm operates on a Markov chain principle, where the past evolution history of the sys-
tem is irrelevant for determining the next state. This implies that only the current state is necessary
to predict and obtain the subsequent system state. Is is done by generating a list of all possible system
transitions, which could be something like the transfer of a charge carrier from site to site, the injection
of a charge carrier, electron-hole recombination and many more. In principle, every process that can
be described as a distinct event and has an associated rate can be implemented into the list of possible
processes in the KMC simulation framework. This includes a wide range of physical phenomena such

as charge carrier transfer between sites, charge injection, electron-hole recombination, and many others.

To illustrate the Kinetic Monte Carlo (KMC) algorithm, I will use the example introduced in Figure
3.9, where sites are either occupied or unoccupied. I assume the device is initially in a state with 2 holes,
which I will denote as state I.

Each hole has 8 potential target sites, and each transition from an occupied site to an unoccupied site

is characterized by a unique rate u)iC]-T. These transition rates are collected into a list Aj_j;:

CT
AI—)II:(”-; W ) (3.89)
——
16 rates

The cumulative rate is defined as the sum of the rates of all potential processes from (3.89):

Q-= ngT , (3.90)

To decide which process is executed next, a random number w, is generated from a uniform distribution
between 0 and Q). This random number w, is then used to determine the specific transition k that needs

to be executed next, based on the following condition:

k-1

k
ZwST <wy < ZwST . (3.91)
n=1

n=1

After each execution step, the system transitions to a new state with updated particle positions, which
in turn alters the Coulomb interactions within the system. To proceed with the simulation, the rates for

possible transitions must be recomputed based on the new state. This iterative process continues until
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Figure 3.9: Discrete hopping matrix for KMC. In contrast to the ME-approach, the sites are either
occupied or not. Charge transfer is treated as perfectly distinct processes. The square colors represent
the energetic disorder.
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Figure 3.10: System transition and corresponding time increment. In this illustration, the system
transition that corresponds to rate wj is executed. The corresponding time increment At is drawn for
them exponential distribution which is parameterized by the cumulative rate Q.

a specified termination criterion is met.
The time elapsed during each transition is determined by the cumulative rate (). The probability of
the system remaining in state I can be modeled using an exponentially decaying function of the time

difference At, given by [120]:
p(At) =exp(-At-Q). (3.92)

The time-step is then obtained by drawing another random number based on the distribution (3.92).

Figure

Carrier mobility calculation

Starting from a hopping matrix containing a specified number of hopping sites, each assigned a site
energy ¢; and interconnected with inter-site couplings to compute CT rates between all sites (3.77),
we can then use KMC to calculate the mobility of charge carriers. In this discussion, I will outline the

protocol for calculating carrier mobility.
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As earlier mentioned, one key advantage of KMC simulations is the explicit consideration of Coulomb
interactions between charge carriers. Consequently, after each KMC step where a carrier changes its
position, the Coulomb interactions with all charge carriers must be updated. For instance, considering
a hole located at site i and a potential target site j for hole transfer, the energy difference, accounting

for interactions with all other holes in a hole-only system, is expressed as follows (in atomic units):
1 1 1 1
sl LY ] e LY ey 099

Here, F represents the electric field applied in the transport direction, and R;; denotes the projection
onto the field direction of the distance vector between site i and j. The summation extends over all
interactions involving the hole of interest with the other holes.
To achieve a steady state, a total of 107 Kinetic Monte Carlo (KMC) steps are conducted across 20
independent realizations of the hopping matrix to improve the statistics. In each realization n, the hole
mobility ;4(”) is calculated as y(”) = v"drift/F, where v(")drift represents the cumulative drift velocity
in the transport direction x. The cumulative drift-velocity is obtained with:

v = N (3.94)

trotal ~ fo

where to is the total system-time after 107 KMC-steps and t( = t,ot,1/3. The sum in the numerator of
eq. (3.94) runs over all hole-displacements that occurred during the final third of the KMC-simulation

to ensure a steady-state of the overall charge transport. The final mobility is than obtained by:

1
- (n)
)22 20 En w, (3.95)

Var[u]"/? = /11—9 Z(y —pumy2, (3.96)

with the standard deviation of
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amorphous semiconductors

The work presented here was published in:

Ali Deniz Ozdemir, Samaneh Inanlou, Franz Symalla, Weiwei Xie, Wolfgang Wenzel, Marcus Elstner.
Dynamic Effects on Hole Transport in Amorphous Organic Semiconductors: a Combined QM/MM and
kMC Study. J. Chem. Theory Comput. 2023, 19, 13, 3849-3860 [121]

The mobility of charge carriers in amorphous organic semiconductors is a pivotal and limiting fac-
tor influencing the performance and utility of emerging electronic devices. Computational models have
been developed to calculate mobility, accounting for structural disorder in morphologies consisting of
several thousand molecules, and these models have been successfully employed in the past[122, , ,

, ]. Nevertheless, a significant drawback of many of these models is the absence of a differentiated
treatment regarding the influence of dynamical fluctuations on the energetic and intermolecular prop-
erties of the structures under investigation. Acknowledging the existence of both static and dynamic
contributions to the overall structural disorder, there is an advantage in explicitly examining static and
dynamic disorders separately. This approach aims to comprehend the individual impact of each disorder
type on mobility and explore potential avenues for their reduction.

In 2015, Tummala et al. first distuingished between static and dynamic contributions to the overal disor-

der in OSC. Since then dynamic effects on the energetics and the resulting dynamic disorder have been
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studied in crystalline or partially ordered systems [127, X R , , , , ]. Notably, Aydin
and Yavuz [135] investigated dynamic effects on energetic disorder and their implications for charge
carrier mobility in fully amorphous systems. However, it’s important to highlight that their study did
not encompass dynamic effects on intermolecular couplings.

Beratan and Skourtis have conducted thorough examinations of the impact of structural fluctuations on
electronic couplings in biomolecular systems [136, 137, 138, 139]. Their proposal suggests that the degree
to which molecular fluctuations influence coupling strength dictates the approach for time-averaging
the couplings. This time-averaging is crucial for deriving an effective coupling, which is subsequently
used in the Marcus rate expression. Nevertheless, a comprehensive investigation of this nature has not
been carried out in amorphous systems consisting of small organic molecules. Gali et al. [140] investi-
gated the dynamics of energetics and couplings in OSC and their influence on charge carrier mobility.
However, their approach differs from ours in two main aspects: firstly, they focused specifically on OSC
based on polymers, and secondly, they computed the couplings using a singleMD snapshot rather than
multiple snapshots. For each snapshot, they incorporated a random correction term to the intermolec-
ular couplings drawn from a Gaussian distribution. This method introduces a snapshot dependency
of the couplings, although it does not inherently account for potential correlations between coupling
fluctuations and fluctuations in site energy. The explicit treatment of electronic couplings requires a
thorough time-dependent calculation across many molecular pairs, requiring highly efficient quantum
chemical methods.

The primary focus of this study is to evaluate the influence of both static and dynamic structural disor-
der on transport energies and electronic couplings, employing quantum chemical calculations. The hole
mobility of four representative hole-transport materials depicted in Figure 4.1 is evaluated using Kinetic
Monte Carlo (KMC) simulations. The proposed methodology is validated by comparing the computed
mobility results with experimental measurements.

This chapter is structured as follows: Initially, I will provide an outline of the general simulation proto-
col and delve into computed properties such as HOMO energies and intermolecular couplings. Next, I
will explain how energetic disorder is characterized in this study and how it is calculated based on the
time series of HOMO energies obtained earlier. Following this, I will discuss how individual molecular
properties influence dynamic disorder. Subsequently, I will address fluctuations in couplings and then

proceed to discuss simulations of hole mobility.

4.1 Step-by-step description of the protocol

To investigate the influence of both static and dynamic disorder on HOMO energy distributions and
intermolecular couplings, a thorough sampling of numerous molecule pairs across multiple time steps
is essential. This extensive sampling is made possible by employing semi-empirical quantum chemistry
methods. In this study, I turn to the DFTB method [141, ) , ] to compute the required HOMO
energies ¢; and hole couplings J;;[81, 82, 83] (see Chapter 3). In summary I proceed as follows:

(i) The initial step involves generating a realistic model of the amorphous morphology for each mate-
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Figure 4.1: Chemical structures of four typical hole transport materials used in OSCs and
studied in this work. The full chemical names are: 4,4’-bis(carbazol-9-yl)-2,2-biphenyl (CBP), N,N’-
di(biphenyl-4-y1)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine (p-BPD), 4,4’,4”-tris(N-carbazolyl) triph-
enylamine (TCTA), and 5,10,15-triphenyl-5H-diindolo [3,2-a:3’,2’-c] carbazole (TPDI). Reprinted with
permission from [121]. Copyright 2024 American Chemical Society.
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rial (see Figure 4.1) using the DEPOSIT protocol [9], as discussed in Chapter 3. Properties like packing
density and the immediate environment of individual molecules are crucial for hopping transport. Sub-
sequently, a molecular dynamics equilibration of the structure is conducted, followed by the simulation
of thermal fluctuations (see Figure 4.2 a).

(ii) Following the morphology generation, a MD simulation is conducted to generate the trajectory of the
morphologies. During this process, inter- and intra-molecular electronic properties, including orbital
energies ¢;, energy-differences between hopping-pairs A¢;;, and electronic couplings J;; are computed
for each snapshot. This step is depicted in Figure 4.2 b) and c). The fluctuating nature of the transport
parameters is illustrated by showing the energetic difference A¢;; and electronic coupling J;; for one
randomly selected molecular pair from one of the morphologies.

This step poses a significant computational challenge due to the substantial number of quantum chemical
calculations required to effectively sample static and dynamic disorder. Traditional post-Hartree-Fock
or DFT methods become impractical in such cases. Therefore, the study employs the semi-empirical
DFTB approach [141, 142] for its efficiency in handling these computational demands.

(iii) To simulate hole transport effectively, the obtained structures and data alone are insufficient. De-
spite employing highly efficient quantum chemistry methods, the system sizes Ican handle are typically
limited to a few thousand molecules. In order to capture the percolative nature of charge transport
through mesoscopic systems [144], Iproceed to the third step, where Iperform a stochastic expansion
[124, 145] of our energy and coupling distribution to create a virtual hopping network (see Figure 4.2 e).
Subsequently, hole transport is explicitly simulated using kinetic Monte Carlo (KMC). The disordered
nature of the system leads to a percolative character of the charge transport[144, 124].

(iv) In the final step, hole transport simulations are conducted at various applied electric fields. The
hole mobility is extracted using our effective time-averaged models, utilizing the LightForge KMC pro-

gram[124, 146].

4.1.1 Morphology generation & dynamics
Monte-Carlo based morphology generation

The simulation protocol DEPOSIT was previously discussed in Chapter 3. Here, I outline the simulation
parameters employed for the deposited morphologies:

« The dimensions of the simulation box were Ly = Ly = 90nm and L, = 180nm.

« In total 2000 molecules have been deposited.

« The total number of moves per SA-cycle was n = 130000.

o The start- and end-temperatures in equation (3.61) were T, = 300K and T, = 4000K.
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Figure 4.2: Workflow to compute static- and dynamic disorder and to simulate hole transport.
All steps of the protocol described here, are illustrated from subfigure a) to e). Reprinted with permission
from [121]. Copyright 2024 American Chemical Society.
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« For every deposited molecule 32 SA cycles have been executed in parallel.

Morphology trajectory

Utilizing the aforementioned morphologies, each consisting of 2000 molecules, thermal fluctuations of
the molecular structures are obtained through traditional force field-based MD simulations. The setup
of the system and subsequent MD simulations are performed using the GROMACS 5.0.4 package[96,

]. The force field parameters are taken from the GAFF, known for accurately characterizing con-
jugated molecules and 7 — 7t stacking interactions[90, 91]. Atomic charges are generated through the
restrained electrostatic potential (RESP) fitting procedure[148, 149], calculated at the RHF/6-31g™ level
using the Gaussian 09 package[150, 151]. The energy of the system is minimized using the steepest
descent method, and from this geometry, a 2ns equilibration process is conducted to generate the start-
ing conformation for the MD-trajectory. To maintain temperature and pressure at 300K and 1 bar,
respectively, the Parrinello-Rahman barostat and Nosé-Hoover thermostat are employed during the
equilibration process. A total of 500 snapshots with a timestep of At = 2 ps was performed, leading to
a total trajectory length of 1ns.

Figure 4.3: Illustration of the molecular dynamics. The image depicts three snapshots of the overall
morphology (of CBP), with emphasis on two randomly selected molecules to illustrate their dynamics.
The first snapshot on the left displays the system post-equilibration, serving as our starting point. Sub-
sequent snapshots showcase the arrangement at different time points. The transparent red molecules
show the molecules in their conformation from the previous snapshot, highlighting the observed con-
formational changes.

4.1.2 Transport parameters

In Chapter 3, I have introduced the Marcus rate equation to determine the hopping rate for charge
transfer between molecules i and j. The Marcus rate equation (3.77) depends on three microscopic

parameters:

1. The electronic coupling pertains to the orbitals involved in the charge carrier transition. Specif-

ically, in this research, I focus on hole transport, where J;; represents the coupling between the
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HOMO of molecule i and the target molecule j.
2. The difference in the energy of the molecules HOMO energies:
A&’i]' =€j—¢&i, (4.1)

where ¢; and ¢; represent the HOMO-energy of the target- and initial molecule, respectively.

3. The reorganization energy A for hole transfer encompasses the impact of conformational alter-
ations resulting from hole transfer. In this study, I assume the reorganization energy to be time-
independent. Therefore, for each material depicted in Figure 4.1, the reorganization energy is

computed once using the Nelsen-four point procedure [105].

The objective is to understand how the dynamic effects influence the transport parameters. By lever-
aging insights into the time-resolved behavior, one can elucidate the underlying reasons for dynamic

disorder reducing mobility in the materials under investigation. This is discussed below.

4.1.3 Environmental effects on the molecular energies

When evaluating molecular energies, accounting for Coulomb interactions between the molecule of in-
terest and its surroundings is crucial, especially within the realm of organic electronics where polariza-
tion effects can profoundly impact molecular energies. An established method, proposed by Friederich
et al., addresses environmental polarization arising from the charging of a molecule [152]. This method
involves iteratively computing the polarization induced by a charged molecule. Certain molecules are
designated as charged centers, and their energies are calculated without considering environmental in-
teractions. Simultaneously, charge densities of surrounding uncharged molecules are computed without
molecular interactions. These charge densities, derived from vacuum calculations, are then employed to
fit atomic point charges, ensuring accurate replication of the electrostatic potential caused by the charge
density [148]. Following this, the energies of both the central molecule and the surrounding molecules
are recalculated within the field generated by the previously fitted point charges. The revised charge
densities are utilized for a new round of atomic charge fitting to obtain new updated atomic charges.
This iterative process continues until the energy of the central molecule reaches convergence.

While this method has shown great success in predicting molecular energies and energetic disorder in
amorphous structures, it is computationally demanding. This becomes especially apparent when con-
sidering the time dynamics of the structure, making it even more computationally expensive.

In this work, the method proposed by Friederich et al. was not applicable due to its prohibitively high
computational costs if applied to the entire MD-trajectories. Therefore, an alternative approach was
adopted. Initially, a gas-phase optimization was conducted for one molecule each material using DFT
with a B3LYP functional and a def2-SVP basis set. Subsequently, the optimized molecules served as a
basis for electronic structure calculations employing HF with a 6-31g* basis set. From the coefficient

matrices obtained through the SCF procedure (see Chapter 3), the electron density is computed for the
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Table 4.1: Fitted dielectric constants.

Material ‘ €

CBP | 1.735
p-BPD | 1.215
TCTA | 1.685
TPDI | 2.945

optimized molecule in gas phase. Subsequently, atomic point charges are fitted using the method pro-
posed by Singh et al. [148, 149].

In contrast to the approach proposed in [152], the atomic charges (where I represents each atom of the
molecule) are computed only once for a gas-phase optimized molecule.

In simulations involving the HOMO energies, the influence of a charged environment is accounted for
using a method, where the central molecule is treated quantum mechanically with the DFTB1 method,
and then a coupling term to the classical point charges of the environment is introduced. This approach
is referred to as the QM/MM scheme, denoting the combination of quantum mechanics and molecular
mechanics. Consequently, the DFTB matrix (introduced in equation (3.40)), introduced in Chapter 3,
needs to be updated with [122, 143]:

1 _a Qr 1 1
H;(t)v - H‘SV + Es,uf (lra (4.2)

= + .
— € Ryl |rg—Ryl

In equation (4.2), @ and f§ represent atoms of the central molecule, €, denotes the dielectric constant, and
Q denotes the atomic point charge, measured in units of elementary charge, of atoms located outside
the quantum mechanical (QM) zone. The overlap matrix between the orbitals of atom « and f is given
by S ;ff . The summation includes only atoms within a maximum distance of 1.5nm from the atoms «
or f of the molecule in the QM zone. The coupling to the classical point charges Q; not only affects the
on-site energies (o = f) but also the intramolecular couplings between atoms (a = f8).

To replicate the impact of polarization on the HOMO energies, I needed to adjust the dielectric constant
to at least achieve an effective polarization in a mean field manner. To do this, I computed the energetic
disorder of a frozen morphology and compared it with disorders reported in the work of Kaiser et al.
[126], where the method of Friederich et al. [152] was employed for frozen morphologies. I fine-tuned
the value of €, to accurately reproduce the observed energetic disorder.

The values for the obtained dielectric constants for each material can be found in Table 4.1.

4.1.4 Coupling fluctuation strength and timescale

In addition to the energetic disorder, which determines the distribution of HOMO energies and thus
plays a critical role in hole transfer, the electronic coupling (as expressed in equation (3.77)) between
molecules i and j impacts the hole hopping rate and, consequently, the hole mobility in amorphous
OSCs. It is well established that molecular dynamics can induce substantial coupling fluctuations for

individual dimers.
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Table 4.2: Reorganization energies for hole transport of the four materials studied in this chapter.

Material | CBP | p-BPD | TCTA | TPDI
AineV | 0134 [ 0.173 | 0.206 | 0.145
Tpcinfs | 8.06 | 696 | 640 | 7.63

Skourtis, Waldeck, and Beratan proposed a theoretical framework for examining and analyzing fluctu-
ations in coupling [137]. This framework provides insights into the temporal dynamics and strength of
coupling fluctuation, contributing to a deeper comprehension on the effects amorphous systems. Here,

I will provide a brief summary of this discussion to outline the tools utilized in later analysis.

Time scales

To determine whether coupling fluctuations happen quickly or slowly relative to the timescales of
molecular dynamics, it’s crucial to compute and compare two essential quantities: the Franck-Condon
time gy and the coherence time T.gp,.

The Franck-Condon time is defined as:

h
Tpe = —— .
FC T 2k T

Here A represents the reorganization energy associated with hole transfer, as previously defined. The

(4.3)

reorganization times obtained for the four materials are provided in the table, along with the correspond-
ing Franck-Condon times at a temperature of 300K , which are shown in Table 4.2. The coherence time

is determined through the analysis of the coupling-autocorrelation function, defined as cited in [136,

I
Cij(t) =i ()i (0) ), (4.4)

where J;; represents the electronic coupling between the HOMOs of molecular pair (7, ;) and {...) de-

notes averaging over all MD snapshots. following approximation can be used[137]:

2
Cij(t) = (/) = <1ij>f>exp(—#]+ )i - (4.5)
coh
In order to investigate fluctuation timescales, I randomly selected dimer pairs with a maximum center-
of-mass (center-of-mass (COM)) distance of 1.5nm and conducted MD simulations with a timestep of
1£s, spanning a total simulation duration of 10 ps. This yielded a total of 10000 MD-snapshots.
To gain further insights into the fluctuations present in the discussed systems, I calculated the autocor-
relation function (4.4) for randomly chosen pairs with a maximum center-of-mass (COM) distance of
1.5nm. Subsequently, the approximation (4.5) was applied and the coherence time 7, was fitted.

Figure 4.4 illustrates an exemplary coupling-autocorrelation function for a randomly selected molecule
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Figure 4.4: Autocorrelation function for electronic coupling of pair (i,j). The autocorrelation
function (4.4) was computed for a molecular pair. The approximation (4.5) was then used as a fitting
model to extract the coherence time 7.},.

pair meeting the distance criteria. The computed C;;(t) is depicted in blue, while the fitted expression
is represented in red. To gain an understanding of typical timescales, the coherence time is determined

for numerous randomly selected dimers.

A comparison with the Franck-Condon time for each material indicates that, within our approxima-
tions—such as utilizing the reorganization energy for hole transfer of the gas-phase optimized molecule
and disregarding outer-shell effects [153] — one can infer from this analysis that coupling fluctuations

indeed occur slowly compared to the Franck-Condon time (7.}, > Trc).

Fluctuation strength

Given that the studied systems fall within the slow coupling regime, I can employ the coherence pa-
rameter, as introduced in [137], to quantify the strength of electronic coupling fluctuations:
Uij ()7
Reon(i, ) = , (4.6)
« (Jij(£)*)e
where (| ]ij(t)l)f denotes the square of the time-averaged of the absolute of the couplings and ( ]ij(t)2>t
stands for the mean of the time average of the square couplings. The coherence parameter R,y (i, j)
describes the strength of the fluctuations: small values of R (i, j) < 1 stand for strong coupling fluc-

tuations, allowing the use of (|J; j(t)|>t2» whereby weak fluctuations (R.oh (7, j) & 1) necessitate the usage
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Figure 4.5: Comparison of Franck-Condon and coherence times. Shown are the coherence times
(blue) of four randomly picked molecular-pairs. The coherence time was obtained as illustrated in figure
4.4

of (],-]-(t)z)t to compute time-averaged rates with Marcus formula (3.77) [137].

4.2 Energetic disorder

As previously mentioned, my analysis will focus on examining the energetic disorder, specifically ad-
dressing both static and dynamic contributions. To begin, I will investigate the temporal behavior of

the HOMO energies of randomly chosen molecules within a particular material.

4.2.1 Time series of molecular energies

Studying the fluctuations in energy of individual molecules randomly selected from various regions
within the amorphous matrix can provide insights into the types of motions these molecules undergo.
Consequently, I have chosen six molecules from the CBP morphology and plotted their molecular en-
ergy &;(t) against the time of the MD trajectory. The fluctuating energies are shown in Figure 4.6,
accompanied by the time-averaged values &; = (¢;(t));. These histograms of the occurring site energies
are depicted in Figure 4.7, clearly illustrating that the HOMO energies follow a symmetric distribution
around the expectation value.

The symmetric distribution of energy resulting from time-sampling suggests that molecules within the
amorphous matrix undergo harmonic motions like bond length vibration and angular torsion in a com-

bined manner. If the motions were dominated by a single harmonic mode with a distinct frequency,
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Figure 4.6: Fluctuation of the HOMO energies of six randomly selected molecules from the
CBP matrix. The time-series if the energy is shown in blue, the time average £ in orange.
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Figure 4.7: Histograms of the fluctuating HOMO energies. The oscillation of CBP molecules and
the corresponding energy fluctuations occur symmetrically around the time-averaged mean. This im-
plies that we can compute the expected value by simply taking the arithmetic mean of all values along
the time-series.

the distribution of HOMO energies would resemble a bathtub shape rather than a Gaussian shape. The
examination of individual molecular energy fluctuations, as illustrated in Figure 4.6 and 4.7, represents
an initial step in the analysis of static disorder, which will be defined and discussed in the following

section.

4.2.2 Static disorder

To define static disorder, one might initially consider computing the time averages &; and then, based
on the Gaussian disorder model, calculate the standard deviation regarding the distribution of the time-
averaged energies of all molecules. However, this approach overlooks the possibility of spatial correla-
tions between the time-averaged energies of molecules that are in close proximity to each other. Such
correlations have already been investigated by Massé et al.[154]. They demonstrated that in amorphous
organic semiconductors (OSCs), molecular energies exhibit short-range correlations, which must be
taken into account when defining static energetic disorder.

In Figure 4.8, the findings of Massé et al. are illustrated. It can be observed that the variance of the

energetic differences of molecules within a certain cutoff radius differs significantly from the naively
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Figure 4.8: Massé et al. studied the correlation between molecular HOMO energies of two typical hole
transport materials. Reprinted with permission from [154]. Copyright 2024 by the American Physical
Society.

computed variance of site energies. This disparity is particularly pronounced at small pair-distances
and serves as a measure of spatial correlation of molecular energies.
To account for such short-range spatial correlations in the definition of the static disorder, I use the

following protocol:
« Irandomly select a core molecule in the center of the matrix, denoted with index i.
« Compute the time-averaged HOMO energy &; of the core molecule.

« I define a sphere with a radius of 1.5nm around the core molecules COM. All other molecules
whose COM is within that sphere are considered to be potential hopping targets j. I then define a
list of all pairwise energy differences A¢;; = €; — &; of the core-molecule and the potential target

molecules.

« This procedure is repeated for 400 core molecules leading to a very large number of pairwise

energy differences.

Then I define the static disorder as follows:

Gszﬂw . 4.7)
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Where Var[A¢;;] denotes the variance of the energy differences of all potential hopping pairs.

Writing out the variance of the list of pairwise energy differences one finds:
Var[Aé&;;] = Var[&;] + Var[€;] - 2Cov[¢;, &], (4.8)

where Cov([¢;, §;] denotes the covariance between all core molecules i and target-molecules ;.

If there are no correlations, the covariance between ¢&; and & i becomes zero, leading to:
Var[g;] = Var[&;] .

Under these circumstances, equation (4.7) would take on the following form:

B \/Var[e,-] + Var[e;] +0

2
_[2Var[g]
=4 /T

=/Var[g;],

This expression essentially represents the standard deviation of the time-averaged energies across all

Os

molecules within the system.

Results for static disorder

The normalized histograms of A¢;; and a fitted Gauss-curve are displayed in figure 4.10 in light blue
and red, respectively. According to equation (4.7), the width of the Gauss-curve is used to obtain the
static disorder. For CBP (top right) and p-BPD (top left), the static disorder is 0.074eV and 0.075eV,
respectively. Whereas TCTA has a static disorder of 0.085eV, TPDI has the smallest disorder with
0.071eV. With the exception of TCTA, the static disorders are very similar and only differ by a few
meV. It is intriguing to note the similarity in static disorders among CBP, TPD], and p-BPD, considering
their distinct molecular structures. Predicting the static disorder solely from the molecular structure is

therefore very challenging.
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Figure 4.9: Illustration of the construction of the pairwise-energy differences for the ener-
getic disorder in one dimension. The red balls, connected to the springs, represent the HOMO
energy of the corresponding molecule. The time-dependent energy differences A¢;;(t) are illustrated
between molecules i and j. On the right the time-averaged site energies and time-averaged site energy-
differences A¢;; are shown. For defining static disorder, only the time-averaged energies are relevant.
From the perspective of the reference molecule i all molecules within a cutoff radius of 1.5 nm are con-
sidered potential target molecules for the hole transfer process. Based on these molecules, I construct
the list of pairwise energy differences A¢;;.

4.2.3 Dynamic disorder

In the previous section, static disorder was thoroughly examined. Now, the focus shifts to dynamic
disorder. To define dynamic disorder, I will revisit the list of pairwise energy differences, previously
established. However, instead of analyzing the time-averaged energy differences, the attention will be
on the time-dependent fluctuations of each pair. Specifically, I will examine the variance of the time-

series for each pair A¢;;(t). The definition for the dynamic disorder is:

where Var,([...] denotes the variance of the time-series of one pair and (...);; denotes the expected value
of the distribution of variances of all pairs.

One might naively assume that computing the mean, as done for the distributions of the time-averaged
energy differences, suffices. Figure 4.11 illustrates the distribution of variances for CBP. A closer in-
spection reveals that the variances are not perfectly symmetrically distributed. Therefore, assuming a

Gaussian distribution may not be appropriate.
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Figure 4.10: Distribution of the time-averaged energy differences of all considered hopping
pairs and static disorder o,. The distributions of the time-averaged site-energy differences A¢;; are
shown in the normalized light blue histograms. A Gauss-curve is fitted as a probability density function
(shown in red). We are especially interested in the standard deviation of the fitted Gauss-curve since
it relates to the local static disorder oy as given in equation (4.7). Considering the chemical structures
of the compounds, the static disorder of the materials CBP (top left) and p-BPD (top right) are pretty
comparable at 0.074eV and 0.075eV, respectively. For TPDI (bottom right), the disorder is slightly
below at 0.071eV. With 10meV — 14meV more than the other three materials, the static disorder
of TCTA (bottom left) is the highest. Reprinted with permission from [121]. Copyright 2024 American

Chemical Society.
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Figure 4.11: Skewed distribution of variance in time-dependent energy difference. The his-
togram reveals that the variances of the time-series, Var;[A¢;;(t)], form a distribution that lacks perfect
symmetry. Rather than assuming a Gaussian distribution, I use the skewed Gaussian distribution de-
fined in equation (4.10).

Instead, I employ the skewed Gaussian distribution for a random variable x, as defined in [155]:

1 —&)? -
g2xéw a)= wmexp(—%)[l+erf(a%)] , (4.10)
with the Gaussian error function defined as
2 X
erf(x) = —J dt et (4.11)
T Jo

The parameters &, w and a, determine the position, width, and shape of the distribution. The parameter
a represents the skewness. It is worth noting that when a = 0 (absence of skewness), the definition
reverts to that of the Gaussian distribution, where & is the mean and w the standard deviation.

The mean of the skewed distribution is given by:

G éwa)=E+w 2 \/g (4.12)

1+ a?

Results for the dynamic disorder

Figure 4.12 illustrates the distributions of Var;[A¢;; (t)]%> for all four materials. The histogram is shwon
in light green. The fit of the skewed Gaussian distribution is shown in orange. The fit based on the

skewed distribution (4.10) is shown in orange.
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Figure 4.12: Dynamic disorder o4. In contrast to the distributions of the time-averaged site energy

differences, the standard deviations of the time-series Vart[Aeij(t)]l/ 2 does not follow a Gaussian dis-

tribution. It is better described by a skewed Gaussian distribution. The histograms of Var,;[A¢; j(t)]0'5

is shown in light green, whereas a fitted skewed Gaussian is shown in yellow. The expectation value
of the skewed distribution is computed with the fitting parameters (4.12)and is related to the dynamic
disorder according to equation (4.9). Reprinted with permission from [121]. Copyright 2024 American
Chemical Society.

For each material, I display the dynamic disorder computed with eq. (4.9) and the skewness of the
distribution. Positive skewness can be seen in different degrees in all four materials. The degree of
skewness is lowest for TPDI (0.896) and highest for TCTA (1.473). The skewness for CBP (1.106)
and p-BPD (1.114) are fairly similar. To calculate the expectation value (...)i]-, the skewness of the
distributions has to be taken into account (4.12). The resulting dynamic disorders are, consistent with
the static disorders, the highest for TCTA (0.083eV), lowest for TPDI (0.054€V), and in between for
CBP and p-BPD (both 0.068eV).

Total disorder

The static (05) and dynamic (04) energetic disorders were determined through statistical examination of
the time-averaged differences in HOMO energies (A&ij) and the variances of energy differences across
the time series (Vart[A¢;;(t)]). To combine both static and dynamic disorders into a single effective

energetic disorder for the system, I introduce the concept of total disorder as follows:

0p =+J07 +0{§ . (4.13)
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Table 4.3: Static, dynamic and total energetic disorders computed in this work compared to the disor-
ders reported in the literature.

Material ‘ O ‘ 04 ‘ o; with eq. (4.13) ‘ Literature
CBP 0.074eV | 0.068eV 0.100eV 0.096eV[153]
p-BPD | 0.075eV | 0.068eV 0.101eV 0.094eV[126]
TCTA | 0.085eV | 0.083eV 0.119eV 0.107eV[126]
TPDI 0.071eV | 0.054eV 0.089eV 0.082eV[126]

The static, dynamic, and total energetic disorder values for the materials under study are presented in
Table 4.3, alongside a comparison with reported energetic disorders from the literature (refer to Figure
4.1).

Comparison of static and dynamic disorder values reveals that for TPDI, static disorder significantly
outweighs dynamic disorder in contributing to total disorder. Conversely, for TCTA, both static and
dynamic disorder contribute equally to total disorder. Notably, CBP and p-BPD exhibit remarkable
similarity in dynamic and static disorder values. Comparing the static and dynamic disorders of TPDI
with those of CBP and p-BPD, it is noteworthy that while static disorders are very similar, TPDI shows
markedly smaller dynamic disorder, resulting in a smaller total disorder. In order to understand this, it
is useful investigate the electronic structure of the HOMO and how it is effected by structural changes
of the molecules.

A literature review indicates that studies utilizing the frozen morphology approximation consistently
yield energetic disorders similar to the total disorders (4.13) obtained in this study. This consistency
is attributed to the frozen morphology inherently capturing a conformational state where molecules
are notably elongated from their average energies, thus implicitly encompassing aspects of dynamic
disorder. Explicitly distinguishing between static and dynamic disorder offers the advantage of gaining
insights into how thermal structural changes interact with the chemical structure of the charge transport

material and influence the HOMO energy.

Single molecule analysis of HOMO dynamics

In order to provide a qualitative explanation supporting the findings outlined in Table 4.3, I examined
five snapshots of a randomly selected molecule from each of the materials. These snapshots were taken
at intervals of 200 ps. For each snapshot, I conducted a single point calculation to visualize the HOMO
and to illustrate the extent of HOMO variability across the snapshots. This analysis is crucial because
alterations in the HOMO structure can be linked to changes in the HOMO energy of the molecules.

Beginning with CBP and p-BPD, both of which exhibit nearly identical dynamic disorder, the visualized
HOMOs are depicted in Figure 4.13. The top row represents the CBP molecule, while the bottom row
corresponds to the p-BPD molecule. The snapshots are arranged from left to right. It is evident that
in most cases, the HOMO is extensively delocalized over the CBP molecule. However, for certain con-
formations, the primary portion of the HOMO localizes on one of the two side-groups, referred to as

carbazole groups. Similar observations apply to p-BPD, where the HOMO exhibits delocalization across
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Figure 4.13: HOMO across five snapshots of a single CBP and p-BPD molecule within the
amorphous structure. Both molecules share a similar structure centered around a biphenyl unit with
rotatable side groups. In most snapshots, the HOMO exhibits delocalization across the molecule.

Figure 4.14: HOMO for TPDI snapshots. The main part of the HOMO is localized on the central
part of the molecule that moves to less extend than for example the rotation of dihedral angles. This
is an explanation for the relatively weak fluctuation induced change of the HOMO energies of TPDI
molecules and consequently to a relatively small dynamic disorder.

the entire molecule, yet for specific conformations, such as the one depicted in the middle snapshot, the
HOMO does not localize on the phenyl group. It can be inferred that since both molecules share a sim-
ilar structure with a biphenyl group in the center and either carbazole or one phenyl and one biphenyl
group attached via a carbon-nitrogen bond, molecular fluctuations exert a comparable influence on en-
ergy fluctuations and therefore the dynamic disorder for these molecules.

The TPDI structure exhibits the smallest dynamic disorder. Once again, I investigate into the inves-
tigation of the Highest Occupied Molecular Orbital (HOMO) and its response to structural changes
induced by molecular dynamics (MD) simulations. Figure 4.14 displays five snapshots of a randomly
selected molecule from the TPDI morphology. Across these snapshots, the HOMO consistently localizes
predominantly on the central part of the molecules. This central region is relatively inflexible due to
the absence of dihedral bonds that are easy to rotate, in contrast to the bending of the pi-conjugated
structure in the center. The movable phenyl units positioned at the top, bottom left, and bottom right
minimally affect the HOMO orbital. Consequently, this results in a relatively minor fluctuation-induced
alteration in the HOMO and, consequently, its energy.

The TCTA-morphology exhibits the largest dynamic disorder. Building upon the argumentation em-
ployed in the discussion of dynamic disorder in other materials, Figure ?? clearly illustrates significant
variations in the shape of the HOMO, and consequently its energy, across different snapshots. This

variability can be attributed to the extensive delocalization of the HOMO across numerous rotatable
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Figure 4.15: HOMO for TCTA snapshots. Compared to the other four materials depicted in Figures
4.13 and 4.14, it’s evident that the HOMO of TCTA is significantly more affected by molecular fluc-
tuations. This heightened susceptibility can be attributed to the interplay of delocalized orbitals over
multiple dihedral bonds within the TCTA structure.

Table 4.4: Pearson correlation coefficients p between the time-averaged site-energy differences
(A¢;j(t)); and the variance of the temporal fluctuations of the site-energy differences Var;[Ae;;(t)].

Material ‘ P
CBP 0.012
p-BPD | -0.014
TCTA 0.025
TPDI 0.018

dihedral bonds, rendering it susceptible to molecular fluctuations. In certain instances, the HOMO
spans the entire molecule, while in others, it localizes only on specific single or double arms of the
molecule. However, equation (4.13) implies absence of correlation between A¢;; (illustrated in figure
4.10) and Var;[Ag;;(t)] (shown in figure 4.12). Therefore I have examined the Pearson correlation coeffi-
cient p between A¢;; (illustrated in figure 4.10) and Var;[A¢;;(t)] (shown in figure 4.12). The correlation
coefficients for all four materials are presented in table 4.4, indicating a negligible correlation. This

observation justifies the use of equation (4.13) to compute the total disorder o;.

4.3 Analysis of the couplings

In addition to energetic disorder, which governs the distribution of HOMO energies and hence plays
a crucial role in hole transfer, the hopping rate depends quadratically on the absolute of the coupling
between molecules i and j, eqaution (3.77). It is widely recognized that molecular dynamics can induce
significant coupling fluctuations for individual dimers. Iinvestigate whether these coupling-fluctuations
are averaged out if throusands of hopping pairs are considered. Consequently, I analyze electronic
couplings along an MD trajectory spanning 1 ns, comprising a total of 50 snapshots.

In this context, I study the influence of molecular fluctuations on coupling properties not at the level
of individual dimers, but on a larger scale involving thousands of hopping-pairs. To achieve this, for
each snapshot, I construct a histogram of COM distances of pairs within the bulk system. Then, for all
molecular pairs within each distance-bin d, I average the couplings between all hopping pairs associated

to that distance bin. The obtained averaged couplings as a function of the COM-distance are denoted
with Jpui(d).
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Figure 4.16: Electronic couplings as a function of the COM-distance. For each of snapshot, the
couplings of pairs with the same COM-distance d are averaged to form the effective bulk coupling Jp,yji.
The colors denote different snapshots. For CBP (top left), p-BPD (top-right), and TCTA (bottom left), the
couplings fluctuate in the region below 5.0 A COM-distance, with fluctuations exceeding approximately
one order of magnitude. For TPDI, the coupling fluctuations are significantly weaker, even for short
COM-distances. Reprinted with permission from [121]. Copyright 2024 American Chemical Society.

4.3.1 Snapshot couplings

In figure 4.16, the averaged couplings J,u are plotted against the center of mass distance for all 50
snapshots and for each material. The colorr represent the snapshots. It is evident that for CBP, p-BPD,
and TCTA, the coupling fluctuations are significant in the range of small COM-distances. Within this
range, the couplings fluctuate by approximately one order of magnitude. However, for larger COM-
distances, the coupling fluctuations become negligible. This means that within the amorphous matrix,
coupling fluctuations only impact the hopping rates between molecules with a short COM-distance

(below 5A). In TPDI, the coupling fluctuations are relatively small, within a factor of 2-3.
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Figure 4.17: Coherence parameter of the bulk couplings. The fluctuation strength of the bulk cou-
plings is examined using the bulk coherence parameter Ry . If Ry << 1, it indicates strong coupling
fluctuations. If Ry = 1, the fluctuations are weak. As previously discussed in figure 4.16, the cou-
pling fluctuations of CBP, p-BPD, and TCTA are relatively strong in the COM-distance regime below
5.0 A and approach one for increasing COM-distances. These coupling fluctuations are only relevant
for short-range hole hopping. For TPD], the fluctuations of the bulk couplings are negligible. Reprinted
with permission from [121]. Copyright 2024 American Chemical Society.

4.3.2 Coherence parameter

Another approach to assess the fluctuation strength of the couplings is investigating the coherence
parameter. The coherence parameter for dimers is defined in equation (4.6). I extend this definition to

the bulk couplings introduced above:

~ Woun(d, 1)))7

Rourld) = 5 @02y,

(4.14)

Figure 4.17 shows the coherence parameter for the bulk Ry as a function of the COM-distance d. In
the regime of short COM-distances, the coherence parameter is notably below 1 for CBP, p-BPD, and
TCTA. As COM-distances increase, Ry tends towards 1, indicating that fluctuations in that distance
regime have negligible effects on the bulk couplings. For TPDI, the coherence factor is nearly 1 for all

distances.

73



CHAPTER 4. DYNAMIC EFFECTS IN HOLE TRANSPORT THROUGH AMORPHOUS
SEMICONDUCTORS

4.4 Hole transport simulations

In the kMC-based hopping transport simulations, I rely on the fundamental assumption that the atom-
istic system can be represented as a coarse-grained hopping network consisting of sites representing the
COM of the molecules. Simulation of the hopping processes takes place using this 3D coarse-grained
model, utilizing the discussed couplings and energetic disorders to construct the hopping network.
Achieving numerically stable kMC simulations demands a significantly larger number of sites com-
pared to the number of molecules manageable at the microscopic level [144], rendering it impractical to
directly construct coarse-grained hopping networks from atomistically resolved morphologies. Conse-
quently, expansion approaches for the site distribution, site energies, and inter-site couplings become

necessary to construct suitably large hopping networks.

4.4.1 Generating the hopping-network

Baumeier et al. [145] proposed a method to expand atomistic morphologies, site energies, and couplings
into large coarse-grained hopping networks using a stochastic process called the dominance competi-
tion process. Initially, N points S, are randomly and uniformly generated within a 3D simulation box.
The number of points is obtained from the density of microscopic COM points and the volume of the
simulation box. To account for the spatial extent of the molecules, each point S, is assigned a spherical
radius R,,. These radii are determined based on the nearest neighbor distribution of the microscopic
system. Points that lie within the radius of another point are then removed from the simulation box,
leaving behind points that have a distance to their nearest neighbor greater than or equal to R,,. How-
ever, this approach does not effectively reproduce the short-range order of the microscopic system [156].
To address this limitation, Baumeier et al. proposed an iterative method where independent realizations
of the dominance competition approach are performed iteratively. In each iteration, if new points over-
lap with points from earlier realizations, the new points are discarded. This iterative process is repeated
until the density of COM points matches that of the microscopic system. The dimensions of the simu-
lation box used here, were 40 x 40 x 40 nm?>. Periodic boundary conditions (PBC) were applied in all
three dimensions. The energies for the generated points are drawn from a Gaussian distribution where
the total disorder o; (4.13) was the distribution width.

Expanding the intramolecular couplings is done in a two-step procedure, described in the supporting
information of the paper of Symalla et. al [124]: first, the center of mass distances d;; of all molecular
pairs with d;; < 15 A are binned into 100 bins. These bins are referred to as ’distance’ bins k. Within
each distance bin k, the absolute values of all associated couplings |J;;(d;; € d)| are binned into another
100 bins, denoted as ’coupling’ bins 1 so that 100 *coupling’ bins are nested in every ’distance’ bin. This
is necessary because, for non-spherical molecules, two different dimers with identical COM-distances
may exhibit significantly different orbital overlaps (and hence electronic couplings) due to varying mu-
tual molecular orientations. To assign an electronic coupling to a site-pair in the expanded hopping-site

distribution, a coupling-value J,, is randomly chosen from the coupling bins m in the corresponding
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distance bin k. The randomly chosen coupling-values are weighted with:
¥ (10g,9Jm —10gyJij1) a5
Wkm = Z Zexp— 212 ’ (4.15)
n=k-2 ij k
d,-]-en

where the first sum runs over the the two neighbored distance bins, the second sum over all explicitly
computed pair-couplings with |J;;(d;; € Rd,,)|. The parameter y is given as five times the bin width of

the coupling bins in the distance bin k of interest.

4.4.2 Frozen snapshot mobility

Prior to computing the hole mobility (as described in Chapter 3 for the mobility protocol) in systems
where dynamics are explicitly considered, I investigate the extent of variability in hole mobility when
computing the mobility using frozen snapshots of the morphology. Specifically, I analyze the mobility
of 11 randomly selected snapshots from the MD trajectory, treating the morphology as frozen and using
the site energies and couplings from these snapshots without incorporating explicit dynamics. The

energetic disorder for the frozen snapshots is defined as

Var[Ae??aPSh"t] 12
Osnapshot = \/E ’ (4.16)
where AePh! represents the HOMO-energy differences of the frozen snapshot morphology. This

1

approach Iilirrors the methodology employed in many prior studies [122, 6, 123, 124, 126, 125].

Based on the energetic disorders of the snapshot and the snapshot couplings, the stochastic expansion
from microscopic to coarse grained structures is performed as discussed above. Once a hopping net-
work is established, 30 holes are randomly distributed among the sites in the network. This results in a
total charge concentration of approximately 0.0004 per site, which is a typical value [157]. Figure 4.18
illustrates the mobility of the snapshots, depicted by colored lines, and compares the simulated results
with experimental mobility data from the literature [158, 159, 160, 161].

For CBP, the obtained mobility fluctuates over approximately one order of magnitude for all applied
electric fields, with some computed mobilities matching perfectly with experimental values. The com-
puted mobility for p-BPD varies by a factor of 3 and slightly underestimates the mobility. Similarly, for
TCTA, the mobility varies by a factor of 4, although the field-dependent trend is reproduced quite well.
For TPDI, mobility variations by a factor of approximately 2 are observed, with the simulated mobility
slightly underestimating the experimental values. Considering experimental uncertainties, however, a
deviation between simulated and measured mobility by a factor of 2-3 can still be interpreted as a very
good agreement.

The reason for the relatively successful simulation of hole mobility despite using the frozen morphol-
ogy approximation for couplings and energetic disorders is that parts of the dynamic contribution to

the disorder are accounted for through non-equilibrium conformations found in the frozen snapshot.
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Figure 4.18: Hole mobility for frozen snapshot morphologies. The simulated mobility for all four
materials with frozen snapshot morphologies is plotted as colored lines alongside the experimental data
[158, 159, 160, 161] (represented by red stars). The simulated mobility for all four materials varies by a
factor of 3-10 between the snapshots. Considering experimental uncertainties, the simulated mobility
for all four materials is reasonably in agreement with experimental data. Reprinted with permission
from [121]. Copyright 2024 American Chemical Society.

Nevertheless, the deviation in mobility among the snapshots indicates that the frozen snapshot approx-

imation introduces another source of uncertainty into mobility prediction.

4.4.3 Hole mobility with explicit consideration of dynamics

Figure 4.18 illustrates the significant range of mobility values observed in simulations across individual
snapshots, with deviations spanning up to tenfold differences. Addressing and mitigating this inherent
variability and randomness is crucial. One approach to tackle this issue is by calculating the average
mobility across all snapshots, which can reduce the dependency of mobility on specific snapshots but
may not fully reveal how structural dynamics influence energetic disorder and therefore the mobility.
Simply averaging mobility values could obscure important insights into structural dynamics.

To achieve a more comprehensive understanding of how structural dynamics impact mobility, partic-
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ularly by explicitly considering static and dynamic disorder along with time-averaged couplings, it is
essential to incorporate these quantities directly into the mobility calculation.

Hence, I incorporate the total disorder o}, defined in equation (4.13), which explicitly considers both
static and dynamic disorder as the distribution width of the Gaussian distribution used in the stochastic
model of the hopping matrix.

Regarding the couplings, I compare two approaches: one using the square of the averaged couplings
(|J? and the other using the average of the squared couplings (J?);.

Figure 4.19 depicts the obtained mobility using both coupling averaging methods alongside the aver-
age mobility from the snapshots shown in Figure 4.18, for comparison. In the case of CBP, all three
approaches—incorporating total disorder with averaging squared couplings (blue), incorporating total
disorder with square-averaged couplings (orange), and using average snapshot mobility (green) demon-
strate excellent agreement with experimental data.

For p-BPD, the mobility for orange and green are equal and underestimate the experimental data by a
factor of 5. The result is slightly improved by using the blue approach.

Regarding TPDI, simulations based on both averaging methods exhibit reasonably good agreement with
experimental data. This can be attributed to the weak coupling fluctuations for TPDI, as shown in Fig-
ure 4.17. The snapshot-averaged mobility performs the worst here, underestimating the experimental
values by nearly one order of magnitude. The field dependency of the mobility is accurately captured
for CBP, p-BPD, and TPDL

For TCTA, all three methods underestimate the experimental mobility by a factor of approximately 10
and overestimate the field dependency, as the simulated mobility increases much faster than the mea-
sured mobility. This discrepancy might be explained by an overestimation of the total disorder for TCTA.
Compared to the disorder reported in [125], the total disorder here is larger by 12 meV, which has a
considerable effect on the mobility and also on the field dependency [162].

4.5 Conclusion

Predicting charge mobility in organic semiconductors is a critical area of research, and current methods
[126, 153] often rely on assumptions of a static morphology to simplify computations. Dynamic effects
on intermolecular couplings are typically neglected due to their high computational demands [135].
Additionally, unraveling the dynamic contribution to energetic disorder remained challenging, making
it difficult to predict disorder based solely on single-molecule analyses of fluctuations in site energies.
In this study, I focus on the dynamics of molecules within an amorphous matrix with respect to the total
disorder of HOMO energies and intermolecular HOMO couplings. This is achieved through a workflow
that combines molecular dynamics, semi-empirical DFTB, and kinetic Monte Carlo simulations. This
workflow involves computing time-series data for couplings and site energies, allowing for an investi-
gation into the dynamics of hole transfer parameters across the morphology.

By explicitly considering both static and dynamic contributions to total energetic disorder and perform-

ing time averaging of electronic couplings, this approach broadens the scope of energy and coupling
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Figure 4.19: Mobility simulations with averaged hole transfer parameters. The mobility is com-
puted using the square averaged couplings (orange) and averaged square couplings (blue). The energy
landscape of the hopping network for the kMC simulations was obtained by drawing random site en-
ergies from a Gaussian distribution where the total disorder o; served as the standard deviation. The
experimental data [158, 159, 160, 161] is again shown as red stars. For CBP, the 'orange’ simulation yield
excellent agreement with experimental mobility. Using the ’blue’ method overestimates the mobility by
a factor of roughly 3. For p-BPD and TPDI, good agreement with the experimental data is obtained for
the ’blue’ approach. The ’green’ mobility for both is slightly below. The difference between the ’blue’
and ’orange’ mobility in TPDI is very small due to the weak coupling fluctuations discussed earlier. The
mobility for TCTA deviates by approximately one order of magnitude from the experimental values.
Reprinted with permission from [121]. Copyright 2024 American Chemical Society.
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sampling in amorphous OSC. As a result, mobility predictions can be made that explicitly account for
structural dynamics and insights are gained into the underlying physical causes of total energetic dis-
order, which stem from both static and dynamic influences.

Furthermore, I investigate the fluctuations in intermolecular couplings using a method similar to that
employed by Skourtis et al. [137], which reveals that coupling fluctuations significantly impact short-
distance pairs. However, for larger center-of-mass (COM) distances, these fluctuations become neg-
ligible. Analyzing the HOMO structure within random molecules of each material allows to uncover
the origins of dynamic disorder. This exploration provides insights for designing materials with low
dynamic disorder, achieved either by localizing the HOMO on rigid fragments of the molecule or using
materials with high glass temperatures to reduce molecular flexibility at room temperature (see Figure
4.11).
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In silico study of OLED architectures

The work presented here was published in:
Ali Deniz Ozdemir, Fabian Li, Franz Symalla, Wolfgang Wenzel. In silico studies of OLED device ar-
chitectures regarding their efficiency. Front. Phys. 11:1222589. 2023 [163]

In preceding sections, particularly in Chapter 2, I extensively discussed the development and cur-
rent state of OLED devices. In the forthcoming chapter, I will explore the simulation of the efficiency
of three distinct OLED architectures. To attain high efficiency in an OLED, it is essential that every
electron-hole pair injection results in recombination on an emitter molecule within the emissive layer,
followed by radiative decay. However, the efficiency can be reduced by diverse physical processes like
exciton-exciton or exciton-polaron quenching or by inefficient carrier injection. Enhancing OLED ef-
ficiency necessitates optimizing the interaction among different layers and physical phenomena like
charge injection, transport, recombination, and exciton decay. Meticulous material selection and layer
arrangements can mitigate loss mechanisms while maximizing quantum efficiency. Computational sim-
ulations are promising tools for optimizing OLED performance, efficiently exploring a broad parameter
, 165].

The goal is to assess the effect of each layer on key performance parameters, including charge balance,

space, and offering insights into the intricate processes occurring across different scales [

exciton generation, and the occurrence of quenching events such as exciton-polaron quenching [166,
], and exciton-exciton annihilation [167, 54]. This analysis aims to elucidate the influence of these
factors on the internal quantum efficiency internal quantum efficiency (IQE), a pivotal metric for eval-

uating OLED efficiency. Additionally, I aim to optimize the device by adjusting parameters such as the
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EML thickness and emitter concentration. In the study presented in this chapter, I examined the impact
of integrating charge injection and blocking layers [168] within the framework of a mesoscopic OLED
model, using a 3D KMC approach [124, 6], similar to the one used in Chapter 4.

This chapter is organized into two main parts. The first part will focus on three OLED architectures
studied in this work, followed by a comprehensive discussion of all microscopic processes involved, in-
cluding charge injection, charge transport, excitonic processes, and their implementation in this study.
In the second part, I will conduct an analysis of the performance of the presented device architectures.
I will also present possible optimization strategies and evaluate them using the model developed in this

work.

5.1 Parametric model of an OLED

In contrast to the approach detailed in Chapter 4, where amorphous thin film morphologies were ini-
tially generated followed by obtaining transfer parameters using quantum chemical methods, I rely on
parametric models of OLED devices. Utilizing the LightForge kMC simulation package [124], I simulate
the injection and transfer of charge, the formation of excitons, their radiative and thermal decay, as well
as bimolecular quenching [54]. To explore three different device architectures, illustrated in Figure 5.1,
I employ a heuristic model akin to previous studies [164]. Further elaboration on the simulation setup

and process-rate calculations is provided below.

5.1.1 Virtual devices

In this work, I conceptualize OLED devices as a sequence of layers, each consisting of a 3D cubic lattice
with a lattice constant of a = 1 nm [169, 51]. At every lattice site i, I attribute HOMO and LUMO energy
levels, denoted as ElH and EiL respectively. These energy levels are randomly sampled from a Gaussian
distribution [6], ¢(E, 0,(E)), where o = 0.1 eV represents the energetic disorder for both HOMO and
LUMO energy levels, across all materials incorporated in our investigation. Figure 5.1 illustrates the
mean values (E) of the HOMO and LUMO energy levels for each layer.

I classify molecules or sites into two distinct groups: phosphorescent emitters and non-emitters. This
differentiation is pivotal for modeling different excitonic processes, including inter-system crossing and
the radiative decay of singlets or triplets. It relies on the exciton parameters specific to each type,
detailed further in the supplementary information. Notably, the materials utilized for charge injec-
tion, transport, and blocking layers are all non-emissive. Conversely, emitters are combined with non-

emitting host molecules within the emissive layer (EML).

5.1.2 Charge carrier injection

The process of charge injection from an electrode to an organic molecule is considered as a discrete
event, where a charge carrier moves from a continuous pool of charges in the electrode to a particular

organic site i with an associated energy level (EII»‘I for holes, El]»“ for electrons). To accommodate the
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Figure 5.1: Schematic representation of the devices studied in this work. The first device (A1)
comprises three layers, with the HTL and ETL having identical thicknesses and energy levels. Holes are
injected from the anode into the HTL, while electrons are injected from the cathode into the ETL. Holes
migrate from the HTL towards the EML, where emitter molecules with high phosphorescent emission
rates and a reduced HOMO-LUMO gap are blended to facilitate exciton generation in close proximity
to the emitter molecules. The energy levels of the emitter are represented by dashed lines, and the
layer thicknesses are provided in nanometers (nm). Architecture 2 (A2) mirrors Al but incorporates
additional hole and electron injection layers (depicted in yellow). Architecture 3 (A3) features two
additional blocking layers flanking the EML to confine charge carriers to the EML.
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electrodes’ capacity to dissipate continuous amounts of energy, I utilize Miller-Abrahams rates [170,

] for determining the charge injection rate:

TC

AEx;
= exp(—@—%) ,for AEx; >0
X ks T

xil® x (5.1)

else,

where the temperature was T = 300K in all simulations. Here, [x; denotes the electronic coupling

between the electrode Xand the organic molecule i and is given by:

.e i
Ixi = ]OI-exp[—2_—él] . (5.2)
%

The prefactor jSl denotes the maximum coupling, which is then modulated by the distance-dependent
exponential function, where 581 denotes the characteristic decay length of the electrode wavefunction.
The specific values utilized in this context can be referenced in Table 5.1.

The injection barrier for holes (X = A, for anode) is given by:
AEp; = E};—EiH—ecj)f’+eqb]iD —eFr;, (5.3)

where Eg represents the Fermi level of the anode, F signifies the electric field, and r; denotes the distance
between the target site i and the anode. The screening term (j)ls = e?/(16mege,r;) ensures the boundary
condition of a constant potential at the electrodes, which is achieved using the method of image charges.
The dynamic Coulomb potential (j)? incorporates all other charge carriers gy and their image charges

g within the device:

1 a9

D

D _ E LI 4
P 47ene, - (rik+ri’k) (5.4)

where the dielectric constant €, was 4.0 for all layers. The dynamic electrostatic potential is computed
by using the Ewald method[172].

The injection barrier for electrons at the cathode (X = C) is defined in a similar manner:
AEc; = EiL - Eg - e(p? - e(j)l-3 —eFr; . (5.5)

5.1.3 Charge transport

As discussed in earlier chapters, charge carrier transport is also modeled as hopping transport in this
work. The hopping rate between sites i and j is calculated using the Marcus rate equation (3.77).

The energy difference AE;; incorporates the dynamic Coulomb potential ¢P arising from charge-charge
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interactions within the device and the applied electric field:

AEZ‘]' :(ej—eCD]]»D)—(ei—eCD?)—eFrij, (5.6)
for electrons and:

AE;; :(£j+eCD]D)—(ei+eCDID)+eFrij, (5.7)

for holes.

The electronic coupling J;; is given by:
i
Jij =1Jo exp(—ZO%) : (5.8)

The maximum coupling j, and decay length 9, along with all parameters pertinent to charge injection
and charge transport, are listed in Table 5.1. It’s noteworthy that for charge transfer processes, no
distinction was made between emitter and host molecules. This differentiation becomes relevant solely

for excitonic processes.

Table 5.1: Simulation parameters for charge injection and charge transport.

Parameters for energy landscape Value
Anode Fermi-level -5.4eV
Cathode Fermi-level —2.4eV
Energetic disorder ¢ for all organic materials (HOMO and LUMO) 0.1ev
Mean HOMO in HTL and ETL -5.8eV
Mean LUMO in HTL and ETL -2.0eV
Mean HOMO in EML (host) -5.8eV
Mean LUMO in EML (host) -2.0eV
Mean HOMO in EML (emitter) -5.5¢eV
Mean LUMO in EML (emitter) -2.3eV
Mean HOMO in HIL -5.6eV
Mean LUMO in HIL -2.0eV
Mean HOMO in EIL -5.8eV
Mean LUMO in EIL -2.2eV
Mean HOMO in HBL -6.3eV
Mean LUMO in HBL -2.0eV
Mean HOMO in EBL -5.8eV
Mean LUMO in EBL -1.5eV
Parameters for couplings
Max coupling electrode-organic j(e)l 0.001 eV
Decay length for coupling electrode-organic 681 0.3nm
Max coupling organic-organic j, 0.001 eV
Decay length for coupling organic-organic g 0.1nm
Reorganization energy A used in Marcus rates for charge transfer 0.2eV
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5.1.4 Excitonic processes

In this study, excitons are modeled as either the first excited singlet (S1) or the first excited triplet states

(T1) of the corresponding molecule. The excitation energies EiX associated with molecule i are given

by:

EZL - EIH —EB, for singlets X = S1
EZL - EiH —EB—EST, for triplets X = T1

EX =

1

(5.9)

EST

where EB is the exciton binding-energy and the singlet-triplet gap.

Exciton recombination and charge separation

If there exists an exciton positioned at a specific site i, it has the potential to undergo charge separation
via two distinct pathways: hole separation, where the hole transfers to a neighboring site while leaving
the electron behind at site i, or electron separation, which involves the electron relocating to a neigh-
boring site instead. In our model, I characterize separation as a charge transfer process, with the energy

barrier for hole separation determined by:

X |

i —+e(P;-D)), (5.10)

AE;: =E-—-EH_E
Y ! ] 4mee, 1ij

where @;(;) represents the total electrostatic potential, incorporating the dynamic term and all other
previously introduced terms at site 7 (j). Additionally, the Coulomb potential between the charged sites
i and j is explicitly considered.

The energy barrier for the electron separation process is given by:
AEZ']'ZE}"—EIH—EIX———+€((P1'—(D]'). (5.11)

Exciton transfer

As previously discussed in Chapter 3, excitons possess the ability to move through two mechanisms:
Dexter transfer [173, 174], where the bound electron-hole pair jumps to an adjacent site through si-
multaneous charge transfer, and Forster transfer [175, ], where energy is transferred via a virtual
photon. Both processes are incorporated into our kinetic Monte Carlo (kMC) model.

Since Dexter transfer involves the simultaneous transfer of the electron and hole constituting the exci-
ton, Marcus rate expression (equation (3.77)) is used to compute Dexter transfer rates. However, there
are certain adjustments: I utilize the excitation energies EIX and E]X (equation (5.9)) to determine the
energy difference required for the exponential function in Marcus rates, and consider Dexter couplings
J gexm that are one order of magnitude lower compared to couplings used for charge transfer.

In this model, Marcus theory is also used to compute the Forster transfer rates, incorporating the long-
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range coupling that is specific to Forster transfer:

5 |d;||d;|
]inrster —x Ty , (5.12)
J 3
]
where d; denotes the transition dipole moment, and the factor x accounts for the relative orientation of
the transition dipole moments of sites i and j. The use of Marcus-transfer rates is justified by the results
presented by Stehr et al. [112], wherein they showcased the ability of Marcus theory to qualitatively
predict exciton diffusion coefficients in diverse organic materials.

The norm of the transition dipole moment is computed based on the parameter-settings by:

3k

ldil = | — x5~
l 4Trada3(EiX)3

(5.13)

where k = 2.42x 1077 s, 7,,4 is the radiative life which is the inverse radiative decay rate, & = 1/137 is
the fine-structure constant and EiX is the excitation energy of site 7, which is defined in equation (5.9).
To obtain the vectorial transition-dipole moment, a randomly orientated unit-vector #; for each site is

generated. The vectorial transition-dipole moment is then given by:

d; = i\t . (5.14)

- -
Lo i N1
k=1 =3 — -1 || — 1|, (5.15)
where ?;]- is the displacement vector between site i and j and 7;; is its length.

Excitonic quenching

Excitons suffer from quenching through various processes such as triplet-triplet annihilation (TTA) or
triplet-polaron quenching (TPQ) [54, , 47,56, 51, 58]. In this study, I focus on modeling the rates of
TTA and TPQ using a heuristic formula for quenching of type Q = TTA or TPQ:

Q .
Wmaxs lfTij =a
WS = 6
i Q g4
J a)maxx, else
gl

(5.16)

As these quenching processes are based on Forster mechanisms, the distance dependence of the quench-
ing rates follows the same law as that of Forster-based exciton transfer (o ri’]-é). The maximum rate for
the quenching process Q is denoted by wgax, and a represents the lattice constant used to maintain con-
sistent units. The values employed for the quenching, along with all other relevant rates for excitonics,

are presented in Table 5.2 and have been adapted from quantum chemical calculations outlined in the
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Table 5.2: Additional parameters for the excitonics.

Decay and quenching rates non-emitters emitters
ISC-rate 1x103s7 T | 1x10Ms7T
RISC-rate 1x10%s7! 1x100s7!
thermal decay rate 1x10s7! 1x105s7!
Exciton reorganization energy 0.3eV 0.3eV
Excitonic binding energy 0.8eV 0.8eV
Singlet-Triplet gap 0.3eV 0.3eV
Radiative decay rate S1 1x108s7! 1x108s7!
Radiative decay rate T1 1x10's7! 1x100s7!
Max TTA rate 1x10%s7! | 1x10Ms7!
Max TPQ rate 1x10%s71 | 1x10!s7!
Parameters for Dexter transfer integrals
Max Dexter coupling j(l))EXter 0.0001eV 0.0001eV
Decay length for Dexter coupling 60D exter 0.1nm 0.1nm

work by Symalla et al. [54].

5.2 Simulation details

To ensure the reliability of the results, I conducted simulations for 20 replicas of each device, with each
replica undergoing 50 million kMC steps. Properties such as current or particle densities were then
averaged over all replicas. The simulated devices were modeled with a cross section of 20 x 20 nm?.

The built-in electric field of the devices is determined by the equation:

Ef —EE
Fgr = €A

- , (5.17)
6(1.61'11'1'1 + LDevice)

where e represents the elementary charge. The distance between the anode and the organic material is
0.8nm for both the anode and cathode, accounting for the surface roughness of the amorphous organic
layer, with typical molecules having a volume of approximately 1 nm?. The total thickness of all organic

layers is denoted by Lpeyice-
To apply electric fields that exceed the built-in field, I use the following scheme:
Papplied = Fpi+ Fy, (5.18)

where F, takes on values from 0.01 Vnm™! to 0.06 Vnm™! unless otherwise specified.
In Chapter 2, I elaborated on the significance of the internal quantum efficiency (IQE) for the overall
efficiency of OLED devices. In the model employed in this study, the computation of the outcoupling
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efficiency of photons is not implemented. Therefore, our focus is on studying the IQE, defined as:

N rad

IQF = ——rad
Nx —Ncs

(5.19)
where N4 denotes the number of emitted photons, Ny represents the total number of excitons, and
Ncs represents the number of charge separations. Additional information regarding the rates utilized

in the kinetic Monte Carlo (kMC) simulations can be found in the supplementary information.

5.3 IV and IQE characteristics

I conducted simulations of charge and exciton dynamics in the three architectures presented in Figure
5.1. Our objective was to compare the IQE of the three devices and examine the charge, exciton, and
quenching profiles along the transport axis of the devices. This visualization allowed us to observe the

impact of architectural differences on the carrier and exciton dynamics.

As described in the methodology section, I performed simulations by applying electric fields that
counterbalance the built-in field Fg; of each device, ensuring that the effective field experienced by the
charge carriers is equal in all devices. Figure 5.2 (A) displays the current-voltage characteristics result-
ing from the simulations of all device architectures (A1-A3) with an emitter concentration of 15%. It
is noteworthy that despite the identical effective fields experienced by the charge carriers, there is a
significant difference in the currents between A2 or A3 and A1, varying by approximately one order of
magnitude. The reason for this difference is that A2 and A3 contain a higher number of layers than A1,
resulting in a higher effective resistance that requires a larger electric field (or voltage) to generate the
same currents. Additionally, the presence of blocking layers in A3 further reduces the achieved current
compared to A2. The impact of the difference in achieved current among the devices is reflected in their
respective IQE. As the achieved currents decrease due to increased effective resistance, the roll-off effect
is delayed, leading to higher IQEs at the same electric field experienced by the charge carriers. In Figure
5.2 (B), the IQEs of the devices are presented, with A2 and A3 exhibiting significantly larger IQEs at
low currents. Conversely, Al already achieves a current of approximately 10> mA/cm? at the smallest
electric field. Indeed, at high electric fields, the achieved currents of A2 and A3 become comparable to
that of A1, and as a result, the roll-off effect becomes prominent, leading to a significant drop in IQE

that is comparable to Al.
It is evident that while the implementation of injection and blocking layers leads to a significant

improvement in the IQE at low currents, which is in line with experimental findings [168, ], all of

the device architectures are still susceptible to roll-off, resulting in very small high-current IQEs.

88



CHAPTER 5. IN SILICO STUDY OF OLED ARCHITECTURES

NE 105 4 0.5 4 —o— Al
L A2
E Lot 0.4 A —o— A3
c J
;% W 0.3
% 103- °
o 3 0.2 1
c ] —+— Al
§ 102; A2 0.1 A R
O ] —+— A3 .
. . . 004 __ ___T90ee
4 5 6 102 103 104 10°
Voltage in V Current density in mA/cm?

Figure 5.2: IV- and IQE-curves of all three device architectures. Panel (A) shows the IV curves of
three devices, with A1 (blue), A2 (orange), and A3 (green). The thinnest device, A1, shows the highest
current density, followed by A2 and then A3, which is the thickest. The increase in thickness results in
higher resistance, leading to lower currents. The emitter concentration in all three devices was 15%.
Panel (B) shows that A3 exhibits the highest IQE at low current densities (< 103 mA/cm?). However,
all three IQEs decrease to small values at high current densities (> 103 mA/cm?), indicating a common
roll-off. Thus, the modifications made to the device architecture were inadequate to prevent the high-
current roll-off.
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5.4 Charge and exciton profiles

Gaining insights into how the integrated layers influence the distribution of carriers and excitons through-
out the system is critical for identifying performance bottlenecks and gaining a deeper understanding of
device physics. Figure 5.3 depicts the distribution of particles, such as charges and excitons, throughout
the devices, represented by their profiles along the transport axis. Specifically, the charge carrier profile
is determined by averaging the sum of all holes (or electrons) across the device’s cross-section at a given
position along the transport axis over the simulation time. A value of 1 signifies that there is on average
one hole (or electron) in the corresponding cross-sectional position.

Upon analyzing the charge profile of Al in Figure 5.3 (A), it becomes evident that the symmetry of
Al in terms of layer arrangement and energetic landscape is mirrored in the distribution of holes and
electrons. The concentration of holes is observed to be high at the interface between the anode and the
organic layer, decreasing towards the emissive layer and increasing again. A similar trend is observed
for electrons, which are concentrated near the cathode-organic interface. Maintaining charge balance
is essential for exciton generation, and A1 demonstrates good charge balance within the emissive layer,
as reflected in the generation of excitons solely within that region (Figure 5.3 (B)).

The simulation results show that reducing charge balance, particularly in the transport layers and near
the electrode interfaces, leads to a negligible number of excitons being generated over time. Figure 5.3
(C) depicts the proportion of excitons per layer, quenched by TTA or TPQ or charge separation pro-
cesses leading an exciton to an unbound electron-hole pair. All exciton quenching events and charge
separation take place in the EML, indicating that the generated excitons do not leave the EML through
diffusion processes.

In Figure 5.3 (D), the addition of hole- and electron injection layers (A2) slightly increased the charge
balance in the EML, but a significant amount of excitons was generated at the interface between the
injection and transport layers. This is due to a smaller gap between HOMO and LUMO energies in the
injection layers, which fosters exciton generation (Figure 5.3(E)). However, this effect is undesired be-
cause most of these excitons are unlikely to diffuse to the EML for radiative decay.

Figure 5.3 (F) shows that a large fraction of excitons undergo TTA and TPQ processes in the EML, while
a significant fraction is quenched at the interface between the injection and transport layers. To prevent
exciton generation at these positions, the charge balance outside the EML must be minimized by adding
a hole or electron blocking layer on the left or right side of the EML.

Figure 5.3 (G) shows the charge profile of A3 with the desired absent charge balance outside the EML,
resulting in exciton generation only inside the EML as seen in figure 5.3 (H). However, the existence of
blocking layers does not completely eliminate all bottlenecks. It results in the accumulation of excess
holes at the interface between the emissive layer (EML) and the hole-blocking layer (HBL), as well as
excess electrons at the interface between the EML and the electron-blocking layer (EBL).

Furthermore, the concentration of charge carriers with opposite sign is higher at these interfaces com-
pared to the central region of the EML. As a consequence, the large concentration of charge carriers
contributes to a greater number of charge recombination and increases the occurrence of TPQ events
(Figure 5.3 (I)).
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Figure 5.3: The particle profiles of devices with architectures A1, A2, and A3 are shown in the
first, second, and third columns, respectively. I simulated one device for each architecture with an
EML thickness of 15nm and an emitter concentration of 15%, with the remaining layers as depicted in
Figure 5.1. Panel A displays the average number of electrons and holes per cross-sectional layer over
the simulation time. I observe that the charge balance within the EML is not ideal, particularly at the
interface to the transport layers where I have excess charges with an opposite sign.In panel B, I observe
that exciton generation only takes place inside the EML, despite non-zero charge balance throughout
the entire transport axis. This is due to the relatively large HOMO-LUMO gap in the transport layers
that suppresses charge recombination.Panel C shows that in addition to TTA processes throughout the
entire EML, excess charges at the interface to the transport layers lead to an increased number of TPQ
processes, which negatively impacts the IQE.In panel D, I add electron- and hole-injection layers (archi-
tecture A2) to slightly enhance the charge balance within the EML, but this causes exciton generation
in the injection layers (panel E). This is due to the smaller HOMO-LUMO gap, despite the small but
non-zero charge balance in the injection layers. As shown in panel F, this leads to many TPQ events
within the injection layers because of the combination of high exciton and charge density there.To pre-
vent charges from recombining outside the EML, I add electron- and hole-blocking layers as depicted
in Figure 5.1. As shown in panel G, this causes the charge balance to vanish to the left and right of the
EML. As expected, exciton generation only occurs within the EML (panel H). Furthermore, I observe a
reduction in quenching throughout the device compared to panel F (panel I).
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Figure 5.4: The IQE versus current-density relationship for five devices with architecture A3
is presented. All devices have an EML thickness of 15nm, but vary in emitter concentration from 1%
to 15%. The optimal emitter concentration for low current densities appears to be around 5%, with a
significant improvement in IQE compared to higher concentrations (15%). However, all devices suffer
from significant roll-off, as evidenced by the sharp drop in IQE for high current densities. B Increasing
the current-densities (corresponding to high electric fields) reduces the positive effect of optimizing the
emitter concentration. This suggests that emitter concentration optimization alone can only improve
device performance to a limited extent, but cannot overcome the drastic reduction in IQE caused by
roll-off.

5.5 Dependency on emitter concentration

Figures 5.3 (C), (F), and (I) provide insights into the particle dynamics resulting from the addition of
injection and blocking layers. However, the high count of TTA and TPQ events, particularly at the
interfaces with the blocking layers, remain a bottleneck. One potential strategy to address this issue is
to decrease the exciton density in the EML by reducing the emitter concentration[38]. To explore this,
I simulated A3 with varying emitter concentrations while keeping the rest of the device unchanged.
Figure 5.4 (A) presents the obtained IQE for A3 with emitter concentrations ranging from 1% to 15%. I
observed an improvement for emitter concentrations below 15% for small current densities, but varying
the emitter density could not prevent the roll-off effect, leading to low IQEs at large current densities.
This is further illustrated in Figure 5.4 (B), where I plotted the difference of the IQEs at all applied
electric fields relative to the 1% device IQE. I can clearly observe that, particularly for small fields (cor-
responding to small currents), the 15% device has up to 0.10 lower IQE. The device with 5% emitter
concentration exhibited the best performance. Reineke and Baldo[179] reported that devices with emit-

ter concentrations ranging from 1% to 10% exhibit high quantum efficiency, which our results support.
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5.6 Dependency on EML thickness

Previous studies have reported that the efficiency of OLED devices is affected by the thickness of the
emissive layer (EML), and thicker EMLs lead to more efficient devices [180, 181]. To verify this using
our simulation model, I varied the EML thickness of architecture 3 with an emitter concentration of
15%. In Figure 5.5 (A), I present the IQE for architecture 3 with EML thicknesses ranging from 10 to
40nm. Our simulations demonstrate that thicker EMLs result in higher IQE at low current densities,
as observed in previous studies. For example, comparing the IQE of the 10nm and 40nm devices, I
observe an improvement of about 0.3 (Figure 5.5 (B)). Additionally, I find a significant improvement in
the IQE for thicker emissive layers at high effective fields, indicating that increasing EML thickness not
only improves the low-field IQE but also reduces roll-off, leading to more efficient devices across all op-
erating regimes. To understand how EML thickness affects the quenching processes, similar to Figure
5.3 (I), I analyzed the ratio of triplet excitons undergoing TPQ or TTA quenching events. Figures 5.6
(A)-(C) illustrate the quenching profiles of devices with architecture 3 and EML thicknesses of 10, 25,
and 40 nm, respectively. All simulations were performed with an effective field of F — Fg; = 60mV/nm,
leading to relatively high current densities (see Figure 5.5).

These results reveal that the fraction of TPQ and TTA events decreases with increasing EML thickness,
leading to an increase in the IQE, as demonstrated in Figure 5.6. This demonstrates the ability of com-
putational studies to provide insights into the relationship between modifications to device design that
affect macroscopic properties such as IQE or emission, and microscopic properties such as particle dy-
namics. In the final step of this study, I utilized this model to optimize OLED performance by varying
the layer thickness and emitter concentrations. I screened a total of 225 devices with architecture 3,
where each device had a different EML (Emissive Layer) thickness and emitter concentration. Figure
5.7 illustrates that the Internal Quantum Efficiency (IQE) demonstrates a significant increasing trend as

the EML thickness is increased while maintaining a constant emitter concentration at 5-6
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Figure 5.5: IQE as a function of current-density for devices with architecture A3. This time,
the emitter concentration is fixed at 15% for all devices, while the EML thickness varies from 10nm
to 40nm. As the EML thickness increases, there is a significant improvement in IQE at low current-
densities. However, roll-off still persists for large current-densities, but not as severe as observed in
figure 5.4. B To investigate the impact of varying EML thickness on the IQE at high fields (i.e., high
current-densities), I plot the change in IQE with respect to the device with 10nm EML thickness. In-
terestingly, I observe that the device with 40nm EML thickness has approximately 8% higher IQE at
60mV/nm compared to the thinnest device. Unlike optimizing emitter concentration, increasing the
EML thickness has a positive effect on high-field IQE.
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Figure 5.6: Quenching profiles of devices with architecture A3. Shown are devices with EML
thicknesses of 10nm (A), 25nm (B), and 40nm (C). It is observed that as the EML thickness increases,
there is a decrease in the fraction of excitons generated per cross-sectional position that undergo TTA or
TPQ. This decrease in quenching explains the increase in IQE for devices with higher EML thicknesses.
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Figure 5.7: IQE of 225 devices with architecture A3. The simulation was conducted using an electric
field of 30 mV/nm above the built-in field. The simulation results showed a consistent trend of increas-
ing IQE with increasing EML thickness. Additionally, the optimal emitter concentration was found to
be in the range of 5-6%, which is consistent with previous findings.
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5.7 Conclusion

In this study, parametric KMC simulations were employed to investigate three distinct OLED architec-
tures: Al, A2, and A3 (see Figure 5.1), all featuring a phosphorescent emitter blended with the host
material in the Emissive Layer (EML) [182]. This analysis unveiled significant differences in device
performance regarding Internal Quantum Efficiency (IQE) and current-density behavior, as depicted
in Figure 5.2. By use particle profile plots (Figure 5.3), I identified key bottlenecks unique to each ar-
chitecture. Specifically, architecture A1 exhibited non-ideal charge balance within the EML, leading
to enhanced Triplet-Polaron Quenching (TPQ), particularly at the interface with the transport layers,
and a high occurrence of Triplet-Triplet Annihilation (TTA) processes within the EML (Figure 5.3C).
To mitigate this issue, I introduced charge injection layers between the electrodes and transport layers,
improving charge balance within the EML. However, this approach led to undesired exciton generation
in the injection layers due to the narrow HOMO-LUMO gap (Figure 5.3E and F). Although the addition
of charge blocking layers enhanced device efficiency, the roll-off effect persisted.

For the multilayer architecture (A3), further optimization of IQE was achieved by varying the emitter
concentration and EML thickness (Figures 5.4 and 5.5). Simulation results indicated that the highest
low-current IQEs were achieved with emitter concentrations around 5%, consistent with previously re-
ported values [38, 179]. Nonetheless, the device still experienced roll-off due to TTA and TPQ processes
[52]. Increasing the EML thickness further improved efficiency and mitigated roll-off at current densi-
ties around 1 x 10*mA/cm?.

This computational approach demonstrates the utility of heuristic models for analyzing device architec-
tures and identifying efficiency-affecting parameters. This method efficiently pinpointed performance
bottlenecks specific to each architecture, tasks that would be laborious and costly to accomplish ex-
perimentally. I believe that this computational framework can facilitate the rational design of efficient
OLEDs by offering flexibility in adjusting material and device parameters to achieve high IQE and pre-
emptively identifying performance limitations. Combining this heuristic approach with more realistic
models based on ab-initio data holds promise for enhanced accuracy, although at higher computational
costs. Therefore, heuristic models serve as valuable tools for identifying promising design regions for

more detailed investigations.
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Modelling device degradation

Over the last few decades, many obstacles related to OLED devices, such as poor efficiency, have been
effectively addressed. As shown in the previous chapter, a methodical improvement of device struc-
tures and materials can help alleviate problems like roll-off effects. Nonetheless, a continuous issue
in OLEDs persists: device longevity. Despite notable enhancements in lifespan for display uses where
lower brightness levels are sufficient [183, 184], achieving sufficient lifespans for applications requiring
high initial brightness remains a challenge for commercial adoption [185].

In general, electroluminescent devices decline in luminance over time. In a review by Aziz and Popovic
[186], three specific types of degradation were defined: Formation of dark spots, primarily at electrodes,
leading to the creation of non-emissive regions and subsequently reducing the emissive area of the de-
vice [187]. The second type of degradation involves catastrophic failure, wherein electrical shorts cause
a sudden and drastic reduction in luminance, often correlated with significant leakage currents [188].
The third type is referred to as intrinsic degradation, characterized by a gradual decline in luminance
over extended periods of operation.

Proper device encapsulation and meticulous control of production conditions during manufacturing can
effectively manage the first two types. However, comprehending and addressing the third type necessi-
tates deeper exploration. In contrast to catastrophic failure and dark-spot formation, which are mainly
influenced by external factors and involve observable mechanistic changes in the device, intrinsic degra-
dation stems from microscopic processes occurring within the organic material during operation.

The lifetime of OLED devices presents a significant issue with blue phosphorescent emitters, which

experience a 50% reduction in initial luminance after several thousand hours, while green phosphores-
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cent devices can operate for up to one million hours before reaching the 50% threshold [189]. Previous
studies indicated that defects develop within the device, specifically in the EML, as a result of excitonic
quenching mechanisms like TPQ or TTA. These defects contribute to the formation of carrier traps and
non-emissive centers. Computational investigations into these processes at the device level and their
impact on device lifetimes were carried out in the late 2000s by Giebink et al. [190, 191]. The primary
degradation process was reported to be TPQ. However, the early computational degradation studies
employed one-dimensional Drift-Diffusion Models (DDM) that were unable to capture the percolative
nature of charge transport [192] (see Chapter 3). In 2014, Coehoorn and colleagues demonstrated OLED
lifetime simulations using a 3D KMC model. They argued that TPQ is the primary cause of defects lead-
ing to charge trapping and non-emissive exciton quenching [57, 65]. However, simulating lifetimes of
commercially available OLEDs was not feasible with the methods described above, as simulating hun-
dreds of thousands of hours of operation time using KMC is not achievable. It is challenging to simulate
OLEDs in the timescale of device lifetimes, which can extend to several hundred thousand hours or more
of operational time. Hauenstein et al. [193] attempted to address this issue by introducing a power law
that relates lifetime to current density. Despite this approach, they were only able to reach timescales
on the order of thousands of hours.

In this chapter, I propose an alternative approach to address the timescale limitation in kinetic Monte
Carlo (KMC). I developed a protocol to accelerate the KMC simulation time to match the scale of these
significant device lifetimes.

While this approach effectively tackled the timescale problem for one specific device, it turned out to
be impractical for a broader range of device architectures. In this study, merely increasing the emitter
concentration without adjusting other system parameters made this approach ineffective. The number
of KMC steps needed to observe significant effects of gradually degrading molecules on device perfor-
mance became unmanageably high and impractical.

The following sections are organized as follows: First, I will outline the used degradation model and
its implementation within ourKMC framework. Second, I will discuss how luminance is defined in the
context of this work and detail the method for measuring luminance loss. Subsequently, I will introduce
the developed timescale acceleration technique, which is then applied to investigate luminance loss in a
parametric OLED model (see Figure 6.1). Finally, I will discuss additional methodological improvements
that, when combined with the timescale acceleration method, serve as a valuable tool for computational

lifetime studies of more complex OLED architectures.

6.1 Degradation model

Inspired by a study conducted by Wang et al., excitonic quenching events play a pivotal role in the
degradation investigations presented here. The premise is that, owing to either exciton-exciton or
exciton-polaron quenching, molecules targeted by such quenching events, undergo destruction[55, 54].
The exciton-exciton-based quenching events include TTA, triplet-singlet annihilation (TSA), SSA, and

STA. In these scenarios, the excess energy of one exciton further excites the exciton on the target
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molecule, thereby energetically enabling bond-breaking reaction pathways. In the case of exciton-
polaron quenching, there exist singlet-polaron quenching (SPQ) and TPQ processes. Molecules targeted
by the polaronic quenching events are destroyed due to similar arguments as those for the exciton-
exciton based quenching events. I will distinguish between two main types of degradation in this study:
(i) degradation of host molecules within the EML, and (ii) degradation of emitter molecules. In the
degradation simulations, I model the destruction of host or emitter molecules over time, depending on
the specific type being studied. Initially, all molecules are intact, but as the simulation progresses, more
molecules are destroyed, leading to a gradual degradation effect that mimics real-world scenarios.

In this study, each of these mentioned quenching-processes is considered as a degradation trigger, lead-
ing to the immediate destruction of the targeted molecule. Since I am employing a cubic lattice toy model
for the simulations, when I refer to “destroying” a molecule, I mean setting the electronic couplings of
the site representing that molecule to its neighboring sites, as well as setting its fluorescence and phos-
phorescence rates to zero. Essentially, this prevents charge transport between the destroyed site and
its environment, and the molecule can no longer emit photons. In reality, the actual chemical reactions
involved may be much more complex, and it is recommended to use quantum mechanical reaction path
studies for a more detailed understanding. Nonetheless, the toy model used here still provides valuable
insights into the degradation effects on a device scale. The simulated device is depicted in Figure 6.1.
In real devices, the probability of individual molecules being destroyed is exceedingly low, requiring
billions or even hundreds of billions of such quenching events to target a single molecule. This vast
number of necessary events renders it computationally infeasible to simulate device degradation when
a significant fraction of molecules must be destroyed to observe any effect. To address this challenge in
my simulation approach, molecules are promptly destroyed upon the first occurrence of the event.
However, this leads to simulated device lifetimes that are not comparable to realistic timescales, making
the method uninteresting for practical device engineering purposes. Below, I will describe how I address
and resolve this limitation.

By comparing the luminance loss curves for host-only and emitter-only degradation modes in a specific
device architecture, it becomes possible to identify whether the hosts or emitters are the limiting factor
affecting the performance of that particular architecture using these specific materials.

To further elucidate both degradation modes, I visually represent the processes that lead to the de-
struction of molecular sites at a microscopic level in Figure 6.2. The figure displays a snippet of the
cubic lattice in a specific system state, featuring excitons and charge carriers (polarons). In both modes,
events of host- and exciton-only quenching, as described earlier, result in the immediate destruction
of the targeted site, depicted by the quenching interaction indicated by the red wiggly line. With in-
creasing operation time, a larger fraction of molecular sites undergo destruction, ultimately leading to
a reduction in device performance and luminance. The application of the KMC method to model OLED
devices has been previously discussed in Chapter 3 and demonstrated in Chapter 5. In this chapter, I
will introduce an adapted version of the method. The key difference here is that the molecules consti-
tuting the organic material can undergo degradation, meaning that the number of intact molecules in

this study is not constant and changes over the course of the simulation.
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Figure 6.1: Device for degradation simulations. The device architecture utilized in this study pre-
cisely mirrors architecture 1 examined in the preceding chapter, as illustrated in Figure 5.1. Specifi-
cally, on the right-hand side, I aim to emphasize the microscopic structure of the emissive layer. Host
molecules are represented by circles, while emitter molecules are depicted by squares. In this particular
instance, the emitter concentration was 1%.
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Figure 6.2: Degradation mechanism. The fundamental degradation mechanism and the two degra-
dation modes, namely hosts-only and emitters-only, are illustrated here. The progression of operation
time is depicted from left to right. Holes are represented by red circles, while electrons are shown in
green. Excitons are depicted as red and green ellipses, representing dipoles. The red wiggly lines in-
dicate long-range Forster transfer of excitons. In the hosts-only mode (top), the emitters remain intact
while the host molecules are destroyed upon exciton-exciton or exciton-polaron quenching. Conversely,
in the case of emitters-only mode(bottom), the host molecules remain intact while the emitter molecules
are subject to destruction. The destroyed molecules are depicted by the back cross.
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6.2 Luminescence simulations

As detailed in Chapter 2, the fundamental process of light emission involves the injection of an electron
and a hole into the device, leading to their recombination into an exciton which ideally decays radia-
tively by emitting a photon. Due to spin-statistics, three quarters of the generated excitons will be in a
triplet spin state, which can only decay radiatively by a phenomenon known as phosphorescence. The
phosphorescence rates of the host sites in this study are exceedingly low, reflecting real-world condi-
tions. Therefore, for triplet excitons to radiatively decay, they must do so within the emitter molecules.
Triplet excitons can either be generated directly on the emitter molecules or in their vicinity, requiring
them to migrate towards the emitters where they eventually decay by emitting a photon. In both sce-
narios, the host molecules surrounding the emitters play a crucial role by transporting charge carriers
for recombination. These percolation paths through the hosts are vital for exciton generation and sub-
sequent photon emission.
In the case of emitter-only degradation, the overall luminance naturally decreases due to the absence
of intact phosphorescent molecules capable of converting triplet molecules into photons. During sim-
ulation, any degradation-triggering event occurring within the first one million KMC steps are ignored
to allow the system to reach a steady state. After this initialization phase, each subsequent degradation
trigger event results in immediate degradation of the target molecule.
Given the stochastic nature of the KMC simulation, I conducted a total of 40 degradation simulations
for virtual devices using 20 different initial random seeds. These random seeds determine the energetic
landscape and overall characteristics of each device. For each of the 20 replicas, degradation simulations
were performed in both host-only and emitter-only modes. This approach allows for easier comparison
between modes on the same initial device configuration and minimizes performance variations due to
statistical reasons.
The total number of emitted photons by time ¢ is denoted as n(¢;). Figure 6.3 displays the number of
emitted photons and the KMC time for 10 of the 20 replicas.
Observing the plot, it is evident that the slope of the emitter-only mode decreases much more rapidly
compared to the host-only mode. By 20pus of KMC time, the red curve shows a noticeable flattening,
indicating a significant reduction in the emission rate. On the other hand, the blue curve exhibits a
visible flattening much later, around the scale of 1 x 1072 s (right side).
The slope of the curves can be calculated using the formula:

slope(t;) = 1 , (6.1)

tiv1 —ti

This calculation is based on the fact that the difference in the number of photons between consecutive
times is always n(t;,1) —n(t;) = 1. Figure 6.4 illustrates the slopes for one replica in both degradation

modes, showing a decrease in the slope for the emitter-only mode compared to the host-only mode.
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Figure 6.3: Number of emitted photons against the KMC-time. The blue solid lines represent the
number of photons emitted in the host-only mode for ten different device replicas, while the red dashed
lines represent the emitter-only simulations for the same replicas.

On the left side of the plot, which displays emitted photons over KMC time up to 1 ps, there is a noticeable
difference between the two modes. Between 20 s and 40 ps, the slope of the emitter-only mode curves
decreases significantly compared to the host-only mode curves, indicating a sharp reduction in photons
emitted per unit time and consequently in luminosity.

On the right side of the plot, where the time axis extends to the full time-scales of the individual replicas,
a similar trend is observed but over alonger duration. The emitter-only mode simulations become barely
visible early on because the slope of the photon count function decreases drastically. Additionally, it is
evident that although the slope of the host-only mode curves also decreases over time, it does so at a
slower rate compared to the emitter-only mode.
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Figure 6.4: Emitted photons per second. Explicitly plotting the slope computed by Equation (6.1)
reveals the strong fluctuating behavior due to the varying times between consecutive photon emissions.
The significant variability in the time intervals between emissions results in pronounced fluctuations in
the slope of the photon count curve. This fluctuation pattern should be considered when analyzing the
data further.

However, two critical issues necessitate a more careful analysis of the photon emission rates:

« The emission rates exhibit extreme fluctuations, highlighting the need for statistical analysis

across multiple replicas to characterize the emission behavior more reliably.

« The main challenge concerns the timescale of degradation events in the simulations. In the cur-
rent approach, each degradation-triggering event, immediately results in the degradation of the
target molecule. This method leads unrealistic device lifetimes for both degradation modes. In re-
ality, molecules can endure numerous quenching events without breaking down. The probability
of a molecule breaking due to exciton-exciton or exciton-polaron quenching events is typically
very low [190, 193], requiring a large number of quenching events to observe degradation effects
. However, explicitly incorporating these low probabilities to realistically simulate degradation
timescales would necessitate enormously long simulations, making them computational unfeasi-
ble. Therefore, I simulate the degradation of target molecules without directly modeling the rare

occurrence of this event as it happens in reality.

To make computational lifetime studies practical, it is crucial to address this issue. I propose a method
to incorporate post-simulation corrections to the system times, allowing for a more realistic estimation

of lifetimes based on reasonably short KMC simulations.
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Figure 6.5: Time evolution without time boost. The system time is calculated by summing con-
secutive time increments corresponding to each KMC-step. In this scenario, we observe that the initial
step involves the injection of a charge, followed by two charge hops. In later steps, excitons eventually
form and degradation events begin to occur. The first degradation event notably occurs between system
states i and i + 1, resulting in the destruction of one site after the (i + 1)-th step. Since this rare event is
not factored into the time increment calculation, it becomes necessary to adjust all system times after
T; to accommodate the occurrence of this rare degradation event.

6.3 Time scale problem in degradation simulations

In KMC simulations, the time at the beginning is set to zero. After each KMC step i, a time increment
At; is randomly drawn from an exponential distribution exp(—At;I;), where I; is the sum of the rates
of all possible processes that could occur in the ith KMC step.

The total time after N KMC steps is then obtained by adding all increments:

ty = ZAti . (6.2)

Initially, most of the processes involve charge injections, followed by numerous charge transfer events.
In the example illustrated in Figure 6.5, the first degradation event occurs at step i + 1. Assuming there
are a total of N; degradation events, these N; time increments do not account for the fact that a large

number of quenching events are needed to destroy the targeted site.

6.3.1 Accelerating KMC Kkinetics
To address the timescale issue, I boost the N time increments corresponding to degradation events.
Continuing with the example in Figure 6.5, the time increment At;,; gets an additional term:

At

i+1

= Ati+1 +T. (63)

The goal of this term is to correct the severely underestimated time increment At;,; to a value resem-
(1)

bling realistic time passage after one molecule has been degraded, denoted as At; 7.

This correction is achieved by considering what was overlooked when immediately destroying the
molecule upon the first quenching event. As discussed earlier, the molecule must undergo numerous
quenching events before degradation occurs. I introduce a factor v to represent how many times this

must happen. Additionally, the typical time between quenching events targeting a particular molecule
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Figure 6.6: System time with boosted degradation times. The system time depicted in Figure 6.5
does not consider that degradation events occur over significantly longer timescales than what can be
realistically modeled in conventional KMC simulations without adjusting the timescale. Specifically,
the time increment At;, associated with the first site degradation needs to be increased, as described

in Equation (6.3). This adjustment must be applied to all subsequent times after the occurrence of each
degradation event.

is denoted by a factor a. Together, these factors contribute to the time correction:
T=v-a. (6.4)

The two factors will be discussed in more detail below.
When applying this scheme, after N KMC steps, where N; degradation events have occurred, the total

time can be calculated as follows:
N Ny
@) — ZAti + Zv . (6.5)
i=1 =1

By incorporating the time boosts outlined in Equation (6.5), realistic timescales for device degradation
can be simulated without the necessity of conducting excessively long KMC simulations where the ma-
jority of KMC steps are directly relevant to study the loss in luminosity. The challenge lies in obtaining

realistic values for the factors v and a.

6.3.2 The v and « factors in the time boost

Phost

For host materials, the chance to be destroyed upon quenching processes typically hovers around P, o

1 x107% [193, 190]. In this study, I assume that the inverse probability to destroy a molecule is equal
to the required number of quenching events to destroy the target. For host molecules, the factor v is
therefore given by:

1
host __ _ 9
v = =1x10". (6.6)

deg

It can be assumed that emitter molecules have significantly greater stability. In this study, I have set
their stability to be 2000 times higher, resulting in ve™ter = 55 1011

This assumption is supported by the high thermal stability of typical emitter materials, particularly
Iridium-based phosphorescent emitters, which can be indicative of stability against quenching events

[194]. In my current toy model simulation, the choice of parameters can be justified based on simplified
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Table 6.1: Normalization condition for the fitted parameters of the double exponential distribution.

emitter concentration 1% 5% 10%
hosts a, by +ayb, (6.8) | 0.9766 | 0.8903 | 0.9534
emitters a; by + a,b, (6.8) | 0.9873 | 1.004 | 1.0055

assumptions. However, for more comprehensive degradation simulations of real devices using realis-
tic materials, detailed quantum chemical investigations into the stability of molecules with respect to
exciton-polaron and exciton-exciton quenching events would be beneficial.

Alternatively, one could rely on existing experimental data available in the literature for more accurate
and realistic material stability modeling. This approach would provide a stronger foundation for under-
standing and predicting device performance and durability at a more advanced level beyond the scope

of a toy model simulation.

Unlike the material stability parameter v, the typical time interval between two consecutive quench-
ing events on a specific molecule, denoted as «, cannot be determined without conducting prior KMC
simulations to measure a. This complexity arises because « is influenced not only by material proper-
ties but also by device architecture and operation conditions such as the applied electric field F.

To examine the parameter «, I conducted KMC simulations on the device depicted in Figure 6.1, ensur-
ing no degradation was induced. The applied electric field was F = 0.095V/nm.

During each quenching event within the EML, the KMC program logged the system time, identified
the targeted molecule along with its position and categorized it as a host or emitter. Next, I filtered
out molecules from the log-file that were targeted by quenching less than 50 times. For the remaining
molecules, I computed the elapsed time between two successive quenching events and stored this infor-
mation in a data array, separately for hosts and emitters. Figure 6.7 shows the histograms of these data

arrays for a device with a 1% emitter concentration. The histograms will be used to model the a factor.

The distribution conforms to a double exponential function characterized by the general form:

pla)=a; exp(—;—l)+a2exp(—:—2) . (6.7)

The histograms are normalized, meaning that their total area sums to 1. Therefore, a key quality criterion

for fitting the parameters of model (6.7) to these histograms is:

J da p(a) =a1by +ab, =1. (6.8)
0

Table 6.1 shows the extent to which the fitted parameters of the host and emitter distributions meet the
normalization condition. The fitted distribution of & is subsequently utilized in the time-boost scheme
described earlier using the rejection MC method. This method involves generating two random num-

bers (x,v) from a uniform distribution. If y < p(x), then x is accepted as a value for « in the time-boost
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Figure 6.7: Typical time between two quenching events per molecule. The time differences be-
tween consecutive quenching events per molecule are depicted in the blue histograms, with hosts on the
left and emitters on the right, for a device containing an emitter concentration of 1% and an electrical
field of F = 0.095V/nm. The distribution exhibits a double-exponential pattern. The expectation value

@ is indicated by the red dashed line.

process.

The expectation value & is given by:

(6.9)
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Figure 6.8: Effect of emitter concentration on the typical times between quenching events.
Presented are the expectation values of the double exponential distributions for devices with 1%, 5%,
and 10% emitter concentration. In host molecules, the mean value & decreases with increasing emitter
concentration, while for emitter molecules, the opposite trend is observed.

This parameterization was also applied to devices featuring higher emitter concentrations of 5% and
10%. The same electric field was applied across all three emitter concentrations.
To investigate how the emitter concentration affected the typical times between consecutive quenching
events, I plotted the obtained mean values @ (Equation 6.9) for hosts and emitters across all three con-
centrations in Figure 6.8. The plot clearly shows that for emitter molecules, & increases significantly
with higher emitter concentrations. This increase is associated with the reduced current densities ob-
served with larger emitter concentrations (refer to Figure 6.8, right panel).
For host molecules, there is a slight decrease in @. This can be understood by the fact that higher emitter
concentrations reduce the conductivity of the EML, leading to charge accumulations at the interfaces.
The elevated carrier concentrations at the interfaces promote quenching events on host molecules in

these regions to a limited extent.

6.4 Lifetime analysis

A model was introduced to accelerate the KMC kinetics based on factors v and « in equation (6.5). The
parameter v represents a molecular property indicating the likelihood of a molecule being deactivated
through exciton-exciton or exciton-polaron quenching. I estimated v for both hosts and emitters as dis-
cussed in the previous section. The factor a quantifies the time-typical interval between two quenching
events occurring on a single molecule. The analysis presented in Figure 6.7 is based on dedicated KMC
simulations where for multiple hosts and emitters, the elapsed time between two quenching events have
been measured.

Now that all parameterizations and methods to address the timescale issue for lifetime analysis have
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Figure 6.9: Luminance loss curves. For both degradation cases the luminance relative to the initial
lumance decreases with increasing operating time.

been discussed, I present the luminance loss curves obtained. The slope of photons-per-KMC-time for
the replicas was computed as discussed in equation (6.1).

To mitigate extreme slope fluctuations observed in individual replicas (as shown in Figure 6.4), I had
to further process the slope-data. Therefore, I aggregated the data for all replicas into a single two-
dimensional array denoted as slope(f;), where the subscript A signifies combined data from all repli-
cas. After sorting the data by ascending times and applying a subsequent median filter, smooth slope
data with corresponding system times was obtained.

Next, the times need to be boosted according to the scheme discussed in equation (6.5), as illustrated in
Figure 6.6, where each time, the « factor is generated according to the rejection-MC algorithm.

The obtained luminance curves for the device with a 1% emitter concentration are shown in Figure 6.9.
These curves are plotted relative to the initial luminance.

In the host-only case (blue), the luminance begins to decrease slightly around 3000 hours. Between ten
thousand and one hundred thousand hours, the host-only case experiences a significant reduction in
luminance. In contrast, in the emitter-only case (red), the luminance curves start declining around one
hundred thousand to two hundred thousand hours. From these results, I conclude that host degrada-
tion affects luminosity earlier than the degradation of emitters. At around 50,000 hours of operation
time, the emitter-only simulation still retains most of its initial luminosity, whereas the host-only case
has decreased to 85% of its initial value as shown in Figure 6.9.In the scenario focusing solely on the

emitter, a notable decrease in luminance is observed after approximately 200,000 hours of operation.
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These findings indicate that, in the device depicted in Figure 6.1 with an emitter concentration of 1%,
the lifetime limitation is primarily attributed to the degradation of host molecules.

In both scenarios, the decline in luminance does not occur gradually but initiates after a critical point
where a significant fraction of host or emitter molecules degrade. This suggests that certain hosts or
emitters play a more crucial role in electroluminescence than others, highlighting a percolative nature
of carrier transport. Furthermore, this observation suggests that the energetic disorder within such
devices, particularly within the host material in the EML, may influence device lifetime, as energetic
disorder is predominantly responsible for percolative transport.

The main challenge with this method is the substantial computation time required to generate the lu-
minosity loss curves shown in Figure 6.9. For the host-only case, one billion KMC steps were necessary,
mainly because most quenching events target emitter molecules. In contrast, the emitter-only case re-
quired only 90 million KMC steps. This disparity in computational costs underscores why simultaneous
host and emitter degradation simulations are not feasible with this approach. The problem of reaching
significant luminance loss, became more sever with higher emitter concentrations. I was unable to ob-

serve significant device degradation even after one billion KMC steps.

6.5 Extrapolated device states

To overcome the challenge of conducting excessively long KMC simulations, I implemented a different
approach to generate the luminance degradation curves. In this new method, I employ a linear model to
describe the fraction of intact hosts or emitters as a function of time. Rather than conducting simulations
where the fraction of intact molecules decreases gradually over time, I used the model to extrapolate the
fraction of intact molecules to larger time scales. This approach allows me to simulate the device over
extensive time periods in a paralle] manner without explicitly simulating degradation as a drift effect
during the simulation. By predefining the state of the hosts or emitters at each time, I can efficiently
study the long-term behavior of the device and generate accurate luminance loss curves.

The approach involves monitoring the degradation of molecules over a short time, constructing a model
based on these observations, and using this model to extrapolate the degradation behavior over longer
timescales.

During the simulation, the fraction of intact host and emitter molecules decreases depending on the sim-
ulation mode. I recorded each instance of molecule destruction along with its corresponding destruction
time. Subsequent destruction times were then adjusted using the time-boost scheme described earlier.
This adjustment enabled the analysis of the fraction of intact host or emitter molecules at the boosted
time. On the boosted time-scale for both host and emitter molecules, the degradation behavior exhibits
a linear trend over time. This is particularly advantageous because it allows for the straightforward
fitting of a linear function to describe the rate at which intact molecules degrade within the device. The
benefit of this approach is that we can use KMC simulations with significantly fewer steps to parame-

terize this linear model and still gain valuable insights into the degradation process.
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Figure 6.10: Intact molecules of device with 1% emitter concentration. The blue dots in the figure
represent the fraction of intact host molecules (on the right) and emitter molecules (on the left) across all
20 replicas. It is clear that on the boosted time-scale, the fraction of intact molecules decreases linearly
over time. The black curve illustrates the linear model fitted to the molecule degradation trend.

To determine the necessary number of data points for an accurate parametrization of the linear model
describing molecule degradation, I performed linear fits using different percentages of the full KMC
data. Specifically, I compared fits using the full dataset, 10% of the dataset, and 5% of the dataset.
Figure 6.10 shows the fraction of intact host and emitter molecules plotted against boosted times. The
gray dots represent the data directly obtained from the KMC log-files. The red line represents the linear
model fitted to all of the KMC data. The blue and orange lines represent the linear models fitted to only
10% and 5% of the KMC data, respectively.

For host degradation, it was observed that using only 10% of the full KMC data for the fit provides a
very close match to the model fitted to the full dataset. However, using only 5% of the dataset leads
to slight differences in the slope, resulting in a minor overestimation of intact host molecules at longer
operation times.

In contrast, for emitter degradation, using just 5% of the data is sufficient to obtain an accurate fit.

These results indicate that we can reduce the number of KMC steps by a factor of 20 while still
accurately modeling molecule degradation in the device. The fitted models for higher concentrations
of emitters are depicted in Figure 6.11. In the case of host degradation, higher emitter concentrations
accelerate the decay of host molecules within the EML. Conversely, for emitter-only degradation, we
observe that with higher emitter concentrations, it takes significantly longer to reduce the fraction of

intact emitters.

6.5.1 Validation of the surrogate model

A key unresolved issue concerns understanding whether device degradation, particularly in terms of

luminance loss, is solely due to molecule destruction or if additional effects depicted in the explicit
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Figure 6.11: Intact molecules for all emitter concentrations. The linear fit to the KMC data of
intact molecules is applied to all three cases. Through this fitting procedure, it becomes feasible to
predict the fraction of intact molecules at extended operation times without the need for explicit KMC
simulations to be conducted. This approach leverages the fitted models to estimate behavior over time,
offering a more efficient and streamlined method for analyzing device performance without resorting
to lengthy simulation runs.

degradation simulations (Figure 6.9) contribute to this phenomenon. For example, phenomena like
exciton-polaron quenching can lead to charge carriers becoming trapped on specific sites, creating
static quenchers that influence subsequent exciton interactions. Additionally, there may be memory
or correlation effects associated with the destruction of specific sites that are not accounted for when
extrapolating the fraction of intact molecules from the linear model and creating multiple device copies

in varying states concerning the scale of destroyed molecules.

To validate the surrogate model developed for the device with a 1% emitter concentration, I per-
formed digital simulations at various time points where I computed the fraction of intact hosts in the
emissive layer (EML) or intact emitters using the discussed linear models. For each time point, I gener-
ated 20 replicas to capture statistical variability.

In the initialization, intact and destroyed molecules are blended to the corresponding fractions inside
the EML. Subsequently, I conducted KMC simulations with a total of 20 million steps for each replica
and time point without allowing further degradation processes to occur, ensuring a constant slope (6.1)
for each simulation.

For each replica, I extracted the median slope along with its standard deviation. Figure 6.12 presents the
comparison of the resulting luminance-loss curves. The transparent lines depict the outcomes from the
gradual degradation simulations (referred to as drift degradation simulations) as previously described.
The luminance values for the extrapolated devices are shown as circles along with the standard devia-

tions. This approach will henceforth be referred to as the surrogate model.

The strong agreement observed between the results of both degradation host-only and emitter-
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Figure 6.12: Validation of the surrogate degradation model. The luminance-loss curves from the
drift degradation simulations presented in Figure 6.9 are displayed. Comparing these curves with the
luminance-loss obtained from the surrogate model clearly demonstrates that instead of conducting ex-
cessively long drift simulations, it suffices to fit the linear model for intact molecules shown in Figure
6.11 to shorter drift degradation runs, extrapolate to desired times, and compute the luminance of the
extrapolated devices.

only—using the drift degradation simulations and the surrogate model provides compelling evidence
for the validity of the surrogate model. This validation allows us to conduct lifetime simulations for
devices with higher emitter concentrations or more complex architectures.

It is worth noting that the surrogate model significantly reduces the number of required KMC-steps in
the drift degradation runs compared to full luminance-loss studies while still producing closely match-

ing results.

6.5.2 Effect of higher emitter concentrations

The linear models for intact molecules depicted in Figure 6.11 were utilized to compute the degrada-
tion of devices with 5% and 10% emitter concentrations, again using the surrogate model. The resulting
luminance-loss curves are presented in Figure 6.13.

For host-only degradation, it is evident that the device with a 1% emitter concentration exhibits a sig-
nificantly longer lifetime compared to those with higher emitter concentrations. This difference arises
because higher emitter concentrations lead to increased exciton density due to the preference for exci-
ton formation at the emitters, thereby enhancing quenching effects. This phenomenon was discussed
in Chapter 5 and can also be inferred from the steeper slopes of the 5% and 10% host-only degradation
curves in Figure 6.11.

A notable observation is made in the case of emitter-only degradation. Before the luminance begins
to decline, there is an initial increase of approximately 20% to 30% in luminance before experiencing a

sudden drop. This behavior is not observed in the device with a 1% emitter concentration. To further
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Figure 6.13: Luminance-loss of devices with higher emitter concentration. The left side shows
luminance loss curves for devices with 1% (blue), 5% (orange), and 10% (green) emitter concentration
subjected to host-only degradation conditions. On the right side, luminance curves for emitter degra-
dation only are presented. These curves exhibit an unusual pattern where luminance initially increases
before sharply decreasing. This behavior can be attributed to an increased current density resulting
from emitter degradation. The heightened current density leads to greater exciton generation and sub-
sequent photon emission from the remaining intact excitons until all relevant emitters are degraded.

investigate the behavior, I plotted the change in current density relative to the initial current density,
as shown in Figure 6.14. There is a fundamental difference in the behavior of current density between
host degradation and emitter degradation.

In the case of host degradation, the current density decreases over time. This decline is expected be-
cause charges are primarily transported through the host molecules. Therefore, as these host molecules
degrade, the overall current density naturally decreases. Additionally, the percolative paths through the
host molecules that facilitate charge carrier transport to the emitter molecules are disrupted over time,
further reducing both current density and luminance.

On the other hand, in the case of emitter degradation, the current density increases over time. This
phenomenon is intriguing and suggests a different mechanism at play.

For charge transport, emitter molecules can indeed act as traps, which can be detrimental to achieving
high conductivity. As shown in Figure 6.1, the mean LUMO and HOMO levels of the emitter molecules
are structured in a manner that attracts charge carriers, effectively trapping them within the molecules.
Therefore, when emitter molecules are destroyed, the trap density within the emissive layer (EML) is
reduced. This reduction in trap density contributes to enhancing the overall current density within the
device. By reducing the number of trapping sites through emitter degradation, charge carriers expe-
rience fewer obstacles and can move more freely through the material, leading to increased current
density.

Regarding the luminance behavior of the 5% and 10% devices, the luminance peaks around 5 million

and 9 million hours, respectively. At these points, a significant number of emitters have already been
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Figure 6.14: Change in current density. In host degradation, the current density decreases as the
number of degraded host molecules increases. This reduction occurs because the host molecules pre-
dominantly carry the majority of the current through the device. Conversely, emitter degradation results
in an increase in current density due to the destruction of emitters, which act as carrier traps within
the device. This explains the behavior of the luminance curves of the emitter degradation case shown
in Figure 6.13.

destroyed, but enough remain to generate photons from the triplet excitons. The increased current at
these times improves the feeding of charges to the remaining excitons, thus boosting luminance.

However, as more emitters are destroyed over time, the increased current eventually becomes ineffective
because there are insufficient emitters left to sustain photon generation. This effect is less prominent
in the luminance-loss curve of the 1% device, but there is still a small increase in current due to emitter

degradation.

6.6 Conclusion

Previous computational studies on OLED lifetime [190, 191, 57, 193] have highlighted that intrinsic
degradation in OLED devices is primarily attributed to excitonic quenching events that lead to the degra-
dation of host or emitter molecules. However, simulating the luminance loss of commercially available
OLED devices is challenging due to the extensive timescales involved in device lifetimes.

Hauenstein et al. [193] attempted to address this challenge by extrapolating device lifetimes based on
a power-law relationship between lifetime and current density. This involved performing simulations
at high current densities to accelerate device degradation and then extrapolating the obtained lifetime
back to lower current densities [193]. Nevertheless, this approach only allowed simulations up to around
2,000 hours of device operation, which is significantly shorter than the lifetimes of commercial OLEDs,
which typically range from tens to hundreds of thousands of hours.

In this work, I developed an accelerated KMC model for lifetime studies capable of simulating up to sev-
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eral hundred thousand hours of operation time. This advancement enables realistic lifetime simulations

of OLED devices. This was achieved by combining two key strategies:

« Boosting simulation time to realistic scales: I employed a method to accelerate KMC kinetics, al-
lowing for the realistic description of luminance loss over extended timescales (6.5). This involved
boosting the KMC time-increments At after processes involving excitonic quenching. The time
boost incorporated two factors: a factor for molecular stability (v) and a factor for the quench-
ing frequency on individual molecules («), the latter of which required parameterization through

short KMC simulations (see Figure 6.7).

« Reducing the number of necessary KMC steps: given the computational costs of modeling degra-
dation processes, I implemented a strategy to reduce the number of KMC steps by up to ten-fold
(see Figure 6.10). This was achieved by fitting a linear model to the fraction of intact emitters or
hosts versus operation time. The model could then be used to extrapolate the fraction of intact

molecules to time points that are challenging to reach with direct KMC simulations.

By incorporating these methodological improvements, I simulated device degradation with varying
emitter concentrations up to large timescales which was to my knowledge not feasible so far.

The results revealed distinct effects depending on whether hosts or emitters degrade within the device.
Host degradation led to a steady reduction in luminance and current density (Figures 6.13 and 6.14, re-
spectively), as the main current carriers are host molecules.

Emitter degradation did not result in a steady reduction in luminance or current density. Instead, de-
stroying emitter molecules which act as charge traps, increased the current density (Figure 6.14). How-
ever, this increase in current density did not correspond to increased luminance, as all the phospho-
rescent emitters were eventually destroyed, preventing the phosphorescence of triplet excitons. The
presented method provide valuable insights into the complex dynamics of device degradation and its

impact on device performance.
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Amorphous semiconductors based on small organic molecules are widely used as fundamental build-
ing blocks for various organic electronics applications, particularly in OLEDs. Theoretical and com-
putational modeling of complete devices, spanning from the molecular to mesoscopic scales, presents
numerous challenges associated with bridging wide ranging time- and length-scales. To address these
challenges, it is essential to integrate methods from different disciplines, each with unique objectives,

into a cohesive multiscale simulation protocol.

In this thesis, I applied a multiscale approach to simulate charge transport in organic semiconductors
and model the performance of complete devices, addressing key questions related to their operational
efficiency and longevity. My research involved a diverse range of computational methods, including
electronic structure calculations, generation of amorphous thin films, and large time-scale kinetic Monte
Carlo simulations.

By integrating these methods, I aimed to embody the essence of multiscale modeling, where insights
gleaned from different computational approaches are synergistically combined to gain a in-depth under-
standing of organic semiconductor devices. This approach allowed for a comprehensive exploration of
device behavior, spanning from the molecular level to mesoscopic scales, and facilitated the analysis of
complex phenomena such as charge transport, exciton quenching, and device degradation mechanisms.
The utilization of electronic structure calculations enabled the characterization of material properties
at the atomic and electronic level, providing crucial input for subsequent simulations. The generation

of amorphous thin films allowed for the realistic representation of material structures encountered in
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practical devices. Finally, large time-scale KMC simulations provided insights into device performance
over extended operational periods, offering valuable predictions on efficiency and lifetime behavior.

Through the integration of these computational methodologies, this thesis contributes to advancing our
understanding of organic semiconductor devices and provides practical insights for optimizing device

design and performance.

7.1 Summary & Conclusion

Predicting charge mobility in organic semiconductors is a critical aspect of OLED simulations. Current
methods often either assume a static morphology, disregarding fluctuations, or neglect coupling fluc-
tuations due to computational complexity. In this work, I introduced an approach that focuses on the
dynamic behavior of molecules within the amorphous matrix, specifically addressing the total disorder
of HOMO energies and intermolecular HOMO couplings.

This approach employs a workflow combining MD, DFTB, and KMC. By leveraging this workflow, time
series of couplings and site energies are calculated, enabling the examination of hole transfer parameter
dynamics across the morphology. This provides insights into both static and dynamic contributions to
total energetic disorder, allowing for time-averaging of electronic couplings and their integration into
a KMC model for simulating hole mobility.

Incorporating MD trajectories expands the sampling scope of energy and coupling, allowing for mobil-
ity predictions that explicitly consider structural dynamics. This analysis yields valuable insights into
the underlying causes of total energetic disorder, including contributions from both static and dynamic
factors. By studying the HOMO structure within random molecules of each material, we can identify
origins of dynamic disorder, informing strategies for designing materials with reduced dynamic disor-
der through localization of HOMO or utilizing materials with higher glass transition temperatures to
limit molecular flexibility at room temperature.

Furthermore, investigating fluctuations in intermolecular couplings, following methods like those by
Skourtis et al. [137], reveals that coupling fluctuations notably impact short-distance pairs but can be
disregarded for large center-of-mass distances.

For instance, the impact of coupling fluctuations on TPDI mobility is demonstrated in Figure 4.19. The
observed weak coupling fluctuations (as shown in Figures 4.16 and 4.17) align with the expected result
that coupling fluctuations do not significantly affect TPDI mobility.

Ultimately, this sampling and analysis approach aims to guide the rational design of high-mobility or-
ganic semiconductors by elucidating the intricate relationship between molecular dynamics and charge
transport properties. By gaining deeper insights into how molecular structural dynamics impact charge
mobility, this research can inform the strategic selection and modification of organic semiconductor ma-
terials to optimize their performance in electronic devices, particularly in applications like OLEDs where
efficient charge transport is essential for device functionality and longevity. The goal is to leverage this
understanding to design novel materials with tailored molecular architectures that minimize dynamic

disorder and enhance charge mobility, ultimately advancing the development of next-generation or-
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ganic electronic devices.

The performance of OLEDs relies not only on intrinsic material properties like carrier mobility, as
studied in Chapter 4, but also on the arrangement of different materials within the device architecture.
In Chapter 5, I employed parametric KMC simulations to analyze three distinct OLED architectures
(A1, A2, and A3) incorporating a phosphorescent emitter blended with the host material in the emissive
layer (EML) [182]. This investigation revealed significant variations in device performance, particularly
in internal quantum efficiency and current-density behavior, as illustrated in Figure 5.2. By examining
particle profile plots (Figure 5.3), I identified key bottlenecks specific to each architecture.

For A1, we observed suboptimal charge balance within the EML, leading to heightened TPQ, partic-
ularly at the interface with the transport layers, and a high occurrence of TTA processes within the
EML (Figure 5.3C). To address this issue, I introduced charge injection layers between the electrodes
and transport layers to improve charge balance within the EML. However, this approach resulted in un-
desired exciton generation in the injection layers due to their small HOMO-LUMO gap, as depicted in
Figure 5.3E and F. Despite incorporating charge blocking layers to enhance device efficiency, the roll-off
effect persisted.

In the case of the multilayer architecture (A3), I further optimized internal quantum efficiency by ad-
justing emitter concentration and EML thickness (Figures 5.4 and 5.5). The simulations indicated that
optimal low-current IQEs were achieved with emitter concentrations around 5%, consistent with previ-
ous reports [38, 179]. However, the device still experienced roll-off due to TTA and TPQ processes [52].
Increasing the EML thickness led to further improvements in efficiency and reduced roll-off at current
densities around 1 x 10*mA/cm?.

The simulations highlight the usefulness of heuristic models in analyzing device architecture and identi-
fying parameters influencing efficiency. By pinpointing performance bottlenecks specific to each archi-
tecture, this computational approach offers a cost-effective and time-efficient alternative to experimental

methods.

Beyond device efficiency, the longevity of OLED devices is a critical factor for their practical ap-
plication. Building upon the work presented in Chapter 5, I extended the KMC model to incorporate
molecular degradation induced by exciton-exciton and exciton-polaron quenching events.

Device degradation occurs over time scales of several tens or hundreds of thousands of hours of oper-
ation, making direct simulation of device degradation with KMC methods impractical. To tackle these
challenges, I implemented two strategies: I boosted the KMC time increments (At) based on factors (v
and «) to simulate realistic luminance loss over extended operational periods. The « factor, represent-
ing quenching frequency, was parameterized using short KMC simulations (see Figure 6.7). To reduce
computational costs, I developed a linear model to predict intact molecule fractions over time, allowing
for a reduction of up to 10% in necessary KMC steps (Figure 6.11). These methods enabled the simula-
tion of device degradation under varying emitter concentrations. Results showed distinct effects of host

versus emitter degradation:
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Host degradation led to steady reductions in luminance and current density (Figures 6.13 and 6.14), im-
pacting main current carriers. Emitter degradation increased current density due to charge trapping
by destroyed emitters, without a corresponding increase in luminance, preventing triplet excitons from
transforming into light.

These findings emphasize the importance of molecular-level processes in optimizing OLED longevity

and stability.

7.2 Outlook

Earlier multiscale workflows for computing carrier mobility utilized a static morphology model where,
following virtual deposition, the amorphous structure was assumed to remain unchanged [125]. Im-
plementing this approximation for sufficiently large structures (around 5000 molecules) and averaging
over 2-3 replicas provides statistically reliable results for capturing complete energetic disorder. This
approach effectively models the carrier mobility of known materials. The methodology presented here,
explicitly considering both static and dynamic contributions, offers a decisive advantage over the static
approximation. It was demonstrated that, for the materials discussed in this work, both static and dy-
namic disorder significantly contribute to the overall disorder. Controlling static disorder is challenging
due to the complexity of modeling how amorphous structures and packing densities form based on in-
dividual molecular considerations. However, the dynamic aspect is more manageable. The analysis
conducted in Figures 4.13, 4.14, and 4.15 indicates that designing molecules where the HOMO is lo-
calized on immobile segments of the molecules can reduce dynamic disorder. Even a slight reduction
in dynamic disorder can greatly enhance hole mobility, as demonstrated in Equation (3.80). Another
strategy to improve carrier mobility could involve synthesizing molecules with higher glass transition
temperatures to minimize thermal fluctuations and, consequently, dynamic disorder. Overall, the results
presented in Chapter 4 lay the groundwork for a more rational optimization strategy aimed at achieving
high mobility materials by minimizing dynamic disorder. This methodology not only replicates results
obtained with established methods but also provides deeper insights into the origins of energetic disor-
der.

The devices studied in Chapter 5 and their efficiency loss mechanisms, along with strategies to
overcome them, have been relatively straightforward. However, this approach can be extended to more
complex devices that incorporate doped injection layers [16, 164, 195]. When dealing with such devices,
KMC simulations become computationally expensive due to numerous charge carrier hops within the
doped injection layers, leading to prolonged simulation times to reach steady-state conditions.

To address this challenge, I am collaborating with a Master’s student to develop a surrogate model
tailored specifically for doped injection layers within devices. This model aims to replace regions dom-
inated by charge transfer processes with a resistor network capable of accurately mimicking current
density profiles. We have discovered that this approach is versatile and can be extended to encompass

multilayered structures, which has motivated us to consider replacing multiple layers in an OLED with
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the resistor network.

The development and validation of the resistor network model, intended to replace simulation-intensive
yet less informative layers within the device, was conducted concurrently with the writing of this thesis.
The next step involves interfacing this resistor network model to the existing KMC model.

While the exact strategy for integrating the validated resistor network model into a hybrid simulation
framework is yet to be tested, the foundational components are in place. This integration is expected
to significantly reduce simulation times, as explicit KMC simulations will only be conducted within the

emissive layer, thereby increasing efficiency by several orders of magnitude.

As a final direction, I would like to suggest a more methodologically rigorous approach to study-
ing molecular degradation processes, which were approximated in this work. It is possible to conduct
detailed quantum chemical investigations into the reaction pathways involved in molecular cleavage
triggered by exciton-exciton or exciton-polaron quenching.

An in-depth quantum chemical analysis of the destruction probability (v~!) for realistic materials, com-
bined with the long-time scale degradation model developed here, could greatly assist researchers and
engineers in computationally designing material-device combinations with enhanced lifetimes of or-

ganic optoelectronic devices.
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