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1
I N T R O D U C T I O N

In this chapter we give an introduction to the physics and applications of
organic light-emitting diodes (OLEDs), and provide a motivation for studying
materials showing thermally activated delayed fluorescence (TADF), which
are at the heart of this thesis. First, the underlying working principles are
broadly sketched, followed by an overview of relevant material classes. Next,
the challenges currently faced by TADF OLEDs are summarized, and potential
solutions to these challenges based on simulation and modeling tools are
evaluated. Finally, an overview is given of the scope and research methods
used in this thesis, which combines experimental, analytical and computational
methods to (1) establish optimized material selection criteria and (2) make
physics-based predictions for material and device experiments that support the
measurement analysis. The work contributes to the development of a fully
virtual workflow, which allows significantly accelerating OLED research and
development (R&D).

1
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1.1 organic materials

Carbon is among the most abundant elements in our solar system
and readily forms bonds with itself and other elements.[1] The result
is that we are surrounded by an enormous variety of carbon-based
compounds. These compounds can form an extremely wide range of
different molecular structures, resulting also in a wide range of different
properties. Hydrogen, the most common of all elements, can enter into
a covalent bond with carbon and the resulting structures are called
organic compounds. The word “organic” stems from the greek word
organon, which is most commonly translated as instrument or tool, but
more broadly describes any object or concept that is used to fulfill a
specific function. Organs are the body’s tools to sustain life, and organic
compounds are called such because they form the basis of all life forms
known to mankind.

Today, we are also making use of the various organic materials sur-
rounding us in ever more elaborate ways. The charcoal† used to draw
on a cavewall long ago is an organic material, as are the paper and ink
for the printing of this thesis, and now even an electronic display show-
ing this text can be made of organic materials. This is possible due to
advancements in organic chemistry, the scientific study and targeted ma-
nipulation of organic compounds. What began in the early nineteenth
century with a focus on drug, dye, and pigment development, led,
among a plethora of other impactful inventions, also to the discovery
of the charge-transporting properties of organic semiconductor (OSC)
materials in the 1950s and 1960s.[2–4]. Because organic compounds
were previously considered an insulating material class, this opened up
an entirely new field in their application. Today, the most prominent
applications based on organic semiconductors include light-emitting
devices,[5,6] photovoltaics,[7,8] transistors,[9,10] and sensors.[11–13]

Of those applications, organic light-emitting diodes (OLEDs) are the
most commercially advanced. Many of the entirely novel products
that are prominently envisioned in OLED development, most notably
flexible displays, have started to become available on the consumer
market very recently, such as the Samsung Galaxy Fold and Huawei
Mate X.[14,15] OLED displays have already found widespread success in
established applications like (non-foldable) smart phones and TVs, with
projections indicating that their market share is expected to increase
further.[16] In order to expand within those established markets and
further develop the technology’s unique opportunities, several required

† The word “carbon” even stems from the Latin word carbo, meaning “coal”.
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performance parameters still have to be improved. The insufficient
device lifetime for blue emissive systems, especially at high luminances,
might be considered the biggest current challenge overarching all light-
emitting applications.

Innovative molecular design concepts for emissive materials have
proven to be a crucial element in overcoming challenges such as this
one. One class of emitting materials with the potential to do so was
demonstrated in 2012 by Uoyama et al.[17] and is distinguished by their
thermally activated delayed fluorescence (TADF).† Since then, significant
research efforts in academia and industry have been aimed at designing
and optimizing OLEDs based on TADF materials. In this thesis, we
focus on developing physics-based methods to better understand and
predict the processes and interactions in TADF materials and OLED
devices.

In the next sections, we first present the fundamental properties of
organic semiconductors, followed by an introduction to the working
principle of OLEDs and specifically TADF materials. An overview of the
current challenges in the field is given, and we evaluate how simulation
and modeling tools can be used to overcome those challenges. Finally,
we summarize the scope of the research presented in this thesis.

1.2 organic semiconductors

Generally, four different types of OSC systems can be distinguished by
the types of molecular structures and their ordering:

1. Amorphous small molecule materials

2. Molecular crystals

3. Amorphous polymers

4. Polymer crystals

Because they are most prominent in the development of state-of-the-art
OLEDs and in this thesis, we focus for our description on the first cate-
gory: amorphous small molecule materials. In an amorphous system,
also referred to as a disordered system, the molecules are randomly
arranged with respect to each other. In practice, this is commonly
achieved by depositing the layers using thermal evaporation, though

† The group had been publishing on the use of TADF materials in OLEDs since 2009 (see
Ref. [18]), but only after high efficiencies were actually demonstrated the idea was picked
up by the OLED community.
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also processing methods from solution are being actively investigated.
The random disorder has two important implications: (i) Many physical
processes can be described as isotropic or laterally isotropic.† (ii) Every
molecule in the film, even of exactly the same structure, is impacted
slightly differently by its environment, resulting also in slightly dif-
ferent properties. The resulting distribution of microscopic properties
strongly impacts the macroscopic behavior and their description is a
key aspect to the understanding and modeling of such systems. The
term “small molecules” can be considered a convention, but refers here
to molecules that are approximately 1 nm in diameter and typically do
not exceed a molar mass of 1000 g/mol.

Conjugated systems
The semiconducting properties of these materials result from their
ring-based molecular structure. Usually, purely carbon-containing
rings are combined with heterocyclic rings, which contain at least
one other element. The ring-shaped structure is the result of carbon
atoms entering into alternating single and double bonds with their
neighbors, creating a so-called conjugated system. In OLED small
molecule materials the conjugation is the result of every carbon atom
having three sp2-hybridized electronic orbitals in the plane of the ring,
and one unhybridized pz-orbital that is perpendicular to the plane of
the ring. The electrons in the pz-orbitals form connected π-systems,
resulting in delocalization of electrons over an entire ring of atoms or
even connected (conjugated) systems of such rings. Figure 1.1(a) shows
the molecular structure of benzene, one of the simplest conjugated
organic molecules, with a schematic depiction of the delocalized π-
orbitals. The efficient movement of a delocalized electron within the
conjugated system over length scales of roughly the molecular size
is the fundamental reason for the semiconducting properties of OSC
materials. For transport on a macroscopic scale, the charge then also has
to move from one molecule to the next, i.e. from one conjugated system
to the next. This macroscopic transport is described as a sequence
of thermally activated tunneling transfer processes (“hops”), the net
direction of which is manipulated in organic electronic devices by
applying an external electric field.

Frontier orbitals
The fact that the materials are semiconducting is owed to their large
energy gap of typically 1 – 3 eV between the highest occupied molecular

† Some properties are uniaxial (refractive index n|| 6= n⊥) in the growth direction of the
film.
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Figure 1.1: (a) The molecular structure of benzene, an archetypical conjugated
organic compound. Each of the points of the hexagon represents a
carbon atom. Schematically indicated in orange are the delocalized
π-orbitals. (b) The molecular structure of the cyan-emitting OLED
material studied in Chapter 4, with the short name CzPIMe (and
the full name 4-carbazolyl-methylphthalimide). (c) HOMO and
LUMO orbitals of CzPIMe, showing a clear separation between the
two moieties. The orbitals were determined by density functional
theory calculations using the Amsterdam Density Functional (ADF)
package of the Amsterdam Modeling Suite (AMS).[19–21]

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
Figure 1.2(a) shows the occupation of these orbitals (i) in the ground
state, (ii) when the molecule is carrying an additional electron, and (iii)
when it is missing an electron from the HOMO, described as carrying
a hole. Due to the completely full/empty orbitals there are no free
holes/electrons that can hop between the HOMO/LUMO of neighbor-
ing molecules in the ground state; hence no current is flowing. However,
as shown in Fig. 1.2(b), additional electrons can move via the LUMO
levels, or in the case of holes via the HOMO levels, after they are in-
jected at an electrode or created upon optical excitation.† The molecular
disorder and the low relative permittivity in these materials (εr ∼ 3)
means that the electronic states remain localized on the individual
molecules. Nonetheless, the additional charges Coulombically impact
their immediate environment, which rearranges in order to screen the
charge. Similar to other polarizable materials, holes and electrons are
therefore also referred to as polarons.[22]

† The bound charge pairs created upon absorption first have to be dissociated into free
charges, which is the working principle of an organic solar cell.
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Figure 1.2: Simplified representation of the occupation of HOMO and LUMO
orbitals for molecules in different charged and excited states. Blue
arrows indicate electrons with spin up or down, and a red outline
indicates an electron missing in the HOMO. (a) Spin configuration
of a molecule in the ground state, when it is carrying an electron,
and when it is carrying a hole. (b) Spin configurations of the initial
and final molecules in an electron and hole transfer transfer process.
Hole transfer is the result of an electron hopping from the HOMO
of the final to the HOMO of the initial molecule. (c) HOMO and
LUMO configuration of a molecule in the singlet and triplet excited
state, i.e. of a molecule occupied by a singlet or triplet exciton.
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Figure 1.3: Jablonski diagram showing the singlet ground state S0 as well as
the first singlet and triplet excited states, S1 and T1, respectively.
The arrows indicate the (non-)radiative singlet/triplet decay rates
k(n)r,S/T and the (reverse) intersystem crossing rates k(R)ISC.

1.3 singlet and triplet excitons

The encounter of an electron and a hole on a single molecule leads to
the formation of a (Frenkel-type) exciton. An exciton is an electrically
neutral quasiparticle that can undergo a number of different physical
processes. The formation of excitons is favored by the Coulombic
attraction between the two opposite charges. This attraction also results
in a material dependent exciton binding energy, which makes the
excitons in most small molecule materials energetically stable even if a
(moderate) external field is applied, like in an OLED. The total energy
of an exciton is given by the difference between the ionization energy
and the electron affinity of the material on which the electron is located,
minus the exciton binding energy. The ionization energy of a material is
the energy required to remove one of its electrons from the HOMO and
the electron affinity is the energy gained when an additional electron is
added to a material’s LUMO. We take the HOMO and LUMO energies
of a material as the negative values of its ionization energy and electron
affinity, respectively. Each of the two charges carries a spin ½ with either
a positive or negative spin component ms along a chosen quantization
axis. The two encountering charges can have anti-parallel spins, in
which case the total spin of the resulting exciton is 0, as shown on the
left-hand side of Fig. 1.2(c). The spin multiplicity is 1 (one possible
value for the spin component ms = 0), and the exciton is called a singlet.
From spin statistics it can be deduced that singlets are only formed in
25% of the cases. If, on the other hand, the two encountering charges
have a parallel spin or spin components, which occurs in the other
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75% of cases, the total spin of the exciton is equal to 1, as shown on
the right-hand side of Fig. 1.2(c). The spin multiplicity of the exciton
is 3 (three possible values of the spin component ms = −1, 0, 1) and
hence it is called a triplet. The different spin composition also results in
singlet and triplet excitons having different energies. The first singlet
and triplet excited states, indicated as S1 and T1 respectively, and the
six most relevant process rates for TADF OLEDs are shown in Fig. 1.3
and listed below:

kr,S singlet radiative decay rate (fluorescence),

knr,S singlet non-radiative decay rate,

kr,T triplet radiative decay rate (phosphorescence),

knr,T triplet non-radiative decay rate,

kISC intersystem crossing rate,

kRISC reverse intersystem crossing rate.
These rates can vary by several orders of magnitude between different
materials and determine a substantial part of the exciton dynamics in
an OLED. Understanding and manipulating them is one of the key
aspects of OLED material and device design.

1.4 organic light-emitting diodes

1.4.1 Working principle

A classical OLED display panel consists of an arrangement of red, green
and blue pixels (“RGB”), that can be individually turned on, off or
dimmed.† By combining the emission from each of the seperately con-
trolled pixels, any color within a certain “color space” can be displayed.
The range of that color space is determined by each pixel’s individual
emission.[5] In each pixel several extremely thin layers of different OSC
materials are sandwiched between two (typically inorganic) electrodes,
one of which is transparent so that the light can leave the device. The
particular arrangement of material combinations is referred to as the
OLED stack. When an appropriate voltage is applied to the electrodes,
holes are injected into the organic materials at one electrode and elec-
trons are injected at the other. These charge carriers then travel through

† Also other approaches to structuring the pixels have been succesfully employed, most
notably, downconversion or filtering from a single blue or white light source (“WRGB”).
However, they suffer from the additional physical space required by the conversion
systems, which have to be added on top of the pixels, and from the fact that light
downconversion and filtering always also imply unused energy losses.[23]
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the device until either forming an exciton or being extracted at the other
electrode. Charge extraction is an efficiency loss process in OLEDs.
The excitons can recombine radiatively, thereby converting the initially
injected electrical energy into an emitted photon. OLED material and
stack design focus on the manipulation of charge injection and trans-
port, to form excitons in a targeted manner on specific materials that
are chosen for their desirable emissive properties. The manipulation of
these processes for device optimization purposes requires a physical
description of charges and excitons in OSCs, the fundamentals of which
are briefly outlined in the following sections.

1.4.2 Triplet harvesting

The distinction of singlet and triplet excitons has implications of the
utmost importance for OLED design. This is because for the emission of
light radiative recombination of the exciton has to occur; a transition to
the ground state, which is always a singlet state in OLED materials. Due
to spin conservation, this transition is only allowed from another singlet
state and is therefore only possible for singlet excitons. Practically, this
means that the radiative decay of triplets is orders of magnitude slower
than that of singlets. This gives more time for other (non-radiative)
processes, thus making phosphorescence extremely inefficient.

Material and stack design concepts that (directly or indirectly) allow
the typically non-radiative triplet excitons to also contribute to the
light emission have marked tremendous efficiency improvements in the
OLED field. Three different generations of devices have been developed,
employing different so-called triplet harvesting concepts that will be
briefly introduced in the following.

1st generation – Fluorescent emitters
Purely fluorescent systems are limited in their singlet generation effi-
ciency to 25%, as determined from the spin statistics of exciton gener-
ation from free charges. However, in the encounter of two diffusing
triplets, one triplet can give off its energy to the other. This can, with
a certain probability, also result in a singlet exciton, which is referred
to as triplet fusion. Because one of the two excitons is always lost, the
overall singlet formation is, even ideally, still limited to below 62.5%
(25% initial singlets, plus half of the 75% originally created triplets).
Nonetheless, such triplet fusion based systems are currently employed
for blue pixels in commercial OLED displays, because the fluorescent
materials in which this process occurs are the only blue emissive mate-
rials that offer a sufficient device lifetime. Their maximum efficiency is
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thereby still fundamentally limited. This makes blue pixels a bottleneck
in the current state of OLED technology and presents one of the largest
potential opportunities for improvements.

2nd generation – Phosphorescent emitters
In phosphorescent emitters, introducing heavy metal atoms in the molec-
ular structure leads to significant spin-orbit coupling, which results in
an appreciable radiative decay of triplet excitons. Phosphorescent sys-
tems were the first that in principle allowed utilizing all of the created
excitons. Currently, the use of phosphorescent systems is the state-of-
the-art for red and green pixels in commercial OLED displays. However,
despite extensive research efforts since their first use in OLEDs in the
1990s,[24] they were not yet able to provide the required longevity of
blue emissive systems with low losses even at high luminances.

3rd generation – TADF emitters
TADF is a material design concept that allows triplets to be converted
to the singlet state as a result of thermal activation, thereby in principle
allowing all excitons to contribute to light emission by radiative decay
from the singlet state. In this thesis we primarily study TADF systems,
so the important mechanisms and the resulting opportunities and
challenges will be explained in detail in the following section.

1.4.3 Thermally activated delayed fluorescence

TADF materials utilize the fact that the spin of excitons in organic
semiconductors can change with a finite lifetime. Such a spin flip can
result in a change of the exciton’s spin multiplicity. The transition
rates from the singlet to the triplet state and vice-versa are called
intersystem crossing rate (ISC) and reverse intersystem crossing rate
(RISC), respectively. Due to the exchange interaction between the
electrons with different spins, the energy of a triplet exciton on a given
material is always lower than the energy of the corresponding singlet
exciton. For typical small molecule materials, this energy difference
∆EST is a few tenths of an electronvolt. As a result, the exothermic ISC
process is typically orders of magnitude faster than the RISC process,
which has to overcome ∆EST. TADF emitter materials on the other hand
are designed to have an extremely small ∆EST, such that the thermally
activated RISC process at room temperature yields an appreciable
triplet-to-singlet conversion rate. Achieving a kRISC that is as large as
possible is one of the key research goals unique to the development
of TADF emitter molecules. Assuming simple thermal activation, and



12 chapter 1 – introduction

based on the three-state model shown in Fig. 1.3, the RISC rate would
be described by

kRISC = kISC exp
(
−∆EST

kBT

)
(1.1)

with kB being the Boltzmann constant and T the temperature. Consider-
ing the three-fold spin degeneracy of the triplet state would introduce
a factor 1/3 for kRISC in Eq. (1.1). However, the distinction between
the degenerate states can be neglected given the comparably large
uncertainties of kISC and ∆EST. In practice, Eq. (1.1) is hardly used
to determine kRISC, because it is difficult to determine ∆EST with the
required precision. Instead, the relevant photophysical rates (incl. kRISC
and kISC) are determined from time-resolved PL experiments, as will be
shown in Sec. 2.1.2 of the next chapter. ∆EST can be determined from
Eq. (1.1) using an Arrhenius-type analysis. The ISC rate in typical OLED
materials is ∼ 107 – 108 s−1. In most TADF emitters ∆EST is smaller
than 0.1 eV[25] and in recently developed emitter materials oftentimes
even ∆EST < 0.05 eV is achieved. The resulting RISC rates of such
state-of-the-art materials are then exceeding 5× 106 s−1.[26,27]

The necessary reduction of the exchange interaction between electron
and hole spins is a result of spatially separating the HOMO and LUMO
orbitals. This means a trade-off between desirable properties, because
the orbital overlap should be as small as possible to maximize the RISC
rate. However, there still needs to be enough overlap to allow for a
sufficiently high radiative decay rate (at least 106 s−1 is desirable).[28]

There are three notable design concepts that have been developed to
realize such excitonic states with strong charge-transfer (CT) character:

1. Donor and acceptor groups (D-A)
The oldest of the TADF design concepts is combining donor and
acceptor (D-A) groups in a single molecule.[17,18] Such D-A-type
TADF emitters are also the focus of this thesis. The HOMO and
LUMO are localized on different parts of the same molecule, so
that the exciton forms an intramolecular CT-state (in contrast to
intermolecular CT-state, see “exciplex” below). The donor and
acceptor groups of the molecule are connected by a bond with
a significant dihedral angle, which prevents the orbitals from
extending much beyond their respective moiety and strongly
weakens the π-conjugation. An example is CzPIMe, the TADF
emitter studied in Chapter 4. Its molecular structure is shown in
Fig. 1.1(b). A three-dimensional view of the molecule including
calculated HOMO and LUMO orbitals is shown in Fig. 1.1(c).
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Other TADF molecules might include additional bridging units,
which increase the spacing between donor and acceptor moieties,
or multiple moieties of either type.[6,25]

There are two primary drawbacks of this molecular design: (i) a
strong susceptibility to the molecular environment, which leads
to a broad emission linewidth that is undesirable for color control.
(ii) The (radiative) decay rate is dependent on the orbital overlap
between HOMO and LUMO and therefore tends to be relatively
small compared to purely fluorescent emitter materials.

2. Intermolecular CT-state (“exciplex”)
The separation between donor and acceptor can also be achieved
and utilized between two different molecules, where the exciton
forms an intermolecular charge-transfer state, or “exciplex”.[29]

The excited state energy can be tuned by combining two materials
with suitable HOMO (for the hole-carrying material) and LUMO
(for the electron-carrying material). The two main drawbacks
sketched above for D-A-type TADF apply also to this concept,
and are potentially even more pronounced. An advantage is that
donor and acceptor concentration can be adjusted via the stack
design. The use of mixed D-A layers at various concentrations as
well as the use of D-A interfaces between separate layers has been
demonstrated.[30]

3. Multiple resonance effect (MR)
In 2016, Hatakeyama et al.[31] presented a novel type of TADF
emitter molecules, in which the HOMO and LUMO are strongly
localized on different atoms within the same ring-structure of a
single molecule. The separation is the result of multiple resonance
(MR) effects between different (B and N) heteroatoms. MR-type
TADF emitters offer extremely narrow emission linewidths, which
is desirable for color control, as well as high radiative decay rates
(> 108 s−1). The abovementioned trade-off between radiative de-
cay rate and S-T gap, as a result of decreasing orbital overlap,
has been shown to not apply to these materials and both parame-
ters can be increased simultaneously by good material design.[32]

However, the RISC rate remains low compared to D-A-type TADF
emitters, and the (usually flake-like) molecules have a strong
tendency to form aggregates.[33,34]

The name-giving “thermally activated delayed fluorescence” is observed
in time-resolved photoluminescence (PL) experiments, where the sam-
ple is excited with a short light pulse and the time-dependence of the
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subsequently emitted luminescence is measured. First, an exponen-
tially decaying “prompt component” (with a lifetime of ∼ tens of ns) is
observed, followed by another exponentially decaying “delayed com-
ponent” (with a lifetime of ∼ tens of µs). The delayed component is
thermally activated and can be distinguished from the delayed emis-
sion in triplet fusion-based material systems by its linear dependence
on the excitation density. A detailed kinetic model of the processes
will be presented in the following chapter (see Sec. 2.1.2). A careful
analysis of the PL measurements and good understanding of the exci-
tonic processes are the foundation of any TADF emitters’ photophysical
characterization. Various theoretical descriptions that can explain all
excitonic phenomena observed for TADF materials are currently being
developed. Such theories often include a distinction between excited
states of localized and intramolecular charge-transfer type.[35–38] We
find in this work, that for the TADF materials selected here, a simple
description based on the S1 and T1 excited states is sufficient to explain
TADF-based device performance and degradation (Chapter 5) as well
as transient PL behavior up to very long times (Chapters 3 and 4).

TADF host-guest systems
Similar to other emitter material classes, a small concentration of
TADF emitters (“guests”) is typically combined with one or more other
(“host”) materials in the emissive layer, forming a host-guest system.
Host-guest systems allow better manipulation of charge transport and
avoid concentration quenching.[39–41] For D-A-type TADF materials,
typical guest concentrations are in the range of 5 – 20 wt%.

The interactions in host-guest systems depend sensitively on the com-
plex interplay of various material parameters. In order to design the
best possible emissive systems, these interactions have to be well under-
stood, so that potential loss processes can be avoided. If an unsuitable
host is chosen, the emitter material cannot be characterized (or, even
worse, incorrectly characterized), therefore its potential for good OLED
devices cannot be judged, and neither can optimized devices be realized
without the right host. The design of TADF host-guest systems faces
unique challenges as a result of the large population of triplet excitons,
which are non-radiative (in contrast to phosphorescent emitters) and
have a high energy compared to that of the singlet state (in contrast to
triplet fusion based systems). Two of the most important challenges
are (i) the “deconfinement” of triplets, which refers to exciton transfer
from the guest to a nearby host molecule. Deconfinement is undesirable
because no RISC can occur on the host, and the exciton is more likely
to encounter loss (and potential degradation) processes the more it



1.4 organic light-emitting diodes 15

diffuses. (ii) The “dissociation” of excitons refers to the transfer of one
of its charges to a nearby host molecule. The result is an (in this case)
undesired intermolecular CT-state, which no longer benefits from all
the carefully optimized photophysical properties of the TADF emitter
molecule. Chapters 3 and 4 of this thesis address these two types of
interactions between host and guest and aim at providing generally
applicable criteria for choosing well-suited material combinations.

It is worth noting that also the polarizability of the host is found to
impact the photophysical rates and the emission color of the system,
especially for D-A-type TADF guest materials.[42] Furthermore, some
TADF materials have recently been reported to exhibit good device
performances even when used as pure emitting layers, without a host
material, making them easier to process.[43,44]

Hyperfluorescence (HF)
Significant research efforts have recently also been devoted to the study
of “hyperfluorescent”† systems. Here, TADF materials act as triplet
harvesting sensitizers, and are used in combination with another emitter
material, to which singlet excitons are quickly transferred and from
which they are emitted. The benefit is that the sensitizing material
can be optimized purely for its triplet harvesting capabilities and the
emitter material purely for its emissive properties, ensuring a fast
radiative decay rate, emission color, and narrow emission linewidth.
The key challenge of designing HF systems lies in effectively and quickly
transferring all singlet excitons onto the emitters, but no (realistically:
as few as possible) triplet excitons, because they only have non-radiative
decay pathways if a fluorescent emitter is used. This is usually achieved
by using very low emitter concentrations between 0.5 – 1%. In the
first demonstrated HF systems, the emitter was simply a fluorescent
material. Recently, the use of MR-type TADF materials as emitters (in
combination with a D-A-type TADF material as sensitizer) has proven to
be very promising.[23,26] The latter systems allow utilizing the excellent
emission properties of the MR-type TADF emitters while profiting
from their (albeit comparably slow) triplet harvesting capabilities, and
simultaneously, due to the anyhow very low concentration, avoiding
their tendency to aggregate. Some of the highest reported device
efficiencies for blue emission in the current literature are based on such
HF systems combining both D-A and MR-type TADF materials.[26,48] It
is worth mentioning that it is also possible to combine phosphorescent
materials as triplet harvesting sensitizers with fluorescent emitters

† A term coined by Adachi and co-workers.[45] Alternatively also sometimes referred to as
TADF-activated fluorescence (TAF).[46,47]
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Figure 1.4: (a) Schematic depiction of an OLED stack with the respective layer
abbreviations, as they would be processed onto a (glass) substrate.
(b) HOMO and LUMO energy landscape, with arrows indicating
the transport of polarons that is thereby achieved and which leads
to the formation of excitons on an emitter material (dashed lines)
that finally results in the emission of light.

in a similar way, which is referred to as “hyperphosphorescence” or
“phosphor-sensitized fluorescence” (PSF).[49–51]

1.4.4 Stack design

In virtually all OLEDs the emissive layer is incorporated in a stack
of several other layers, the design and function of which are crucial
for the efficient operation of the OLED. The OLED stack is carefully
designed such that each material’s distinct combination of properties
serves a specific purpose in the manipulation of charges and excitons.
The typical layers of a stack are listed below and are schematically
depicted in Fig. 1.4(a), including their abbreviated names which will be
used throughout the thesis.

– Anode (usually inorganic and transparent)

HIL Hole injection layer

HTL Hole transport layer

EBL Electron blocking layer

EML Emissive layer

HBL Hole blocking layer

ETL Electron transport layer

EIL Electron injection layer

– Cathode (usually inorganic)



1.4 organic light-emitting diodes 17

It can be seen that the layer structure has the same functions for holes
and electrons, in a symmetric arrangement mirrored around the EML.
The injection layers (HIL, EIL) facilitate the transfer of charges from
the (metallic or metal-like) electrode into the organic material. The
transport layers (HTL, ETL) firstly facilitate charge injection into the
EML, and secondly determine the distance between the EML and the
electrodes, which has to be optimized for efficient light outcoupling and
to avoid quenching losses from interactions between the excitons and
the electrodes.[52,53] The blocking layers (EBL, HBL) prevent charges
that have traversed the entire EML from exiting it on the other side.
Extracting charges at the opposite electrode is undesirable as they do
not contribute to the light emission and in any case cost energy. In
the emissive layer (EML), holes and electrons meet and form excitons
that finally radiatively decay. How the desired polaron transport can
be achieved by well-chosen materials with the necessary HOMO and
LUMO energy levels is schematically depicted in Fig. 1.4(b).

It is worth noting that any layer can in principle be made of a single
or a mixture of several different materials. Besides the EML, this
is especially relevant for molecularly doped injection and transport
layers.[54,55] Furthermore, not every OLED stack will actually contain
each of these layers separately, as it is beneficial to find materials that
combine two or more of the required functions in a single layer, in order
to reduce the complexity of device fabrication and optimization.

1.4.5 Current challenges

Hsiang et al.[56] list the following nine metrics that determine the success
of a display technology

1. External quantum efficiency at required brightness
2. Power consumption
3. Lifetime
4. Color
5. Resolution (pixel) density
6. Response time
7. Viewing angle
8. Flexibility
9. Cost

Ranging from chemistry to physics to engineering, optimizing the
interplay between all these metrics is a complex multi-disciplinary task.
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The work in this thesis focuses on the first three of these challenges,
which will in the following be explained in more detail.

External quantum efficiency at required brightness
The challenging aspect here is achieving the required brightnesses with
a sufficiently high emission efficiency. The efficiency of an OLED de-
pends on the internal quantum efficiency (IQE), that compares the
number of injected charge carrier pairs (per unit of time and area) with
the number of radiative decays (per unit of time and area). However,
not all of the created photons can actually be extracted from the de-
vice due to optical effects such as surface plasmons, substrate modes,
and residual absorption.[53] A more practial measure for effiency is
the external quantum efficiency (EQE), which describes the fraction
of injected charge carrier pairs compared to the number of photons
actually emitted from the device. The EQE is directly proportional to
the IQE, but additionally accounts for the light outcoupling efficiency,
which is typically in the range of 20 – 30%. Substantial research efforts
are targeted at its optimization by cavity engineering and structured
substrates, by using low-index transport layers, and by maximizing
horizontal (emitter) dipole orientation.[57–59]

Due to an increase of the exciton and charge carrier density depen-
dent loss processes (see Sec. 2.4 of the next chapter), the EQE decreases
with increasing current-density, i.e. the device becomes less efficient
with higher brightness.[60] Minimizing this “roll-off” is crucial to achiev-
ing the required peak brightnesses. The analysis of potential loss
processes from interactions between the host and guest materials in
Chapters 3 and 4 directly contributes to the design of systems with the
highest possible efficiency.

Power consumption and luminous efficacy
Because the EQE does not consider how much electrical power is lost
in the creation of the excitons, it is from an application perspective not
the best indicator for device performance. A more interesting criterion
is, instead, the luminous efficacy (also called power efficiency), which
relates the electrical power required to drive the device to the luminous
flux it outputs; its unit is therefore lumen per watt. The efficacy depends
on the driving voltage, which in turn depends on the work functions
of the electrode materials and on the HOMO and LUMO energies of
the charge transporting materials. If the energy difference between
the charge transporting HOMO and LUMO levels is large, leading to
a large required driving voltage, but the finally emitted photon is of
much lower energy, then the efficacy is low. The excess power that
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has to be supplied is finally always converted into heat within the
device, which also accelerates material degradation. Therefore, both for
efficacy and lifetime reasons, the HOMO, LUMO and exciton energies,
as well as the electron and hole mobilities of the materials in the stack
need to be carefully balanced. The design rules for host-guest material
combinations, which we establish in Chapters 3 and 4, are directly
aimed at achieving such balance. Concretely, the HOMO and triplet
energy differences of a TADF host-guest material combination need to
be sufficiently large to avoid transfer of holes (dissociation) or triplets
(deconfinement), respectively, from the guest to the host.† Quantifying
the required threshold values is important because choosing material
combinations which have larger than necessary energy differences leads
to higher thermalized losses and to a reduced device power efficiency.

Lifetime
Throughout all applications in the OLED field, significant problems
remain to achieve the required operational lifetimes.[6] The operational
lifetime refers to the gradual loss of luminance and efficiency with time
as a result of degradation while running the device.‡ The operational
lifetime of a device is determined by a combination of extrinsic and in-
trinsic degradation factors.[61,62] Among the most detrimental extrinsic
factors are photodegradation, electrode deterioration or delamination,
material diffusion and impurities.

In this work, we will instead study intrinsic causes, focusing on molec-
ular degradation caused by bimolecular loss processes (see Sec. 2.4),
which are the processes with the highest local energy density in an
OLED. In Chapter 5 we present a simulation method that is able to
predict the device lifetime from material and stack parameters, thus
contributing to the development of a virtual research and optimization
workflow. In the next section, we discuss how such predictive simu-
lation and modeling tools can be used for the study of TADF OLED
devices.

† The same is true for the electrons, however, we did not study the dissociation as a result
of electron transfer within this work. As a first approximation, the required energy
difference between the LUMO energies of the host and guest materials may be taken
similar to the required HOMO energy difference.

‡ In principle, the lifetime can also be limited by “catastrophic failure”, the sudden ex-
tinction of all or nearly all luminance, or the appearance of black spots, for example
as a result of electrode delamination. However, with continously improving processing
conditions this kind of a degradation pathway seems to be reliably preventable.[61]
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1.4.6 Simulations and modeling

Modeling and simulations currently play an extremely useful support-
ing role in academic and industrial research and development (R&D),
for example to better understand experimental results or to develop
deeper insights into specific parameter trade-offs. The prediction of ma-
terial properties and device parameters to the point where experiments
can reliably be replaced by simulations offers potentially enormous
savings in time and resources. Below, we give an overview of the simu-
lation tools for OLED material systems and devices, categorized by the
different length scales and system sizes that they describe.

• For the discovery and development of new materials, the pho-
tophysical and electrical properties need to be predicted based
on the molecular structure. Ab initio methods such as density
functional theory (DFT) are typically used.[63–65] Increasingly, also
machine learning tools are employed for large scale material
screening.[66,67]

• The ordering of many molecules (of the same or of different ma-
terials) on the molecular scale has to be calculated to predict the
morphology in the films. This is usually studied with Molecular
Dynamics (MD) simulations.[63,68] To be able to model the macro-
scopic system, the different local environments and structural
conformations of each molecule have to accounted for. DFT simu-
lations have to be employed once again to calculate the properties
of each molecule (modified with respect to the gas phase).

• The complex interplay between all the underlying microscopic
properties needs to be translated into simulations that are able to
predict the overall device performance. A variety of simulation
and modeling approaches has been developed, most notably one-
dimensional drift-diffusion (1D-DD), three-dimensional master-
equation (3D-ME) and kinetic Monte Carlo simulations (3D-KMC,
simply called KMC throughout the rest of the thesis).[65] It is in
all cases necessary to either simplify the system by reducing the
dimensionality (DD) or by coarse-graining the molecules to point
sites with different properties (3D-ME and KMC).

• It is finally important to account for the various optical effects in
the microcavity that is formed by the OLED stack. Based on the
emission profile in the EML, and the material and stack properties,
optical models allow calculating the resulting light outcoupling
efficiency.[69,70]
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1.4.7 Workflow based on predictive simulations

In order to computationally describe OLED development from material
discovery to device optimization, the individual simulation methods
need to be connected in a multiscale toolchain.[63,71,72] Ongoing and
increasing research efforts, among them this thesis, have therefore been
targeted at developing (parts of) such computation-based workflows.
KMC simulations are the primary computational tool used in this thesis.

Three-dimensional kinetic Monte Carlo simulations were first applied
to organic semiconductors for the description of charge transport by
Bässler[73] and can be viewed until today as the most powerful tool for
OLED simulations on the device scale.[65] In this work we use the KMC
software tool Bumblebee, provided by Simbeyond B.V.[74] It is based
on the combined charge and exciton model also used in the works of
Mesta et al.[75] and van Eersel et al.[76] The OSC material is described
as a periodic lattice of point sites, in which each site represents one
molecule and is attributed an individual set of material parameters.
Each site can be empty, or occupied by either an electron, hole, singlet
exciton or triplet exciton, which can move between the sites or undergo
various other processes. A review of all processes and various early
applications of the model can be found in Ref. [77]. Bumblebee was also
used in the extensive studies of excitonic processes in phosphorescent
host-guest systems in the work of Ligthart.[78]

The crucial additional element used in this thesis is the possibility of
excitons to undergo ISC and RISC processes, which is necessary to study
TADF materials and which is also included in Bumblebee. The first
application of Bumblebee to a TADF (and a HF) device was presented
by Gottardi et al.,[79] where the loss processes and possible optimization
pathways for a device stack published by Furukawa et al.[80] were
analyzed. In the following, the fundamental working principle and
then the role of KMC simulations in a complete virtual OLED R&D
workflow are presented.

Working principle of KMC simulations
KMC simulations are a mechanistic method describing the time evo-
lution of a system on the basis of underlying physical processes. All
processes are assumed to be incoherent, so that the time evolution
is history-independent (Markov processes). Within the algorithm the
process that will be executed at each “Monte Carlo step” is determined
stochastically by considering the rates of the individual processes. The
passed time is then determined, also stochastically, based on the sum of
the rates of all possible processes. The possible processes and their rates



22 chapter 1 – introduction

depend on the state of the system at any given time and are updated
after every KMC step. After every KMC step the simulation state can
be recorded, analyzed, and/or manually modified (e.g. the applied
voltage or the temperature is adjusted). The models used to determine
the crucial process rates for TADF material systems and OLEDs are
presented in the next chapter (see Sec. 2.1.2 and 2.3). The details of the
simulation setup and used parameters for the simulations throughout
this thesis will be presented in the respective chapters. In the following,
we will discuss how KMC simulations can be used in a virtual OLED
R&D workflow, highlighting the unique possibilities and challenges this
approach offers.

Implementing “virtual experiments” in an OLED R&D workflow
Because it explicitly creates a three-dimensional virtual copy of the
system and all its processes, the KMC method is also said to create
a “virtual twin”. Since also the physical conditions of the material or
device measurement can be replicated, the corresponding simulation
setup can be considered a “virtual experiment”. However, the full
spatial and transient information of the underlying processes that is
contained in these calculated macroscopic properties is extremely useful.
This information is experimentally unattainable and its analysis can
yield valuable insights exclusive to mechanistic simulations.

Viewing the simulations as “virtual experiments” also allows us to
easily understand how they can be (ideally) implemented into R&D: by
replacing and complementing the respective physical lab experiments.
An entirely virtual workflow for material discovery, characterization as
well as device design and optimization, can be envisioned as shown
in Fig. 1.5. For each workflow stage the overall goal is given in italics,
followed by a list of appropriate tools and methods to achieve that
goal. The focus points of this thesis, which combines experimental
and simulation results, are highlighted in blue. To be able to replace
experimental characterization, a computational method needs (i) a high
level of accuracy and reliability and (ii) predictive capabilities. Each
of the computational methods in Fig. 1.5 faces its own challenges re-
garding accuracy, reliability and adaptability. For the highlighted KMC
simulations of macroscopic systems, the reliability and adaptability can
be considered as relatively good.

The adaptability of KMC simulations is good because new processes
or device architectures that might become relevant in the future can
relatively easily be added to the mechanistic description, rather than
having to be integrated with the existing processes into one overarching
analytical description.
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Figure 1.5: Comparison of an experimental workflow based on a trial-and-error
approach and a virtual workflow based on predictive computational
methods. The goal of the respective workflow stage is given in italics,
and below it the available and typically used methods to achieve
that goal are listed. J–V(–L) refers to current-voltage(-luminance)
measurements, which usually form the basis of OLED device char-
acterization. In blue, the focus points of this thesis are indicated.
The work presented in this thesis allows a better understanding and
optimization of TADF OLED material combinations and stacks. The
simulation methods that are presented can furthermore be imple-
mented into the predictive virtual workflow.
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KMC simulations also offer reliability, as they will always give a
definitive outcome, regardless of the complexity of the simulated system.
In contrast, modeling which relies on solving complex systems of
equations gives no physically meaningful output if the solver does not
converge. However, systems that do not easily allow accumulating
good statistics of the important processes can be problematic for KMC
simulations. A relevant example is charge transport at very low electric
fields, where the diffusion current competes with the drift current. The
KMC simulations will then take a very long time (a very large amount
of KMC steps) to be able to accurately determine the charge distribution
and current density.

The accuracy of KMC simulations is, in principle, only limited by
statistics. If enough events are considered, the simulation output al-
ways converges to the exact solution for the system described by the
simulation setup and input parameters. Managing the acquired sta-
tistical simulation data therefore is a vital element to minimizing the
uncertainty of extracted parameters. In this regard, the accuracy of the
simulations benefits from faster computational resources as a result of
technological advancement.†

In practice, it is nonetheless (currently) not feasible to exactly predict
all experiments from KMC simulations. The main limitation to their
predictive power are the simplifications contained in the underlying
models, and the precision with which the input parameters for these
models can be determined. The adequacy of the underlying models can,
in many cases, be tested reasonably well by performing simulations of
simplified systems or comparison with dedicated experiments. The un-
certainty of the physical input parameters depends on the uncertainty
of the experimental or computational methods from which they were
obtained. For many of the relevant parameters for OLED simulations,
such as the photophysical rates and energetic disorder, dedicated and
quite accurate extraction methods have been developed in the past
and are continously improved further.[37,81,82] However, despite dedi-
cated experimental determination methods, the uncertainty in other
parameters remains large enough to significantly impact the simulation
outcome. Examples are the HOMO energy, which can be determined
with an uncertainty of approximately 0.1 eV and the LUMO energy,
with an even higher uncertainty.[83,84] Finding experimental as well as
computational methods to determine all relevant input parameters for
the larger-scale mechanistic models with sufficient accuracy will be an
important part of the development of a fully virtual workflow. Until

† This of course applies to basically all computational methods to a varying extent.
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then, KMC simulations are also extremely useful in aiding with param-
eter extraction,[82,85] as well as for trend predictions[86] and sensitivity
analyis to certain parameters.[39]

1.5 scope of this thesis

In this thesis, OLED material combinations and devices based on TADF
emitters are studied in a combined computational, experimental and
analytical approach. The central research goals are:

(1) Determining quantitative parameter requirements that can serve as
selection criteria for successful TADF host-guest systems

(2) Providing a deeper understanding of the physical processes in ma-
terial and device experiments by kinetic Monte Carlo simulations

Chapter 2 introduces the most crucial physical processes and their rate
expressions, as well as the relevant experiments for the study of TADF
host-guest systems and OLED devices.

In Chapter 3 a comprehensive model is developed for the deconfine-
ment (diffusion to a nearby host molecule) of triplet excitons during
a time-resolved PL experiment. The difference between the triplet
energies of the guest and the host, ∆ET, is identified as the most im-
portant parameter. The simulations allow determining from the PL
experiment the effect of ∆ET on the deconfinement probability. The
work in this chapter thereby contributes to establishing general design
rules for the triplet confinement required in good material combinations
(∆ET ≥ 0.2 eV), as well as extending and refining the information that
can be extracted from time-resolved PL experiments.

In Chapter 4 an extensive model for the exciton dissociation in TADF
host-guest systems is developed, complementing the deconfinement
model from the previous chapter. The chapter further includes an
experimental study of the TADF emitter CzPIMe, embedded in a large
number of host materials. The analysis of these experimental results
validates the dissociation model as well as the deconfinement model
from the previous chapter. For the material systems studied, the critical
parameters for the exciton dissociation are found to be the difference of
the HOMO energies of the guest and the host, the energetic disorder
and the emitter’s exciton binding energy. The combined modeling and
experimental approach, developed in this chapter, is expected to be
generally applicable to TADF host-guest systems.

Chapter 5 studies degradation scenarios of an OLED device pub-
lished by Furukawa et al.[80] using KMC simulations. The degradation
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scenarios differ in the assumed properties of the degradation products
and in the materials that are assumed to be degrading. This allows
determining to what extent different degradation scenarios can be dis-
tinguished experimentally, based on the measured luminance decay
and voltage shift. From a comparison with the experimental lifetime the
probability that a degradation-triggering event leads to the formation of
a degraded molecule, Pdeg,exp, is determined. The workflow presented
in this chapter is expected to enable systematic in silico studies of the
processes that determine the operational lifetime and its sensitivity to
stack parameters such as the material composition, layer structure and
charge carrier balance.

For the degradation simulation workflow, Pdeg,sim, the probability that
a triggering event leads to molecular degradation in the simulations, is
an important input parameter. The simulation time is made feasible by
choosing a value for Pdeg,sim that is much larger than the actual Pdeg,exp
in experiment. The impact on the simulations can then be accounted
for in a postprocessing step, as long as Pdeg,sim is chosen sufficiently
small such that degradation is still the slowest process in the device.
In Chapter 6, we empirically determine a suitable maximum value for
the degradation probability Pdeg,sim for the TADF device studied in
Chapter 5. The study serves as a first step towards developing a more
generally applicable criterion for Pdeg,sim, which will allow optimiz-
ing the accuracy and required computational time of the degradation
simulation workflow.

Finally, Chapter 7 summarizes the main findings of the studies pre-
sented in the previous chapters and in Chapter 8 an outlook is given on
potential future research based on the presented work.
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2
E X C I T O N I C P R O C E S S E S I N TA D F O L E D S

This chapter gives an overview of the experiments which are used in this thesis
to study OLED devices. Important microscopic and macroscopic models used
to analyze the experimental data and to describe the underlying photophysical
(excitonic) processes are also presented. First, (time-resolved) photolumines-
cence experiments and the models needed to deduce the photophysical rates
of a TADF emitter from the experimental data are introduced. Then, the im-
plementation of the important charge and exciton transfer and bimolecular
efficiency loss processes in the KMC simulation model is described. Finally,
(accelerated) lifetime experiments, their analysis and how they can be studied
using “degradation scenarios” in KMC simulations are discussed.

37
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2.1 photophysical processes

As shown in Fig. 1.3, the monomolecular photophysical processes of
a TADF emitter are characterized by six rates. The manipulation of
their rates is one of the key goals of the molecular design of TADF
emitters, and many different compounds have been and are currently
being published.[1] The photophysical rates are a fundamental part
of understanding the photoluminescence of TADF compounds in thin
films and allow qualitative judgement of the suitability and expected
performance of the material in the full OLED. The rates can be deter-
mined from the combined analysis of two experiments: measurements
of (1) the photoluminescence quantum yield (PLQY or ηPL) and (2)
the time-resolved, or “transient”, photoluminescence intensity. In this
section we will present how exactly the relevant measurable quantities
(PLQY and intensity decay over time) depend on these underlying
photophysical rates. This will provide the necessary background for
our in-depth study of how transient PL experiments can be affected by
interactions of the TADF emitter with the host in Chapters 3 and 4.

2.1.1 Photoluminescence quantum yield

The photoluminescence quantum yield, ηPL, describes the efficiency of
a material’s luminescence after photoexcitation, and is defined as

ηPL =
# emitted photons

# initially absorbed photons
. (2.1)

It is one of the most crucial figures of merit for any emitter, regardless of
whether it is a TADF, phosphorescent or simple fluorescent material. Its
determination requires measuring the absolute emitted luminescence
in an integrating sphere (de Mello method[2]). State-of-the-art TADF
emitters can achieve ηPL = 90 – 100%.[3,4] However, photoexcitation in
these materials creates only singlet excitons, and ηPL therefore does not
directly give any information about the triplet-harvesting capabilities
of the system. This is why the other important photophysical rates
for TADF emitter design, the radiative decay rate kr,S, the ISC rate kISC
and the RISC rate kRISC, always have to be extracted from transient PL
experiments in the following way.
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2.1.2 Time-resolved photoluminescence

In a time-resolved PL experiment, the sample is excited with a short
laser pulse, resulting in an initial singlet population [S1(t = 0)], and the
intensity decay I(t) of the photoluminescence is then recorded. In TADF
materials a repeated cycling of excitons between the singlet and triplet
state occurs during these experiments, resulting in the name-giving
delayed fluorescence.

The time dependent singlet and triplet populations, [S1(t)] and [T1(t)]
respectively, can be determined from the following set of coupled rate
equations

d[S1]

dt
= −(kr,S + knr,S + kISC)[S1] + kRISC[T1]

≡ −kS[S1] + kRISC[T1] ,
(2.2)

and

d[T1]

dt
= −(kr,T + knr,T + kRISC)[T1] + kISC[S1]

≡ −kT[T1] + kISC[S1] .
(2.3)

Assuming a normalized initial exciton population [S1(t = 0)] = 1 and
[T1(t = 0)] = 0, the solutions can be expressed as

[S1(t)] = A exp(−kpt) + B exp(−kdt) (2.4)

[T1(t)] = −C exp(−kpt) + C exp(−kdt) , (2.5)

with A and B the prompt and delayed component intensity onset,
respectively, and the prompt (p) and delayed (d) decay rates

kp(d) =
1
2

(
k1 ±

√
k2

1 − k2
2

)
, (2.6)

where

k1 = kS + kT ,

k2 = 2
√
(kSkT − kISCkRISC) ,
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and with

A =
1
2

[
1 +

kS − kT√
k2

1 − k2
2

]
,

B =
1
2

[
1− kS − kT√

k2
1 − k2

2

]
,

C =
kISC√
k2

1 − k2
2

.

Figure 2.1 schematically shows the bi-exponential time-dependence
of the PL intensity on a log-log scale that is characteristic for TADF
emitters. In the prompt regime, the initial population of singlets gets
quickly depleted by recombination via k(n)r,S, as well as being partially
converted to the triplet state via kISC. During this time a triplet popula-
tion, initially zero, builds up. When a certain depletion of the singlet
population is reached, the delayed regime begins, marked by a stabiliza-
tion of the singlet population due to the triplets being converted back
via RISC. The exciton population is now continously cycling between
singlet and triplet state via (R)ISC, while radiative and non-radiative
decay from both states is occuring. For state-of-the-art TADF emitters
based on a donor-acceptor type molecular structure the prompt (p)
and delayed (d) decay times, τp(d) = k−1

p(d), are typically in the range
of a few nanoseconds and a few tens of microseconds, respectively.
The exact solution to the rate equations, that is presented here, is in
Chapter 3 extended to include the transfer of excitons from the guest to
the host (“deconfinement”) and employed in Chapter 4 to characterize
the transient PL of the TADF emitter CzPIMe in several host materials.

In order to extract the photophysical rates of emitter molecules as
sketched above, some approximations regarding the relations between
the rates have to be made, because the experiments in practice do
not supply enough information to unambiguously determine all six
of them. Various approaches have been presented in literature.[5–7]

The most important assumptions, and the observations and physical
understanding that they are based on, will be briefly sketched in the fol-
lowing. A detailed comparison was also recently published by Tsuchiya
et al.,[8] which suggests establishing the exact solution of the rate equa-
tions (as shown above) as a standard in the OLED field to ensure the
comparability of emitter characterization.

Extraction of photophysical rates from experiment
It is first of all important to note that, as indicated by the name “fluo-
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Figure 2.1: Schematic of the normalized PL intensity decay showing the bi-
exponential decay characteristic for TADF materials. Shown in
green is the prompt component and in blue the delayed component.

rescence”, the triplet state of TADF emitters is essentially non-emissive.
Concretely, there is a finite triplet radiative decay rate,† which is even uti-
lized in dedicated measurements of the phosphorescence to determine
the triplet energy. However, such experiments have to be performed
at very low temperatures and at very long delay times after the initial
excitation in order for the phosphorescence to be measurable. Even
then, no determination of the time-dependence of the decay, i.e. a di-
rect measurement of the decay rate, is feasible as a result of the too
low signal intensity. At room temperature, on the other hand, the
phosphorescence is entirely outcompeted by the combined kRISC and
knr,T. The resulting “dark” triplet population is extremely difficult to
probe experimentally. Transient absorption measurements have been
employed, but the quantification of the triplet population with respect
to the singlets is difficult due to the unknown absorption spectra and
absorption coefficients of both exciton species.[7] Resulting from the
lack of phosphorescence, the measured PL signal can instead be taken

† The remaining triplet radiative decay rate is a result of the small, but non-zero spin-orbit
coupling that is present even in purely organic molecular structures (in contrast to the
large spin-orbit coupling in metal-organic phosphorescent emitters). The calculation
of this remaining spin-orbit coupling is an essential part of predicting the (reverse)
intersystem crossing rates in TADF materials from first principles.[9,10]
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as directly proportional to the singlet population, such that I(t) ∝ S(t),
and the experimental data can be fitted to Eq. 2.4.

Due to the normalization at t = 0, A and B are not independent
(A + B = 1), such that the fit of the time-resolved PL yields three
independent variables: the ratio between the prompt and the delayed
onset, A/B, as well as the overall prompt and delayed decay rates, kp
and kd respectively. The normalization is necessary because in time-
resolved PL measurement setups the absolute emission from the sample
cannot be simultaneously measured. Instead, ηPL has to be determined
in a separate measurement, which is performed under steady-state
conditions (continuous illumination of the sample). Including ηPL, there
are then four independent variables characterizing the TADF emitter,
making it impossible to unambiguously determine all six photophysical
rates based on these two experiments alone. To reduce the number of
rates to be determined, two assumptions are typically made:

1. kr,T � knr,T, kRISC
As described above, the phosphorescence rate can be entirely
neglected.

2. knr,S = 0 or knr,T = 0
All non-radiative decay is assumed to occur from only one of the
two excited states, and the other non-radiative decay rate is as-
sumed to be zero. In reality, as long as ηPL < 100%, both processes
are expected to contribute to the losses. The determination of ηPL,
however, does not allow distinguishing between the two loss chan-
nels. Nonetheless, both scenarios (either knr,S = 0 or knr,T = 0)
have been assumed in the various models presented throughout
the literature, sometimes with little evidence or motivation for
the choice. Dedicated work by Kreiza et al.[11] and Sem et al.[12]

attempting to disentangle the losses by targeted quenching of
triplets in the presence of radical oxygen, finds that knr,T is the
dominant loss channel. However, these studies focus on specific
compounds and no complete quenching of all triplet states can be
guaranteed due to imperfect penetration of the solid state by the
oxygen gas. It is therefore not yet possible to establish a generally
applicable rule for distinguishing the non-radiative loss channels.

The error that is introduced by assuming an incorrect distribution
of losses between singlet and triplet state affects all three other ex-
tracted rates (kr,S, kISC, kRISC). Fortunately, the error decreases with
increasing ηPL, because in both excited states the non-radiative
rates are small in comparison to the competing rates. Therefore,
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with advancing molecular emitter design, the rate extraction also
becomes more accurate. For TADF emitters with ηPL ∼ 100% the
non-radiative rates can simply be taken as zero, and no errors are
introduced.

Rate model limitations
In practice, care has to be taken to ensure that other processes besides
the monomolecular rates to be studied are eliminated (or at least min-
imized) during the measurement. The most important practices will
be quickly sketched in the following. Concentration quenching, which
describes increasing losses at higher concentrations that are observed
in most materials, has to be avoided, which is typically achieved by
using a host-guest system with small concentrations, e.g. 1 – 5%. The
host material is required to have sufficiently large excited state ener-
gies to prevent deconfinement (studied in detail in Chapters 3 and 4)
and suitable HOMO and LUMO energies to prevent the formation of
intermolecular CT-states (“dissocation”; studied in detail in Chapter 4).
The materials, concentration, and excitation energy also need to be
chosen such that either (i) direct excitation of the emitter is possible
or (ii) excitation of the host followed by fast and efficient excitation
transfer to the emitter occurs. To avoid interactions between excitons
(see bimolecular processes in Sec. 2.4), the excitation density has to be
low.

Even when following those good practices, the observed time-resolved
PL in the solid state† often does not exactly follow a bi-exponential
shape as expected from Eq. 2.4. The reason for this is that the molecules
in the film are individually affected by their local environment. As a
result, the macroscopic PL is actually the result of a combined distribu-
tion of each of the photophysical rates, rather than a single well-defined
value.[13] A common observation is a long-lived “tail” of the signal at
very long time scales and very low intensity, where the signal no longer
decreases exponentially. If, for example, a molecule is morphologically
locked into a molecular configuration that is unfavorable for RISC, a
triplet exciton on that molecule might be upconverted to the singlet
state and emit at a much later time than expected in the ground state
configuration. This is supported by the observation that the PL decay is
closer to a bi-exponential shape for more rigid emitter molecules, which

† The time-resolved PL in of TADF emitters in solution is often very well described by a
bi-exponential (see Eq. 2.4), because all the emitting molecules are relaxed to the same
ground state configuration and because in the typically used solvents no deconfinement
or dissociation can occur.
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are expected to have more similar conformations in the film, resulting
in only small deviations of their properties.[14]

In the literature, various different fitting approaches to accommo-
date non-exponential decay shapes have been used, most prominently
weighted multi-exponential fits.[3,15] However, the interpretation and
conversion of the resulting increased number of fitting parameters to
meaningful photophysical rates is lacking a consistent model. One
option to account for a multi-exponential decay is to extend the TADF
model to include more than two excited states. Usually, a distinction
between locally excited triplet states† and (intramolecular) CT-type
triplet states on the TADF emitter is introduced, which has also been
proposed from theoretical study of the ISC and RISC processes, and
thus allows a physical interpretation of the fit parameters.[6,16] How-
ever, several a-priori assumptions still have to be made (in addition to
those regarding the phosphorescence and non-radiative rates sketched
above).[8,17]

Quantitatively predicting all rates based on ab initio simulations,
as would be required for a fully virtual development workflow (see
Sec. 1.4.6), is a challenging task that can currently not reliably provide
the necessary precision. Firstly, the environmental susceptibility of the
emission properties drastically diminishes the value of gas phase calcu-
lations. Furthermore the charge-transfer character of D-A-type TADF
molecules complicates the calculations of excited state energies, and
hence the crucial ∆EST on which the thermally activated kRISC depends
exponentially. In the literature, direct calculations of the singlet and
triplet energies, and as a result also ∆EST, still often vary significantly
(several tens of meV) from experimentally determined values.[3,18] Some
methods also give calculations of negative ∆EST, such that ET > ES,
precluding a direct physical interpretation. Nonetheless, advanced
theoretical investigations are ongoing to understand the nature and
potential implications of these results.[9,10]

Besides the photophysical rates, the transfer and interaction rates of
polarons and excitons are essential input parameters for the mechanistic
models used in this thesis. In the following sections, we will briefly
explain the underlying mechanisms and the description of the processes
in terms of kinetic rates.

† The excitation is completely localized on one of the molecule’s (either donor or acceptor)
moieties.
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2.2 exciton generation and dissociation

As introduced in the previous chapter, the transfer of a polaron from one
molecule to the next is described as an instantaneous hopping process,
and transport on a macroscopic scale then arises from a sequence of
such hops. The charge transport has been studied since the discovery
of OSC materials. This has resulted in powerful models and simulation
tools, based on an increasingly refined description of the molecular
disorder,[19] its spatial correlation,[20,21] and the role of the charge carrier
density.[22] The thermally activated hopping between molecules can be
described by the Miller–Abrahams (MA) formalism,[23] which is found
to be a suitable description for charge transport in the studied type of
OLED material systems.[24] In this thesis, we model the OSC material
as a cubic lattice of point sites with individual properties, in which each
site represents one molecule. The charge carrier hopping rate rij from
an initial site i to a final site j at a distance of Rij is given by

rij = ν0 × exp
(
−

2Rij

λel

)
×

exp
(
−∆Eij

kBT

)
, if ∆Eij > 0.

1 , otherwise.
(2.7)

with ν0 the intrinsic hopping attempt rate, λel the electronic wavefunc-
tion decay length, ∆Eij the energy difference that has to be overcome
by thermal activation, determined by the overall energy difference be-
tween the final and initial state, kB the Boltzmann constant and T the
temperature. In the absence of an applied external field as well as
any other charges, ∆Eij is simply given by the difference in HOMO or
LUMO energy between the two sites, for the hop of a hole or electron,
respectively. It is worth noting that ν0 and λel can also be different for
electrons and holes.

To describe the interplay of charge and exciton dynamics in TADF
host-guest systems and devices, it is crucial to understand the gener-
ation and dissocation of excitons. Generation is modeled as a charge
carrier hopping from a site i onto a site j that is already occupied by
a charge carrier of the opposite type. Dissociation is modeled as the
hop of one of the two charge carriers that are forming an exciton on
site j onto an empty nearby site i. The energy difference that has to
be overcome by such a generation (∆Eh(e),ij) or dissociation (∆Eh(e),ji)
event as the result of a hole (electron) hop is then determined by three
components:
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1. Frontier orbital energy difference
For a hole (electron), the HOMO (LUMO) energy difference be-
tween the final and initial sites

∆Eh(e),ij = ∓
(
EHOMO(LUMO),j − EHOMO(LUMO),i

)
(2.8)

has to be overcome. We take the sign here such that positive
values of ∆Eh(e) describe an energy difference to be overcome by
the hop, accounting for the fact that holes favor higher HOMO
energies.

2. Electron-hole pair binding energy
An exciton fully localized on site j has the material specific exciton
binding energy, Eexc,b,j. Due to the small ∆EST in TADF materials,
the difference between the singlet and triplet binding energy can
be neglected. The intermolecular CT-state also has a binding
energy ECT,b,ij. We take ECT,b,ij equal to the Coulomb interaction
between the charges on the respective sites, dependent on Rij and
the relative permittivity εr, with ε0 the vacuum permittivity and e
the elementary charge.† The difference in binding energies, ∆Eb,
is then given by

∆Eb = Eexc,b,j − ECT,b,ij = Eexc,b,j −
e2

4πε0εrRij
. (2.9)

The binding energy difference is independent of whether the
generation/dissociation is a result of a hole or electron hop. The
sign of ∆Eb is such that it considers the stabilizing effect of a
larger binding energy, which means that it presents an energy
difference that has to be overcome in order for exciton dissociation
to occur.

3. Electric field
The potential difference between the two sites, e(Vi −Vj) ≡ eVij,
as a result of the surrounding electric field has to be accounted for.
Vij is the combined result of the applied external field and the field
created by other charges in the device (the Coulomb interaction of
the electron-hole pair considered for the dissociation/generation
process is fully described in terms of the binding energy).

† We make here the assumption that the material’s macroscopic value of εr can also be
applied to short-range Coulomb interactions.



48 chapter 2 – excitonic processes in tadf oleds

The total energy difference that has to be overcome for the generation
(ij) and dissocation (ji) of an exciton on site j as a result of hole (electron)
transfer is finally given by

generation: ∆Eh(e),ij = ∆Eh(e),ji − ∆Eb + eVij , (2.10)

dissociation: ∆Eh(e),ji = ∆Eh(e),ji + ∆Eb + eVji . (2.11)

With the exception of exciplex-based material systems, it is usually very
important that the excitons are stable on a the emitter molecule after
generation and do not dissociate. In Chapter 4, we study the presence
of dissociation for the TADF emitter material CzPIMe in different host
materials based on the model presented above.

2.3 exciton transfer

The movement of excitons can be modeled similarly to polarons (as
a hopping transfer process), though different mechanisms have to be
accounted for. Excitons are overall charge-neutral and therefore not
directly affected by the electric field in the device. Hence, unlike
polarons, their movement in the systems we study can generally be
described as isotropic on a macroscopic scale. On a microscopic scale,
the random energy and material disorder in the immediate environment
plays a dominant role for the transfer direction. The diffusion of excitons
can play an important role in OLED devices and is also absolutely
crucial for the functioning of organic photovoltaic devices. As a result,
exciton diffusion has been extensively studied in the field.[25–28] The
diffusion of excitons can result from two different transfer mechanisms,
that depend on different material and photophysical parameters, and
that are usually different for singlet and triplet excitons. For TADF
materials, these transfer processes play an important role for the exciton
dynamics in host-guest systems (Chapters 3 and 4) as well as for the
device degradation (Chapters 5 and 6). The two processes, namely
Dexter-type and Förster-type transfer, will therefore be introduced in
more detail in the following two sections. We will briefly describe
the underlying mechanism of each transfer process and then focus on
how the transfer rates and required model input parameters can be
determined.

2.3.1 Förster transfer

The first of the two relevant exciton transfer processes, Förster transfer,
also referred to as “Förster resonant energy transfer” (FRET), was first



2.3 exciton transfer 49

Figure 2.2: Schematic depiction of the occupation of HOMO and LUMO in an
exciton transfer process, with dashed arrows indicated the transfer
of an electron. The initial site is in the excited state before the
transfer and in the ground state after the transfer, and vice-versa
for the final site (see Fig. 1.2). (a) Förster-type transfer as a result
of induced dipole-dipole interaction. (b) Dexter-type transfer as a
result of electron exchange.

described in 1948 by Theodor Förster.[29] It is the result of induced
dipole-dipole interactions between an emissive donor and an absorbing
(at the respective wavelength) acceptor. The interaction occurs in the
near field, because the relevant distances in OLED material systems
are much shorter than the wavelength. The near field transfer can be
described as being mediated by a “virtual photon”. The excitation
transfer is schematically depicted in Fig. 2.2(a). Though the transfer
process can be viewed as the emission and absorption of such a virtual
photon, it is important to highlight that the process is the result of a
direct coupling of the two dipoles. At no point in time is light (a real
photon) actually emitted – Förster transfer is a radiationless mechanism.

Based on the original description by Förster, the transfer efficiency
of the process is parametrized by a distance, called the Förster radius
RF. It is defined as the distance at which the rate of excitation transfer,
kFörster, is equal to the total decay rate of the donor excited state in the
absence of the acceptor, ktot. In other words, if the donor and acceptor
are precisely at a distance RF, the probabilities of decay and transfer
are 50% each.
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The distance and energy dependence of the transfer rate kFörster,ij of
an exciton from site i to a final site j is described by

kFörster,ij = ktot ×
(

RF

Rij

)6

×

exp
(
−∆EF,ij

kBT

)
, if ∆EF,ij > 0.

1 , otherwise.
(2.12)

with Rij the distance between the sites and ∆EF,ij the energy difference
for the process determined by the exciton energy difference between
donor and acceptor sites.† The sixth-power distance dependence is a
result of the induced dipole-dipole interaction. The value of RF depends
(i) on J, the spectral overlap of the donor emission and the acceptor ab-
sorption spectrum (see definition below), (ii) on κ2, a factor accounting
for the relative orientiation of the donor and acceptor dipoles,[30] (iii)
on ηPL,D, the radiative emission efficiency of the donor excited state,‡

and (iv) on n, the refractive index of the medium. The Förster radius is
then given by

RF =

(
9(ln 10) κ2 ηPL,D J

128 π5 n4 NA

)1/6

, (2.13)

with NA the Avogadro constant. The spectral overlap J is defined as

J =
∫

ID(λ) εA(λ) λ4 dλ , (2.14)

with λ the wavelength, ID(λ) the emission spectrum of the donor
area-normalized on the wavelength scale and εA(λ) the wavelength-
dependent molar attenuation coefficient of the acceptor, conventionally
expressed in the units M−1 cm−1, with M the molar concentration in
mol dm−3.[31] The determination of RF is important to describe the
transfer (and, as we will see in the following Section 2.4, the bimolec-
ular losses) between materials that are present in adjacent layers, or
mixed within the same layer, e.g. between sensitizer and emitter in HF
systems (see Sec. 1.4.3). Typical values for OLED materials are in the
range of RF = 1 nm, for materials with similar excited state energies,
up to 4 nm, in cases of strongly exothermic transfer.[32]

† Förster’s original theory does not consider the process to be thermally activated. How-
ever, we additionally include the Boltzmann factor here to account for energetic and
orientational disorder in the thin film.[25,27]

‡ Only the radiative emission efficiency of the initial singlet or triplet state that acts as a
donor has to be considered here. For TADF materials, this will usually be different from
the overall PL efficiency ηPL, which accounts for repeated exciton cycling between singlet
and triplet states.
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The donor emission for the calculation of RF is usually determined
from measurements on thin films, but the acceptor’s absorption spec-
trum is measured in solution, because the quantitative molar attenuation
coefficient is difficult to determine for thin films. It is currently not
possible to deduce the transfer rates between individual molecules in
the film based on experimental analysis, because both the experimen-
tally determined PL and absorption spectra result from the ensemble
of molecular conformations present in the system. Furthermore, for
κ2, a value of 2/3 is typically used, the result of assuming a completely
isotropic distribution of dipole orientations.[30] This means that in prac-
tice, a single value of RF for a given material combination is determined,
which, however, represents an ensemble average for the donor and ac-
ceptor molecule pairs in the films. In a comprehensive virtual workflow,
the computation of the morphology on a molecular scale will allow
calculating kFörster for each individual molecule pair instead.

2.3.2 Dexter transfer

The second of the two exciton transfer processes is named Dexter
transfer, after the work of David L. Dexter in 1953.[33] The excitation
transfer in this case is the result of an exchange of electrons, as shown
schematically in Fig. 2.2(b). Similar to polaron transfer, we describe
the process as being thermally activated using the MA formalism. The
transfer rate kDexter,ij of an exciton on site i to a nearby site j is given by

kDexter,ij = kD,0 × exp
(
−

2Rij

λexc

)
×

exp
(
−∆ED,ij

kBT

)
, if ∆ED,ij > 0.

1 , otherwise.

(2.15)

with kD,0 the Dexter prefactor, λexc the excitonic wavefunction decay
length and ∆ED,ij the exciton energy difference. It is worth noting
that the Dexter prefactor kD,0 and wavefunction decay length λexc can
be different for singlet and triplet excitons. Dexter transfer is spin-
conserving, and ∆ED,ij is simply determined by the singlet or triplet
energy difference between the two sites depending on the respective
exciton type. Due to the required orbital overlap, resulting in an
exponential distance dependence of the transfer rate, the effective range
of Dexter transfer is typically much lower than for Förster-mediated
transfer.

Unfortunately, it is not possible to directly determine the Dexter
prefactor kD,0 from experiment. However, the recently published model
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by Ligthart et al.[28] allows determining the hopping rate from the ex-
perimentally accesible exciton diffusion coefficient. The model includes
the impact of the wavefunction decay length and the energetic disorder
and is employed in Chapter 3 to study the triplet diffusion in TADF
host-guest systems.

2.4 bimolecular loss processes

The exciton transfer processes introduced above can also lead to effi-
ciency losses and potentially even degradation in OLED devices. This
is the case when an exciton transfers its energy to a nearby other exci-
ton, which is called exciton-exciton annihilation (EEA), or to a nearby
polaron, which is called exciton-polaron quenching (EPQ). These bi-
molecular processes can be both Förster or Dexter-mediated. The total
bimolecular losses increase non-linearly with increasing current density
and are the primary causes of the unwanted efficiency roll-off at high
current densities (see Sec. 1.4.5).

2.4.1 Exciton-exciton annihilation

In the EEA process, one exciton excites another exciton to a higher
excited state, before the additional energy is quickly lost via thermaliza-
tion. The high energy density on the accepting molecule can result in
various final excited states, as well as molecular degradation, which will
be explained in the next section (2.5). The excitation transfer that can
occur during an annihilation process is, in a simplified and schematic
manner, depicted in Fig. 2.3(a). The result of an annihilation process can
be (i) the same type of exciton that was present initially (ii) an exciton
of different spin type† or (iii) the loss of both excitons. In principle,
both singlet (S) and triplet (T) excitons can act as donors and acceptors.
The resulting different annihilation processes can be distinguished by
the participating excitons, namely singlet-singlet annihilation (SSA),
singlet-triplet annihilation (STA), triplet-singlet annihilation (TSA) and
triplet-triplet annihilation (TTA). In the KMC simulations in this thesis,
annihilation occurs when an exciton is transferred onto a site on which
another exciton already resides. The annihilation event is recorded as
taking place on the accepting site.

The rates for the process can be calculated similarly to the transfer
rates in the previous section, as in Eqs. (2.12) and (2.15). However,

† As mentioned in the previous chapter, triplet fusion based OLEDs utizile the annihilation
of two triplets resulting in one singlet exciton.



2.4 bimolecular loss processes 53

Figure 2.3: Strongly simplified schematic of the HOMO, HOMO+1, etc. and
LUMO, LUMO−1, etc. occupations of the donor and acceptor sites
before (left-hand side) and immediately after (right-hand side) a
bimolecular loss process. Both annihilation and quenching can
occur for singlet and triplet excitons, and can be Förster- or Dexter-
mediated. (a) Exciton-exciton annihilation, which can also change
the spin state of the accepting exciton. (b) Exciton-electron quench-
ing and (c) exciton-hole quenching.
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it is necessary to account for the different density of states that is
available for the accepting exciton as compared to the ground state
molecule (the acceptor in a simple transfer process). As a result, we
consider the Förster radii for the different annihilation processes, RF,SSA,
RF,STA, etc., as separate input parameters from RF, the Förster radius
for diffusion. The annihilation processes are also not considered to be
thermally activated, because the higher excited states on the acceptor
are assumed to be sufficiently dense that a transition very close to the
donor excitation energy is available.

Which of the different types of annihilation (e.g. STA, TTA, etc.) is
most prominent in any device depends strongly on the types of materi-
als used and the particular device architecture. Due to the prominence
of phosphorescence based devices, and because in phosphorescent sys-
tems triplet excitons are the dominant species, TTA is by far the most
well studied of the annihilation processes.[34] In TADF devices how-
ever, both Förster-mediated annihilation of singlets as well as Dexter-
mediated annihilation of triplets is important, making the attribution of
the overall losses more complicated. An overview of the efforts made to
disentangle the different loss mechanisms in TADF devices will be given
after the following section, which introduces the EPQ loss mechanism.

2.4.2 Exciton-polaron quenching

The modeling of EPQ is analogous to that of EEA: in this case, an
exciton is transferred onto a site already occupied by an electron or
hole, and the exciton is lost in the process. The polaron is temporarily
promoted to a higher excited state, and then quickly relaxes thermally.
The excitations that can occur during a quenching process are, in
a simplified and schematic manner, depicted in Fig. 2.3(b) for both
holes and electrons. Similar to EEA, also EPQ is a possible cause of
molecular degradation, due to the high local energy density, which
can be dissipated by breaking or modifying a chemical bond. We
model EPQ process rates analogous to the EEA rates: for the different
combinations of exciton and polaron species, e.g. SHQ and SEQ for
singlet-hole quenching and singlet-electron quenching, respectively,
individual Förster radii RF,SHQ, RF,SEQ, etc. are considered as input
parameters. Similar to annihilation, both Förster and Dexter-mediated
quenching are not considered to be thermally activated.
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2.4.3 Distinguishing (bimolecular) loss processes in devices

Accurately determining all relevant model input parameters for quench-
ing and annihilation processes is unfortunately quite difficult, even
considering dedicated experimental efforts. For Förster-mediated anni-
hilation and quenching, one of the biggest difficulties lies in quantita-
tively measuring the thin film absorption spectrum (Eq. (2.14) requires
εA(λ)) of the polaronic and excitonic species, which act as acceptors.
So far, studies indicate that for typical OLED materials, the Förster
radius for annihilation and quenching can be significantly larger than
for exciton transfer to the ground state (diffusion).[35,36] For the Dexter-
mediated quenching and annihilation the uncertainties in kD,0 and λexc
are problematic. It is therefore at present not yet easily possible to cal-
culate the contributions of the different bimolecular losses “bottom-up”,
i.e. on the basis of material and process parameters.

From the experimental characterization of OLED devices the differ-
ent monomolecular and bimolecular loss channels can typically also
not be distinguished. To find optimization pathways towards better
device structures in a targeted manner, device simulations have to be
employed. For simulations of TADF devices,† mostly one-dimensional
drift-diffusion based methods have been published, such as the works
of Hasan et al.,[37] van der Zee et al.,[38,39] Rossi et al.,[40] and Regnat
et al.[41] A two-dimensional kinetic near-field device model has been
presented by McIsaac et al.[42] All of these models reproduce the experi-
mentally observed efficiency roll-off and quantify the role of the various
bimolecular loss processes in terms of macroscopic rate constants.‡

However, three-dimensional effects resulting from the local molecular
disorder, such as filamentary charge-transport[43] or individual guest
sites with above or below average emission rate,[44] are not captured.

Gottardi et al.[45] has successfully applied 3D-KMC simulations to
TADF and HF devices, which were characterized experimentally by
Furukawa et al.[46] The simulations not only allow distinguishing the
contributions of all loss channels to the roll-off, they furthermore pro-
vide detailed molecular-scale insights, for example distinguishing the
likelihood of different materials to be involved in the various loss pro-
cesses. In Chapter 5 of this thesis we extend the KMC study of that
TADF device to its operational lifetime and voltage shift. In the next sec-

† Considered here are combined electronic and excitonic models applied to full OLED de-
vice stacks, which are able to produce fits or predictions of the current-voltage-IQE/EQE
characteristics.

‡ Not all of the cited models include all the combinations of bimolecular interactions
between singlets, triplets, holes and electrons that were introduced in this section.
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tion, we will introduce the necessary experimental and computational
tools for the study of OLED device degradation.

2.5 degradation of oleds

In the following, we will first describe how OLED degradation is exper-
imentally characterized. In Sec. 2.5.2, we then show how accelerated
degradation measurements under increased stress conditions are used
to extract the lifetime at reduced stress. Finally, in Sec. 2.5.3, we intro-
duce how KMC simulations can be used to simulate virtual lifetime
experiments while assuming different “degradation scenarios”.

2.5.1 Experimental characterization

In OLED lifetime measurements the decrease of a device’s luminance
with time, L(t), is recorded. The measurement conditions have to be
precisely controlled, including the applied voltage, the temperature
and the humidity. Lifetime measurements under “constant current”
conditions are the most common, in contrast to “constant voltage” or
“constant luminance” measurements. The lifetime measurements and
simulations studied in this thesis are performed under such constant
current conditions, which will therefore be the focus of this introduction.
Usually, the constant current density J0 that is used is chosen such that
a specific initial luminance L0 is realized, with a typical example being
L0 = 1000 cd m−2. For that, the initially required driving voltage V0
that gives L0(J0) is first determined from a current-voltage-luminance
sweep. Over the course of the degradation experiment, the voltage
is adjusted in a continous feedback loop, such that the J0 is always
kept constant. The result is typically a gradually increasing voltage
V(t), referred to as voltage shift or voltage rise. Besides the luminance
L(t), V(t) presents the second important measurement characteristic
recorded in a device degradation experiment.

Figure 2.4(a) schematically shows the typical normalized luminance
decay of an OLED in constant current degradation experiments with
different J0, with J0 < Jacc,1 < Jacc,2. This corresponds to measurements
of the lifetime for different L0, where higher values of J are required
for higher values of L0.
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Figure 2.4: (a) Schematic depiction of the normalized luminance decay of an
OLED under different constant current densities J0 < Jacc,1 < Jacc,2.
The shape of the decay can usually be modeled well using the
stretched exponential shape described by Eq. (2.16). Diamond and
cross symbols mark the characteristic lifetimes τ90 (“LT90”) and τ50
(“LT50”), respectively. (b) Schematic example for the extraction of
the acceleration exponents n(τ90) and n(τ50), from the slope of a fit
of Eq. (2.18) to the lifetime data. Using n, the lifetime at J0 can be
extrapolated from a fit to the accelerated current densities, Jacc,1 and
Jacc,2, avoiding time consuming lifetime experiments at low current
densitites.

The normalized luminance decay can often be described approxi-
mately by a stretched exponential function

L(t)
L0

= exp

[
−
(

t
τ

)−β
]

, (2.16)

with τ the 1/e-decay time and β the stretching exponent as the two
fitting constants. Unfortunately, neither of the two can be attributed
a clear physical meaning. For the comparison of device lifetimes,
different points τX (or “LTX”) in the L(t) curve are used, after which
the luminance has decreased to X% of its initial value. In Fig. 2.4(a),
the LT90 and LT50 points are marked by diamond and cross symbols,
respectively, for demonstration purposes.

2.5.2 Accelerated degradation

As the technology matures, lifetime measurements become increasingly
time intensive (LT50 can be millions of hours at low current densities).
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In order to efficiently compare the lifetimes of different devices, they
are measured under increased stress conditions, typically an increased
current density. From several such “accelerated” measurements (J0 <
Jacc,1 < Jacc,2) the lifetime at the desired current density J0 can then be
extrapolated as shown schematically in Fig. 2.4(b). The extrapolation is
based on the empirical observation that for any J0

(L0(J0))
n · τX(J0) = y0 (2.17)

for any percentage of remaining lifetime X, with n = n(X) the accelera-
tion exponent and y0 = y0(X) a device specific constant. Eq. (2.17) can
be rearranged to

log (τX(J0)) = n · log (L0(J0)) + y0 , (2.18)

from which n(τX) is extracted based on a linear fit to the experimental
data (plotted as τX as a function of L0 on a log-log scale) under acceler-
ated conditions. Care has to be taken to not use too large accelerated
current densitites, which can affect the processes and their distributions
within the device non-linearly. Possible examples of this are significant
changes of the shapes of exciton and polaron profiles in the EML.

2.5.3 KMC degradation scenarios

Various internal and external mechanisms contribute to the overall
degradation of an OLED, as was explained in the previous chapter.
In this thesis, we focus on KMC simulations of device degradation
as the result of degradation of individual sites (molecules) caused by
intrinsic processes. The implementation is described by the following:
(i) the processes that are potentially degradation-triggering, (ii) the
probability Pdeg with which a site where such a triggering process
occurs becomes degraded, and (iii) the product of the degradation
process. Degradation events permanently change the properties of the
site at which they occur. In this way, the KMC simulations can describe
various “degradation scenarios”, which differ in the assumptions made
for the three components (i – iii), which will be explained in more
detail below. This approach to the study of degradation using KMC
simulations has been demonstrated before.[47] However, it has not been
applied to TADF devices and furthermore not to simulate constant
current degradation experiments (only constant voltage).

(i) Degradation triggering processes
A degradation event in the simulations is always triggered by a primary
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Figure 2.5: (a) Schematic of degradation in the KMC simulation for the ex-
ample of an EEA event. Depending on the annihilation event,
the resulting exciton could also be of a changed spin character
or be annihilated as well. (b) The modified electronic (ELUMO and
EHOMO) and excitonic material properties (ES and ET; photophysi-
cal rates see Fig. 1.3) before and after degradation. Upon degrada-
tion, ELUMO and EHOMO are modified by a relative trap depth of
∆ELUMO and ∆EHOMO, respectively. Both ES and ET are modified by
∆Eexc = ∆ELUMO + ∆EHOMO. All photophysical rates are replaced
such that only a non-radiative singlet (knr,S) and triplet decay rate
(knr,T) remain.

physical process, such as the ones previously introduced in this chapter.
That process is then, in addition to its primary effect, considered to cause
degradation of the site on which it occurs (with a certain probability;
see (ii)). In this way, any process that is defined in the KMC simulation
can in principle be set as a degradation trigger. The simulation of
the degradation process is schematically shown for the example of an
EEA event in Fig. 2.5(a). For all degradation scenarios used in this
thesis, we consider EEA and EPQ as the two types of degradation
triggering processes. They are the processes with the highest local
energy densities in the OLED: an already excited (excitonic or polaronic)
acceptor additionally gains the energy of an entire exciton from the
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donor molecule.† The additional energy in the range of 2 – 2.75 eV
is then enough to cause the dissociation of molecular bonds.[48] The
bimolecular root causes of degradation are also the reason for the
non-linear (exponential with 1 < n < 2)[4,47,49] dependence of the
lifetime τ on the initial luminance L0(J0) in Eq. (2.17). Similar to the
study of bimolecular loss processes in EQE (roll-off) measurements,
it is typically not possible to disentangle the role of the individual
processes for degradation from the standard degradation measurements.
However, a combined computational and experimental workflow can
allow distinguishing the responsible processes (see Chapter 5).

(ii) Degradation probability per triggering event
Not every single EEA or EPQ event is expected to lead to degradation
of the molecule on which it occurs. Therefore, for every degradation
triggering event type, a probability Pdeg,sim is defined.

An accurate experimental determination of Pdeg is difficult. Giebink
et al.[50] determined approximately Pdeg = 2× 10−9 for EPQ in an OLED
host-guest system. KMC simulations using values of Pdeg around this
order of magnitude, resulting in the explicit simulation of hundreds of
hours of device lifetime, are not feasible given the required simulation
times. To reduce the simulation time, we make use of the fact that
degradation is by far the slowest process in the system. As a result, it is
possible to increase Pdeg,sim > Pdeg without affecting the device physics,
as long as the degradation remains slower than all other processes. In
Chapter 6, we empirically determine for a TADF device the maximum
acceptable value of Pdeg,sim that yields a high accuracy while keeping the
simulation times as short as possible. If Pdeg is known, for example from
dedicated experimental measurements or from ab initio calculations in
a virtual workflow, the simulated time can be rescaled with a factor
Pdeg,sim/Pdeg after the simulation is completed. By accounting for the
increased degradation speed in this way, the device lifetime can be
predicted from simulations with simulation times orders of magnitude
faster than in the experiment. However, it is usually not possible
to determine the process and material dependent Pdeg. For now, we
instead use the KMC simulations in Chapter 5 to determine Pdeg based
on the comparison of simulated and experimental lifetime data for
different degradation scenarios.

† The fact that for blue emissive systems it is hardest to achieve long device lifetimes can
also be qualitatively understood from this, because they have the highest exciton energies
which have to be dissipated.
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(iii) Degrading materials and degradation products
The degradation triggering processes and degradation probabilities
can be freely defined for any material in the stack. Furthermore, the
degradation product for every material resulting from any process can
be separately defined. Upon degradation, the affected site is attributed
a different material in the simulation, which means that any material
property can be modified. The description of the complex molecules as
point sites with a set of physical properties brings unique opportunities
and challenges with this implementation of the degradation product.
This is because the impact of degradation on a molecular scale is not
precisely known, although studies to analyze the degradation prod-
ucts have been performed.[51,52] Still, even if the molecular structures
of degradation products are identified with such methods, accurately
determining their properties while also accounting for the changed
local morphology after the degradation event is currently not possi-
ble. The opportunity of the presented KMC model lies in the ability
to study the impact of degraded sites on the device operation on a
molecular scale as a result of specific changes of material parameters –
without requiring the detailed knowledge of the underlying molecular
and morphological changes. The challenge is presented by the other
side of that coin: choosing appropriate and realistic parameters for
the degradation products in the absence of detailed molecular scale
information. Fortunately, macroscopic observations of the degradation
behavior also allow deducing degraded material parameter changes on
a qualitative level.

For the degradation scenarios studied in this thesis, we assume a
modification of three material parameters, as demonstrated in Fig. 2.5(b).
(i) The reduced conductivity observed in experiments (e.g. shown by
voltage rise) indicates the creation of charge traps upon degradation.
We describe these traps by a modification of the material’s HOMO
and LUMO energies upon degradation. As indicated in the figure, the
LUMO level is decreased by a trap depth ∆ELUMO, effectively resulting
in electron trapping. Similarly, the HOMO level is increased by ∆EHOMO,
resulting in hole trapping. (ii) The (singlet and triplet) exciton energies
are decreased by ∆Eexc = ∆EHOMO + ∆ELUMO, reflecting the changes
of the HOMO-LUMO gap. This leads to an exciton-trapping character
of the degradation product. (iii) The degradation product is no longer
expected to contribute to the emission. Hence, all radiative rates are
taken equal to zero, and both singlet and triplet excitons are each only
given a fixed non-radiative decay rate knr,S and knr,T, respectively. All
other properties of the material remain unchanged upon degradation.
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It is important to highlight that this means that the degraded sites are
still considered as acceptors for bimolecular annihilation and quench-
ing processes (as long as they are occupied by an exciton or polaron,
respectively) for the remainder of the simulation.
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3
E F F E C T S O F E X C I T O N D E C O N F I N E M E N T O N T H E
T R A N S I E N T P H O T O L U M I N E S C E N C E F R O M
T H E R M A L LY A C T I VAT E D D E L AY E D F L U O R E S C E N C E
H O S T – G U E S T S Y S T E M S

Photoluminescence experiments of TADF emitters allow a targeted study of the
photophysical properties of the emitter without the complications arising from
electrical excitation. Studying the emitter in a host-guest system in this way
serves two important purposes: (1) Characterizing the emitter’s photophysical
rates in the same environment that is later used in the full OLED device and
(2) recognizing the presence of loss processes arising from interactions with
the host material. One such potential loss process is the deconfinement of
excitons. In this chapter we virtually replicate the PL experiment using KMC
simulations and determine under what conditions deconfinement occurs, how
it can be recognized and how it can be prevented.

The work in this chapter is published in:
C. Hauenstein, S. Gottardi, P. A. Bobbert, R. Coehoorn and H. van Eersel
J. Appl. Phys. 128, 075501 (2020).
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introduction

At low luminance levels, the internal quantum efficiency (IQE) of or-
ganic light-emitting diodes (OLEDs) that utilize thermally activated
delayed fluorescence (TADF) can be close to 100%.[1–3] These high effi-
ciencies are obtained by using fluorescent emitter molecules that also
have a very small energy gap between the singlet and triplet states.
This allows efficient thermally activated conversion of triplet excitons
to the singlet state by reverse intersystem crossing (RISC; see Fig. 3.1).
Most commonly, the rates of the relevant intramolecular photophysi-
cal processes are deduced from time-resolved photoluminescence (PL)
and total PL yield experiments, assuming a simple three-level model
that includes the S0 singlet ground state, the S1 lowest singlet excited
state, and the T1 lowest triplet excited state. The time(t)-dependent PL
intensity IPL(t) may then be expressed as a sum of an exponentially
decreasing prompt and delayed contribution. Various schemes have
been developed for deducing the photophysical rates (black full and
dashed arrows in the left-hand part of Fig. 3.1) from measured IPL(t)
curves.[4–8] Accurate knowledge of these rates is necessary to evaluate
candidates for emitter materials, for understanding the IQE at low
luminance levels and for developing a mechanistic device model that
also includes the bimolecular loss processes (exciton-polaron quenching
and exciton-exciton annihilation) that give rise to a decrease of the IQE
(“roll-off”) with increasing luminance.[9]

The processes determining the time-resolved PL intensity decay can
actually be more complicated than sketched above. Firstly, for some
TADF emitters additional intramolecular excited states are involved.
These can be higher-energy triplet (Tn) states within a manifold of
states with different degrees of localized and charge-transfer (CT) wave-
function character, and also higher-energy singlet states with a mixed
localized and CT character.[10–14] Secondly, in many TADF OLEDs, the
TADF emitter molecules are embedded at a low concentration in a host
material, in order to avoid efficiency losses due to e.g. concentration
quenching. In such systems, interactions with the host can further
complicate the analysis of the time-resolved PL intensity decay and
can obscure the role of more complex intramolecular processes. Exam-
ples of such effects are (i) varying energy level shifts, in some cases
even time-dependent, due to dielectric screening of excitations on the
TADF molecules by the polarizable environment, (ii) the formation of
CT-states involving host molecules, and (iii) exciton transfer to states
fully located on the host molecules (“deconfinement”).[15–18]
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Figure 3.1: Photophysical and exciton transfer rates in the host-guest systems
studied in this work. The photophysical rates of the TADF emit-
ter molecules are described assuming a three-level model, with
(non-)radiative singlet/triplet decay rates k(n)r,S/T and (reverse) in-
tersystem crossing rates k(r)ISC. The red arrows indicate the Dexter
transfer of triplets to the host material and the subsequent diffu-
sion over the host. The distance (R) and energy difference (∆E)
dependencies of the guest-host and host-host Dexter transfer rates
kD,gh(R, ∆E) and kD,hh(R, ∆E), respectively, are given in Sec. 3.1.3.
∆ET is the triplet deconfinement energy barrier.

In this chapter we study the effect of exciton deconfinement on the
transient PL intensity. For TADF host-guest systems, the critical con-
finement energy is that of the triplet excitons, ∆ET ≡ ET,h − ET,g. Here
ET,h and ET,g are the host and guest triplet energies, respectively. As the
host usually has a relatively large singlet-triplet gap, singlet excitons
on the TADF guest are generally well-confined. The right-hand part of
Fig. 3.1 shows in a schematic manner the processes that are included:
triplet transfer from guest to host molecules (the direct deconfinement
process) and triplet transfer between host molecules (host diffusion,
which accelerates the deconfinement process). Different deconfinement
regimes are identified and an analytical model is used where applicable.
Due to the complex interplay of the different processes, some regimes
have to be studied using three-dimensional (3D) kinetic Monte Carlo
(KMC) simulations. In this work we focus on the sensitivity to the con-
finement energy, the exciton diffusivity on the host, the TADF emitter
concentration and the energetic disorder of the host triplet states.

In OLEDs, diffusion of deconfined triplet excitons over the host can
give rise to additional losses, e.g., due to quenching at defects, and en-
hanced triplet-polaron quenching and triplet-exciton annihilation.[17,19]

Our study leads to design rules for the host triplet energy, which should
be such that on the one hand deconfinement is minimized whereas on
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the other hand the host material should not have an unnecessarily large
energy gap in order to avoid large overvoltages.

The chapter is organized as follows. In Sec. 3.1 we develop exact so-
lutions of the differential equations that describe the photoluminescene
IPL(t) and deconfinement processes for two situations: (i) very fast
guest-host transfer and very fast diffusion over the host, and (ii) no
diffusion over the host, but deconfinement due to guest-host transfer.
In addition, we analyze using continuum diffusion theory the “inter-
mediate host-diffusion” regime, within which deconfinement due to
host-diffusion occurs entirely in the delayed emission regime. In Sec. 3.2
we use 3D-KMC simulations to study triplet deconfinement for a wide
range of parameters that we consider as realistic for TADF OLEDs,
making use of the results of a recent study of triplet exciton diffusion
over various hosts.[20] We discuss the effects of varying the host dif-
fusion coefficient, the guest-host transfer rate, the guest concentration
and the photophysical rates of the guest molecules, and show under
which conditions the fast-diffusion and no-diffusion limits that were
discussed in Sec. 3.1 are approached. Sec. 3.3 contains a summary and
conclusions.

3.1 fast, intermediate and zero-host-diffusion regimes

Triplet deconfinement affects the time-resolved delayed PL intensity
due to the resulting reduced density of triplet excitons on the guest
molecules. In this section we investigate the effect for three regimes.
Firstly, we consider very fast guest-host deconfinement and very fast
host diffusion. In that limit, thermodynamic equilibrium is established
between the excitons on the host and guest molecules, so that the
reduction of the density of triplet excitons on the guest molecules
follows from Boltzmann statistics. Secondly, we discuss the effect of
deconfinement for the specific case of equal but finite guest-host and
host-host transfer rates. Thirdly, we analyze the effect of deconfinement
in the absence of host diffusion, where transfer can only occur from a
guest to a host site and back. Throughout this chapter, we consider host
and guest triplet states with a Gaussian density of states with widths
(standard deviations) σh and σg, respectively. The analytical expressions
that are developed in this section will support the interpretation of the
results from KMC simulations for more general situations, presented in
Sec. 3.2.
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3.1.1 The fast–diffusion limit

In the limit of fast guest-host triplet exciton transfer and fast diffusion
over the host (“fast-diffusion limit”), the probability that a triplet in the
system resides on a guest molecule follows from Boltzmann statistics
and is given by

PT,g =
cg

cg + chexp
[
− ∆ET

kBT +
σ2

h−σ2
g

2(kBT)2

] , (3.1)

where ch and cg ≡ (1 − ch) are the host and guest concentrations,
respectively, T is the temperature and kB is the Boltzmann constant.
Figure 3.2 shows the dependence of PT,g on ∆ET and on the guest con-
centration, for equal host and guest disorder widths. The figure shows
that in the fast-diffusion limit, depending on the guest concentration,
∆ET of at least 0.1 – 0.2 eV is required to ensure the excitons still spend
a large fraction of time on the guest sites. The limit of fast diffusion
applies if the initial deconfinement is much faster than the TADF pro-
cesses and when the transfer between host sites is fast enough so that
any deconfined triplet can quickly reach another guest site by diffusion.
The diffusivity where this limit applies therefore also depends on the
concentration. As will be shown in Sec. 3.2, both processes should occur
in the prompt regime.

When the intramolecular processes on the emitter molecules may
be described using the three-level model, the rate equations that de-
termine the volume densities nS and nT of singlet and triplet excitons,
respectively, are in the fast-diffusion limit given by

dnS

dt
= −(kr,S + knr,S + kISC)nS + PT,gkRISCnT

≡ −kSnS + PT,gkRISCnT ,
(3.2)

and

dnT

dt
= −PT,g(kr,T + knr,T + kRISC)nT + kISCnS

≡ −PT,gkTnT + kISCnS ,
(3.3)

where kr,S(T) and knr,S(T) are the singlet (triplet) radiative and nonradia-
tive decay rates of the TADF emitter, respectively, and kISC and kRISC
are the intersystem and reverse intersystem crossing rates of the TADF
emitter, respectively (see Fig. 3.1). In the fast-diffusion limit, the effect
of triplet deconfinement on the PL intensity decay is thus equivalent to
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Figure 3.2: Dependence of the fraction of triplet excitons residing on guest
molecules PT,g on the triplet confinement energy ∆ET and on the
emitter (guest) concentration, in the limit of fast triplet exciton
diffusion over the host and assuming equal host and guest energy
disorder widths (σh = σg).

that of a reduction of the rate coefficients kr,T, knr,T and kRISC by a factor
PT,g. For a PL experiment with initially only singlets, and nT(0) = 0,
the solution of the coupled set of equations Eqs. (3.2) and (3.3) is

nS(t)/nS(0) = A exp(−kpt) + B exp(−kdt) (3.4)

nT(t)/nS(0) = −C exp(−kpt) + C exp(−kdt) , (3.5)

with prompt (p) and delayed (d) decay rates that are given by

kp(d) =
1
2

(
k1 ±

√
k2

1 − k2
2

)
, (3.6)

where

k1 = kS + PT,gkT (3.7)

k2 = 2
√

PT,g(kSkT − kISCkRISC), (3.8)
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and with

A =
1
2

[
1 +

kS − PT,gkT√
k2

1 − k2
2

]
(3.9)

B =
1
2

[
1−

kS − PT,gkT√
k2

1 − k2
2

]
(3.10)

C =
kISC√
k2

1 − k2
2

. (3.11)

In a PL experiment, the recorded fluorescence signal is proportional
to the singlet population. Therefore, the PL signal shows the TADF-
characteristic bi-exponential decay that is described by Eq. (3.4). The
fraction of excitons that decay during the prompt and delayed regime
may be described using the integrated intensities from Eq. (3.4), such
that

ΦPF =
∫ ∞

0
A exp(−kpt) =

A
kp

ΦDF =
∫ ∞

0
B exp(−kdt) =

B
kd

.
(3.12)

As is common in the literature for experimentally studied systems, we
will use the ratio of integrated intensities ΦDF/ΦPF to quantify the
TADF emission.[21]

Triplet exciton deconfinement affects, in principle, the prompt as well
as the delayed component. As an example, we consider materials for
which knr,S = kr,T = knr,T = 0. Disregarding both RISC and decon-
finement, the prompt rate kp = kr,S + kISC is then determined only by
radiative decay and ISC. Repopulation of the singlet state via fast RISC
within the prompt regime reduces kp (Eqs. (3.6) – (3.8)). However, for
most TADF emitters, kp is not significantly affected by triplet upcon-
version, nor by triplet deconfinement. Often, to a good approximation,
kp � kd, k(n)r,S � k(n)r,T and kISC � kRISC.[5] Under these conditions,
kp ≈ kS and kd ≈ PT,g × (kT − kISCkRISC/kS). In other words, the re-
population of singlets via RISC is then so slow that the prompt rate is
to a good approximation equal to the sum of the radiative decay and
ISC rates. As a result, the reduction of RISC by deconfinement then
has no effect on the prompt component, but only on the decay in the
delayed regime. With fast enough deconfinement and diffusion, PT,g
(see Eq. (3.1)) describes the relative fraction of the triplet population on
guest molecules at all times. To what extent such fast exciton transfer is
realistic will be discussed below.
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Figure 3.3: Time dependence of the normalized exciton densities during a PL
experiment for a cg = 4 mol% host-guest system for various values
of the triplet exciton confinement energy. The triplet deconfinement
and diffusion over the host are assumed to be very fast. The pho-
tophysical rates are kr,S = 9.2× 106 s−1, kISC = 9.0× 107 s−1 and
kRISC = 1.1× 106 s−1. These rates are such that in the absence of
deconfinement kp = 108 s−1, kd = 105 s−1 and ΦDF/ΦPF = 10.

Figure 3.3 shows the effect of deconfinement on the transient PL
decay for a system containing 4 mol% of a TADF emitter assuming
equal density of states (DOS) widths of the host and guest materials.
We assume that in the absence of deconfinement kp = 108 s−1, kd =
105 s−1 and the ratio of integrated intensities ΦDF/ΦPF = 10, while
knr,S = kr,T = knr,T = 0. These parameters characterizing the PL decay
are representative of state-of-the-art TADF emitters. The corresponding
photophysical rates are kr,S = 9.2× 106 s−1, kISC = 9.0× 107 s−1 and
kRISC = 1.1× 106 s−1. Consistent with Fig. 3.2 we observe already for
∆ET smaller than 0.1 eV a significant effect of deconfinement, leading
to a lower intensity but a longer lifetime of the delayed component.
As expected from the theoretical analysis, the prompt component is
not significantly affected. Because no loss of triplets on the host is
assumed, the integrated intensity remains constant, so that ΦDF/ΦPF is
independent of ∆ET.
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3.1.2 Intermediate host-diffusion

The fast diffusion conditions that were assumed in the previous sub-
section no longer apply if the diffusion time tdiff needed to establish an
equilibrium triplet occupancy over the entire host-guest system is larger
than the transition time tpd that marks the change from the prompt
to the delayed decay regime. In such a case the transfer of triplets to
host molecules will lead to a decay curve that is in between that for the
fast-diffusion limit and that for perfect confinement. Deconfinement
will cease to play a role when the characteristic time for diffusion to the
first-nearest-neighbor (NN) molecules, tdiff,NN, becomes larger than the
characteristic time for the delayed decay, td ≡ k−1

d . In this subsection,
we investigate the role of deconfinement in the intermediate regime,
for systems for which ∆ET = 0 eV, with equal guest-host and host-host
transfer rates and with tpd � tdiff,NN < tdiff � td. The deconfinement
process then gives rise to an additional step in the intensity decay curve
that occurs entirely within the delayed regime.

In the delayed regime the relative density of singlets is very small
and at its onset equal to the coefficient B, as given by Eq. (3.10). Almost
all excitons in the system are triplets and the emission occurs due
to relatively slow RISC, followed by relatively fast radiative singlet
decay. When the triplet density is reduced due to diffusion to host
sites, the singlet density is therefore reduced by the same factor. For
the diffusion conditions mentioned above, and well within the time
interval tdiff,NN < t < tdiff, this reduction factor can be obtained using
the standard continuum theory of three-dimensional diffusion from
a point source (see Sec. A1 of Appendix A). The relative density of
singlets is then expected to be given by

nS(t)
nS(0)

≈ Ba3

(4πDht)3/2 for tdiff,NN < t < tdiff, (3.13)

with Dh the host diffusion coefficient and a the average intermolecu-
lar distance (defined such that there are 1/a3 molecules per m3). In
Fig. 3.4(a) we illustrate the effect for a material with a host diffusion coef-
ficient Dh = 3.2× 10−12 m2s−1, which is a realistic value (see Sec. 3.2.2),
and a = 1 nm. The guest concentration is 4 mol%, as in Fig. 3.3, but
all photophysical rates are taken a factor 10 larger in order to fulfil
the requirement that the deconfinement process occurs entirely within
the delayed emission regime. In the figure, the dashed line gives the
singlet density that would follow from Eq. (3.13) and the green curve
gives the approximate overall intensity decay after including gradual
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Figure 3.4: Time dependence of the normalized exciton densities during a PL
experiment for a cg = 4 mol% host-guest system. (a) Intermediate
host-diffusion with Dh = 3.2× 10−12 m2s−1 (kgh = khh = 3.2×
106 s−1), in a system with ∆ET = 0 meV and with tenfold enhanced
photophysical rates as compared to Fig. 3.3. The four time scales
indicated in the figure are defined in Sec. 3.1.2. (b) No host diffusion,
and deconfinement to the first and up to the second-nearest-neighbor
molecules (blue (M = 1) and green (M = 2) curves, respectively; limit
of low guest concentration), with kgh = 3.2× 106 s−1. The vertical
bars indicate the inverse decay rates that follow from Eqs. (3.16) and
(3.17), respectively. Results are shown for ∆ET = 0 (full curves) and
50 meV (dash-dotted curves).

transitions near the ends of the time range in which the deconfinement
takes place. The figure shows that the deconfinement process occurs
in a relatively narrow time range. The boundaries of that range may
be obtained as follows. We define the times t = tdiff,NN and t = tdiff at
which the deconfinement process starts and ends, respectively, as the
times at which the singlet density has decreased by approximately a
factor 2 and 1/cg, respectively. Within the framework of the continuum
diffusion model leading to Eq. (3.13), it then follows that

t∗diff,NN = 22/3 a2

4πDh
and tdiff =

1

c2/3
g

a2

4πDh
. (3.14)

We note that within the continuum model no distinction is made be-
tween the transfer rates between like or unlike molecules. In actual
systems these can differ, so that the actual time at which the deconfine-
ment process starts can deviate from the value given in Eq. (3.14). That
is indicated by labeling this quantity of t∗diff,NN with an asterisk. In the
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next subsection we will develop an expression for tdiff,NN that is based
on the actual rate of guest-host transfer. For 4 mol% systems, the ratio
t∗diff/tdiff,NN is from Eq. (3.14) approximately equal to 5.

3.1.3 The zero-host-diffusion limit

In the absence of host diffusion (“zero-host-diffusion limit”), the proba-
bility that a triplet resides on a guest molecule nonetheless decreases
with time due to guest-host transfer. In this chapter, we will treat the
Dexter-type exciton transfer as a thermally activated hopping process
with a rate that follows from the Miller–Abrahams (MA) formalism.[22]

For Dexter transfer between initial (i) and final (f) sites at a distance R
and with an energy difference ∆E = Ef − Ei the Dexter rate kD is given
by

kD(R, ∆E) = kD,1 exp

[
− 2(R− a)

λ

]
exp

[
− |∆E|+ ∆E

2kBT

]
, (3.15)

with kD,1 the transfer rate between two equi-energetic nearest-neighbor
sites at a distance a and λ the exciton wavefunction decay length.
Following previous work we take λ = 0.3 nm for the host and guest
molecules.[20]

When the guest-host and guest-guest transfer rates are very fast and
the concentration of guest molecules is large, a thermal equilibrium
distribution of triplets on the guest and host states is quickly established
so that the effect of these processes on the PL decay curve is equivalent
to that of fast host diffusion. However, we find that for realistic values
of the guest-host transfer rates and for dilute systems with realistic
guest concentrations that this condition is not met (see Sec. 3.2). De-
confinement due to transfer to neighboring host sites may be studied
systematically and analytically by extending the set of rate equations
for nS and nT, Eqs. (3.2) and (3.3) respectively, to include transfer to
and from host molecules at distinct distances, with weights that are
determined by the radial distribution function. Within the framework
of the MA formalism discussed above, the transfer rate from a guest
molecule to a host molecule at a specific distance R and triplet energy
difference ∆E is determined by only a single parameter, kD,1,gh ≡ kgh.

In Fig. 3.4(b) we illustrate the effect by modeling the material as a
simple cubic lattice with a lattice parameter a = 1 nm. The full curves
in the figures show for ∆ET = 0 meV the time-dependence of the
singlet density, obtained analytically by solving a set of three or four
coupled rate equations, for deconfinement to one of the six nearest-
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neighbor (NN) host molecules (blue curves) and up to the twelve
second-nearest-neighbor (NNN) molecules (green curves), respectively.
The dash-dotted curves show the decay for ∆ET = 50 meV. Including
deconfinement up to the Mth nearest-neighbor shell is found to lead to
a normalized singlet density that is a sum of M + 2 exponentially de-
caying functions. Initially, exciton deconfinement is only due to transfer
to one of the NN molecules. Subsequently, also deconfinement to NNN
molecules contributes. In a dilute system, successive deconfinement to
ever more distant host sites occurs. The figure clearly shows sequential
and well-separated NN and NNN deconfinement. Deconfinement to
further neighbors is very slow, so that in the delayed emission regime
the singlet density does not reach the fast-diffusion limit level. The
full curves have been obtained for the same parameters as used in (a),
apart from switching-off exciton transfer between the host molecules
and assuming a limit of low guest concentration. The role of guest con-
centration in the absence of host diffusion is demonstrated in Fig. A.3
of Appendix A.

We find that when the prompt, NN and NNN deconfinement and
delayed decay rates are sufficiently different, the decay rate of the
PL intensity due to deconfinement to the N1 = 6 nearest-neighbor
molecules is equal to

kNN =
[
1+N1 exp

(
−∆ET

kBT

)]
kD,1,gh ≡ f1kD,1,gh, (3.16)

and the decay rate of the PL intensity due to deconfinement to the
N2 = 12 second-nearest-neighbor molecules is equal to

kNNN =

[
1+(N1+N2) exp

(
− ∆ET

kBT

)
1+N1 exp

(
− ∆ET

kBT

) ]
kD,2,gh ≡ f2kD,2,gh, (3.17)

with kD,2,gh the Dexter transfer rate to the NNN host molecules. In
Fig. 3.4(b), the corresponding characteristic times are indicated by short
vertical bars. The singlet density decreases by a factor f1 and f2, defined
above, respectively. The additional decay due to deconfinement to more
distant neighbor molecules can be calculated in an analogous manner,
as long as the assumption that the successive deconfinement steps are
sufficiently distinct, and occur well in between the prompt and delayed
decay. However, the effect of deconfinement to more distant neighbors
is found to be relatively small, as is shown in Sec. A2 (Fig. A.1) of
Appendix A.

It is of interest to compare the results of this microscopic model for
deconfinement due to guest-host transfer with the continuum model
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developed in the previous subsection to describe the effect of host-
diffusion. For the case of diffusion due to NN-only triplet transfer with
a rate k0 on a simple cubic lattice with site-independent triplet energies
the host diffusion coefficient is given by Dh = a2k0. From Eq. (3.16) the
onset time is then 1/kNN = (1/7)k−1

0
, which is very close to the time

t∗diff,NN ≈ 0.13× k−1
0

that follows from Eq. (3.14), i.e. from a continuum
diffusion model within no distinction is made between guest-guest and
host-host transfer.

We note that due to positional and energetic disorder the actual
decay in this limit will be more gradual. Furthermore, the energetic
disorder will give rise to a slightly reduced effective guest-host transfer
rate. We expect that this reduction is similar to the reduction of the
diffusion coefficient due to disorder, which from KMC simulations is
found to be about a factor of four for disorder energies of 40 meV (see
Sec. 3.2). We also note that within this analysis the deconfinement
from the guest sites are treated as independent processes. The analysis
assumes thus that the guest concentration is sufficiently small, so that
the host sites that are involved can only be reached from one guest site.
The interference between deconfinement from nearby guest sites and
the enhanced deconfinement due to host diffusion will be studied in
the next section using KMC simulations.

3.2 kinetic monte carlo simulations

In the previous section, we have argued that the effect of triplet de-
confinement depends (qualitatively) on the values of the times scale
tdiff,NN for NN transfer and tdiff for host diffusion, relative to the char-
acteristic times tpd (prompt-delayed cross-over) and td (delayed decay
time) that follow from the perfect confinement curve. The value of
tdiff,NN ≡ 1/kNN may be obtained from Eq. (3.16), while tdiff may be
obtained from Eq. (3.14). In the previous section we have already ad-
dressed the cases of tdiff,NN being larger than td (perfect confinement)
as well as tdiff,NN and tdiff both being smaller than tpd (fast diffusion).

In this section, we first use the KMC simulation tool Bumblebee to
establish the accuracy of the analytical models that have been presented
in the previous section.[23] Next, we investigate the effect of triplet
deconfinement for the case of directly competing time scales, namely
fast guest-host transfer tdiff,NN < tpd but weak or even no bulk diffu-
sion, and with intermediate guest-host transfer tpd < tdiff,NN < td and
intermediate to fast bulk diffusion. In Sec. 3.2.1, the simulation method
is presented and applied to various limiting cases. The selection of
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realistic simulation parameters is motivated in Sec. 3.2.2, and the simu-
lation results are given in Sec. 3.2.3. A comparison with experimental
literature results is given in Sec. 3.2.4.

3.2.1 Simulation method

The organic semiconductor host-guest thin film is simulated as a 3D
simple cubic lattice with a lattice constant a of 1 nm. Each site represents
either a host or a guest molecule. The host and guest sites are randomly
distributed with a molar guest concentration cg and a host concentration
ch = 1− cg. The disorder of the film is taken into account by distributing
the energy levels of the sites according to a Gaussian distribution. We
assume equal standard deviations of the energetic disorder of the host
and guest molecules, σg = σh = 40 meV, as used in a recent study of
diffusion in phosphorescent host-guest systems.[20]

In addition to the intramolecular processes, shown in the left-hand-
part of Fig. 3.1, we include Dexter-type guest-host (gh), host-guest (hg),
and host-host (hh) triplet transfer, as indicated in the right-hand-part
of Fig. 3.1. The transfer is treated as a thermally activated hopping
process, with a rate that follows from the Miller–Abrahams formalism
that was already discussed in Sec. 3.1.3.[22] For the sake of notational
simplicity, the transfer rates to equi-energetic nearest-neighbor sites,
kD,1,gh ≡ kD,1,hg and kD,1,hh, will be written as kgh and khh, respectively.
The resulting host diffusion coefficient, Dh, is then given by

Dh = αγa 2khh, (3.18)

where α = 1.295 is an enhancement factor due to Dexter transfer to
more remote neighbor molecules and γ = 0.239 is a reduction factor
due to the energetic disorder. In other work also the dependence of
these prefactors on the wavefunction decay length and the disorder
energy has been discussed.[20]

The binding energy of the excitons is assumed to be sufficient to
suppress all exciton dissociation. The simulations are performed in
the low exciton density limit: at any moment, only a single exciton is
present in the system. This implies that all exciton-exciton annihilation
interactions are excluded. Like in the analytical model, we assume that
on the host molecules no radiative or non-radiative decay occurs. At
each Monte Carlo step, transfer to all sites within a cube of side length
7 nm, centered around the original triplet exciton position, is included
as a possible process. The simulations were carried out for systems
with a size of 100× 100× 100 sites, with periodic boundary conditions.
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In order to obtain an appropriate statistical average we have carried
out simulations for at least 20 of such systems, with different random
disorder configurations. For each configuration we have calculated the
time at which radiative decay takes place for at least 3, 000 excitons,
which at t = 0 are randomly located on one of the guest molecules and
in the singlet state. This assumes that in the experiment the guest is
either directly excited or that it is excited after very fast Förster-type
transfer from a host molecule to a guest molecule. All simulations are
carried out at room temperature (T = 300 K).

We find that for the fast-diffusion limit as well as for the zero-host-
diffusion limit the KMC simulation results are consistent with the results
from the analytical models for those limits. This is for the fast-diffusion
limit demonstrated in Fig. A.2(a) of Appendix A, for systems with
Dh = 10−10 m2s−1 containing TADF guest molecules with kp = 108 s−1,
kd = 105 s−1 and ΦDF/ΦPF = 10 at a concentration cg = 4 mol%.
Figure A.2(b) gives a comparison for systems with different host and
guest disorder parameters. Figure A.3 shows a comparison of KMC
simulation results at 4 mol% with analytical zero-host-diffusion results
in the limit of low guest concentration, using the same phototophysical
rate parameters as in Fig. 3.4(b).

3.2.2 Parameter value selection

To study triplet exciton deconfinement under realistic conditions, we
need to determine the range of relevant exciton transfer rates in TADF
host-guest systems. The experimental values of the triplet diffusion coef-
ficient for various amorphous organic materials, including widely used
host materials such as CBP and mCP, are between Dh = 10−13 m2s−1

and Dh = 10−10 m2s−1.[20,24,25] From Eq. (3.18), the corresponding
range of host-host triplet transfer rates is in the range of khh = 3.2× 105

to 3.2× 108 s−1. The reported triplet diffusion lengths are typically
a few tens of nanometers, i.e. much larger than the average distance
between the TADF emitter molecules. Deducing a range of typical val-
ues from available experimental information for kgh is at present quite
difficult. We will therefore consider a wide range of values, similar to
the range of values for khh.

We remark that, in general, the Dexter transfer rate between unlike
molecules in a mixture of two materials (1 and 2) with equal triplet
exciton wavefunction decay lengths can be estimated as the geometric
mean

√
k1k2, with k1 and k2 the transfer rates that would follow from the

bulk values of the materials’ diffusion coefficients using Eq. (3.18).[26]
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However, in view of the large ISC and RISC rates for TADF emitters,
it is difficult to distinguish singlet and triplet diffusion. A detailed
analysis of exciton diffusion in mixtures of the widely-used emitter
4Cz-IPN with the host material UGH2 by Menke and Holmes, taking
the different diffusion behavior during the time spent in the singlet state
and time spent in the triplet state into account, leads for pure 4Cz-IPN to
a nearest-neighbor Dexter transfer rate kD,1(R=1 nm) ≈ 8× 107 s−1 and
to an effective wavefunction decay length of λ = 2.5 nm.[27] The authors
suggest that the surprisingly large interaction range might be indicative
of aggregation of the TADF emitter molecules when present in dilute
systems, leading to a strongly reduced concentration dependence of the
contribution of triplet diffusion to the total triplet diffusion length. In
such a case also analyses of exciton deconfinement should be adapted.

3.2.3 Simulation results

First, in Fig. 3.5, we show the results of KMC simulations regarding
the sensitivity of the time-resolved PL intensity to deconfinement for
various values of the host diffusion coefficient. Second, in Fig. 3.6, we
study the impact of the guest concentration, guest-host transfer rate,
and the photophysical rates of the guest, for systems with ∆ET = 0 eV.
As indicated in the introduction of this section, we focus here on cases
of deconfinement with competing timescales not yet covered in Sec. 3.1.

Figure 3.5(a) and (b) show, for guest concentrations of 1 and 4 mol%,
respectively, the sensitivity to the host diffusion coefficient for guests
with photophysical rates as used in Fig. 3.3, and a large guest-host
transfer rate, viz. kgh = 3.2× 108 s−1. Host transfer with the same rate
would lead to a relatively large diffusion coefficient, Dh = 10−10 m2s−1.
The corresponding characteristic time for NN deconfinement is very
small, viz. tdiff,NN ∼ 0.5 ns and thus well within the prompt regime. The
intensity decay reveals even in the absence of host diffusion a consider-
able deviation from the perfect confinement curve. The zero-diffusion
curves show around 10−6 s an accelerated intensity decrease, which
from Fig. 3.4(b) (full M = 2 curve) can be attributed to deconfinement to
the second-nearest-neighbor host molecules. Due to the triplet energy
disorder, which is included in the KMC simulations, this feature is less
clearly pronounced than in the analytical model results. When the bulk
diffusion is slow but finite (Dh = 10−13 m2s−1), for the 1 and 4 mol%
systems according to Eq. (3.14) the deconfinement is expected to be
complete at a time tdiff of approximately 7 and 17 µs, respectively. The
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Figure 3.5: Time dependence of the normalized singlet exciton density on the
host diffusion coefficient for systems with ∆ET = 0 eV. The thick
curves show analytical solutions for the perfect confinement and
fast-diffusion limits, and the symbols show KMC simulation results.
The host diffusion coefficient is varied in steps of a factor 10, for
guests with photophysical rates as used in Fig. 3.3, for guest-host
transfer rate of kgh = 3.2× 108 s−1, in (a) for a guest concentration
of cg = 1 mol% and in (b) for a guest concentration of 4 mol%.

figures show that these are fair estimates, and that the deconfinement
completion times decrease inversely with Dh, as expected.

Figure 3.6(a) shows in more detail the effect of a concentration vari-
ation on the intensity decay curves, for the photophysical and fast
guest-host transfer rates used in Fig. 3.5 and for the case of a small
host-diffusion coefficient (Dh = 10−13 m2s−1). For the smallest guest
concentration considered (0.1 mol%), the characteristic time tdiff is about
8× 10−5 s, which is much larger than td = 1× 10−5 s. However, due to
the deconfinement the end of the delayed emission regime is shifted, so
that the fully deconfined state is nevertheless reached well before the
end of the delayed emission.

Already at the beginning of the delayed emission regime partial
deconfinement has occurred due to NN guest-host transfer, whereas
during the delayed emission regime further deconfinement takes place
due to a combination of guest-host transfer and bulk diffusion. On
the other hand, for the largest concentration considered (20 mol%)
the deconfinement process is almost entirely due to guest-host transfer.
Although tdiff is now much smaller (≈ 2× 10−6 s), the figure shows that
already much earlier the state of full deconfinement has been reached.
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Figure 3.6: Time dependence of the normalized singlet exciton density assum-
ing ∆ET = 0 eV for various values of the guest concentration, guest-
host transfer rate, and photophysical rates of the guest. The thick
curves show analytical solutions for the perfect confinement and fast-
diffusion limits, and the symbols show KMC simulation results. (a)
Dependence on the guest concentration as indicated in the figure, for
a large kgh = 3.2× 108 s−1, slow host diffusion Dh = 10−13 m2s−1

and for the photophysical rates as used in Fig. 3.3. (b) Dependence
on the guest-host transfer rate, varied in steps of a factor 10, for
guests with photophysical rates as used in Fig. 3.3 (green curves
and symbols; kp = 1× 108 s−1) and Fig. 3.4 (blue curves and sym-
bols; kp = 1× 109 s−1), for cg = 4 mol% and fast host diffusion
Dh = 10−10 m2s−1.

The relative roles of deconfinement due to guest-host transfer and bulk
diffusion depend thus strongly on the guest concentration.

Figure 3.6(b) gives simulation results for two emitters, at a concen-
tration of 4 mol%, with the sets of photophysical rates of the guest
that were used in Fig. 3.3 (green curves and symbols) and with ten-
fold larger photophysical rates (blue curves and symbols), as used in
Fig 3.4. The host diffusion coefficient is taken large (Dh = 10−10 m2s−1,
corresponding to khh = 3.2× 108 s). As the value of tdiff ≈ 7× 10−9 s
is for both emitters smaller than tpd, the role of deconfinement is for
both emitters determined by the guest-host transfer rate. That rate is
varied from a value equal to khh to a three orders of magnitude lower
value. As expected, the figure reveals a strong effect of such a decrease
of kgh. When the deconfinement occurs in the delayed regime, it is
seen to lead to an intermediate step in the decay curve in a time range
that shifts proportionally to kgh. Host diffusion is expected to deter-
mine the shape of the step. Close inspection of the simulation curves
shows that, consistent with Eq. (3.13), the intensity decays indeed to
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a good approximation proportionally to t−3/2. The figure also shows
that the emission curves are then quite independent of the photophys-
ical rates. To a fair approximation, that happens for kgh in the range
3.2× (105 − 106) s−1. This observation validates our general picture,
within which the characteristic times tdiff,NN an tdiff that determine the
shape of the decay curves in the delayed regime are independent of the
photophysical rates when both time constants fall within the delayed
regime.

The KMC simulations show qualitatively similar effects on the de-
layed emission for materials with positive values of ∆ET, as shown in
Fig. A.4 of Appendix A for 4 mol% systems. The effect on the PL decay
becomes then negligible for ∆ET > 0.1 eV, consistent with the effect
shown in Fig. 3.3.

3.2.4 Comparison with experiment

The analytical and KMC simulation results show that to achieve good
confinement in systems with guest concentrations down to 1 mol% a
triplet confinement energy of ∆ET ≥ 0.2 eV is needed. The fraction of
triplets that stays on the guest molecules is then always larger than
95%. This criterion for good confinement is similar to that for triplet
deconfinement from Ir-cored phosphorescent emitter molecules to many
host molecules, as obtained experimentally from electroluminescence,
photoluminescence and triplet-triplet annihilation studies.[28–31] The
effect of deconfinement on the PL decay decreases with increasing guest
concentration, so that for cg ≥ 20 mol% the same exciton occupation on
guest sites can already be achieved for ∆ET ≥ 0.1 eV.

Experimentally validating the criterion for good confinement in TADF
host-guest systems is not straightforward. Within the framework of our
modeling study, the total PL efficiency is formally expected to be equal
to that of singlets on the TADF emitter, and independent of ∆ET. One
might ask how in practical systems the total PL efficiency varies with
∆ET. Such experiments have been performed by Sato et al. for TADF
host-guest systems based on the TADF emitter 2-biphenyl-4,6-bis(12-
phenylindolo[2,3-a]carbazole-11-yl)-1,3,5-triazine (PIC-TRZ2), with a
triplet energy of about 2.6 eV.[19] Even when embedding the emitter
in materials with triplet energies above up to 2.8 eV, the PL efficiency
was found to show a tendency to increase with increasing ∆ET, up to a
triplet energy of about 3.5 eV. Our study shows that this effect cannot
be related to triplet deconfinement. Alternatively, it could be due to
an effect of the host on the non-radiative decay rate of triplets on the
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TADF molecule, as suggested by the authors for the host (UGH2) with
the largest triplet energy included in their study. Further time-resolved
measurements would be needed to disentangle the various effects. As
expected, triplet deconfinement is observed in hosts with insufficient
∆ET and leads to an efficiency loss due to non-radiative decay on the
host.

Experimental studies have shown that the PL intensity of TADF
systems can show at long time scales a tail following a power-law
behavior.[7,32] From our analysis we expect in limited time intervals a
power-law decrease with a slope of −1.5 when bulk diffusion deter-
mines the deconfinement rate (Fig. 3.4(a)), and under some conditions
a decrease with a smaller slope (e.g. Fig. 3.5(a)). In the studies cited, the
slope is somewhat larger and smaller, respectively. This is an indication
of complicating effects that have not been included in our study, such as
(non-)radiative decay of triplets on host molecules, a distribution of pho-
tophysical rates due to conformational disorder and a time-dependent
singlet-triplet gap due to a time-dependent polarization of the host
molecules towards the emitters.[21,32,33]

3.3 summary and conclusions

Using analytical modeling and KMC simulations, we have studied
how triplet deconfinement in TADF host-guest systems as employed
in OLEDs is expected to affect the transient photoluminescence from
these materials. In our description of the kinetics of the deconfinement
process, we have made a distinction between the transfer rate from the
emissive guest molecules to the nearest-neighbor (NN) host molecules
and the triplet diffusion over the host materials, determined by the
transfer rate between pairs of host molecules. We find that the shape
of the decay curve is ultimately determined by the interplay of the
characteristic times tdiff,NN and tdiff for these two processes and their
relation to the transition time tpd between TADF regimes, as well as the
delayed decay time td.

In the fast-diffusion limit, tdiff,NN and tdiff are both smaller than
tpd. Independent of the precise transfer rates, the PL decay is then
determined by the thermodynamic occupation probability of triplet
excitons on the host and guest molecules. For that limit, analytical
expressions are given. These show that for 1 mol% systems triplet
exciton deconfinement starts to affect the transient PL intensity curves
when the triplet confinement energy becomes smaller than ∆ET ∼
0.2 eV. For 10 mol% systems, this occurs for ∆ET below approximately
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0.1 eV. Notably, the transient PL intensity decay in this fast-diffusion
limit remains bi-exponential, albeit the delayed intensity being reduced
and the delayed decay time enhanced. Therefore, deconfinement can
in principle not be ruled out by a single PL measurement. In the
study of TADF materials, consistently and comparably extracting the
photophysical parameters, such as the ISC and RISC rates, is a vital tool
and identifying and suppressing deconfinement is one of the necessary
components to do so.[34]

For rates that realistically describe the guest-host and host-host triplet
transfer, and for realistic photophysical rates of the TADF molecules, we
find that the PL decay curve can be more complex, e.g. showing in the
delayed regime (tpd < t < td) a distinct additional intensity decrease,
caused by host diffusion and being proportional to t−3/2. In the case of
very weak host diffusion but sufficiently fast guest-host transfer, this
additional intensity decrease is expected to reflect the pair distribution
function, i.e. the distribution of distances to the nearest-neighbor and
more distant molecules. The multistep-shaped decrease that we have
obtained for the case of a simple cubic lattice will in realistic materials
be smeared-out due to positional and transfer-integral disorder. KMC
studies show that also when tdiff,NN and tdiff do not fall in the delayed
regime the shape of the PL curves can be rationalized on the basis of the
four characteristic time scales. A variation of the guest concentration,
which only affects tdiff, is expected to provide a sensitive method for
separating the contributions of guest-host transfer and host diffusion.



A P P E N D I X A

Appendix A contains (A1) a derivation of the point-source diffusion model
used in Sec. 3.1.2, (A2) calculations of the time-dependence of PT,g in the
case of host-guest transfer without host diffusion, (A3) a comparison of the
analytical model results with KMC results, and (A4) KMC simulation results
demonstrating the interplay of the confinement energy ∆ET and guest-host
transfer rate kgh.

a1 derivation of eq. (3.13) – diffusion from a point source

Within a three-dimensional continuum approximation the solution of
the diffusion equation for the case of a normalized delta-function triplet
concentration distribution at time t = 0 is given by the radial density
function

ρT(r, t) =
1

(4πtDh)3/2 exp
(
− r2

4Dht

)
, (3.19)

with Dh the triplet diffusion coefficient for the host material. The
time-dependence of the fraction of the triplet excitons that at a time t
still resides within a volume a3, equal to the molecular volume in our
simulations, may be obtained by integrating ρT(r, t) to a radius rmax =
[3/(4π)]1/3a that defines a sphere with a volume a3. For sufficiently
long times, the concentration in that sphere is almost uniform. The
fraction of triplets that resides still within that sphere at a time t is then

nT(t)
nT(0)

∼=
∫ rmax

r=0
ρT(0, t)4πr2dr =

∫ rmax

r=0

1
(4πtDh)3/2 4πr2dr

=
a3

(4πtDh)3/2 .
(3.20)

Eq. (3.13) is then obtained by realizing that at any moment during the
deconfinement process the singlet density is proportional to the triplet
density, and that the relative fraction of singlet excitons at the start
of the deconfinement process is equal to the factor B that is given by
Eq. (3.10).
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a2 deconfinement due to guest-host transfer

In a simple cubic lattice, triplet exciton deconfinement for ∆ET = 0 may
be modeled by solving the set of rate equations

dPT,g

dt
=

M

∑
i=1

kgh,i(PT,h,i − PT,g)

dPT,h,i

dt
= Nikgh,i(PT,g − PT,h,i), for i = 1 to M,

(3.21)

where PT,g is the normalized probability of finding a triplet on the
guest molecule, taken equal to 1 at time t = 0, PT,h,i is the normalized
total probability of finding a triplet on the molecules within shell
i and Ni is the number of molecules in that shell. The number of
shells included is M and the distance-dependent rates are given by
Eq. (3.15). The solution of this set of M+1 equations is a sum of M+1
exponentially decaying functions, with coefficients that are the roots
of (M+1)th degree polynomial equations. The characteristic rates are
given by expressions analogous to Eqs. (3.16) and (3.17), and the steps
in relative density are given by the resulting factors fi. This approach
assumes that the deconfinement occurs well in the delayed regime,
that the guest concentration is very small, and that the characteristic
transfer time to the most distant neighbor shell is much smaller than
the characteristic delayed decay time. Figure A.1 shows the solution
for the set of rate coefficients that were assumed in Fig. 3.3, given in
the caption of that figure, for values of i between 1 and 4. The effect of
deconfinement to the 3rd and 4th neighbors is relatively small.

Figure A.1: Time dependence of the normalized probability to find a triplet
on a guest site in a simple cubic lattice, with transfer to the Mth

neighbor shell. Dashed lines indicate the equilibrium value.
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a3 comparison of kmc simulations with the analytical

model

Figures A.2(a) and (b) show a comparison of the analytical predictions
for the fast-diffusion limit (Eq. (3.4)) and the KMC simulation results
for 4 mol% materials with the same set of photophysical parameters
as used in Fig. 3.3, specified in the caption of that figure, and with
kgh = khh = 3.2× 108 s−1, for (a) equal host and guest disorder energies
of 40 meV and a variable triplet confinement energy ∆ET, and (b)
∆ET = 0 meV, σg = 40 meV and a variable value of σh. The figure shows
that for the large value of kgh and khh used the prediction obtained for
the fast-diffusion limit is consistent with the KMC results, apart from
the σh = 60 meV in panel (b). This is due to the resulting reduced host
diffusion coefficient: the γ factor in Eq. (3.18) is 0.239 for σ = 40 meV
but only 0.096 for σ = 60 meV.[20]

Figure A.2: Time dependence of the normalized singlet exciton densities pre-
dicted by the analytical model (solid curves) and the KMC sim-
ulations (circles) for a cg = 4 mol% host-guest system and for
kgh = khh = 3.2× 108 s−1. (a) Variation of the triplet exciton con-
finement energy at a fixed disorder energy of 40 meV. (b) A vari-
able host disorder energy, with ∆ET = 0 meV. The photophysical
rates are such that in the absence of deconfinement kp = 108 s−1,
kd = 105 s−1 and DF/PF = 10 (for all rates see the caption of
Fig. 3.3).
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Figure A.3 shows a comparison of KMC simulation results for a 4 mol%
host-guest system with analytical zero-host-diffusion results. The ma-
terial is taken to have the same photophysical rate parameters as in
Fig. 3.4(b), such that the deconfinement to neighbor shells at different
distances is clearly resolved in the delayed regime. For deconfinement
to the six first NN molecules (M = 1, light green circles and curve)
the two approaches can be directly compared. The KMC simulations
for the case M = 3 (deconfinement up to the third-nearest neighbor
shell at a distance of

√
3a, that is to all molecules in a 3× 3× 3 nm

cube that is centered around the guest molecule, blue circles) is com-
pared to the analytical result for M = 2 (green). The figure shows a
good agreement between the KMC results and the analytical model
and shows the decreasing role of deconfinement to neighbors in more
distant shells. The KMC simulations, which were carried out at 4 mol%
guest concentration, show a slightly larger exciton density than the
analytical results, which assume an extremely dilute system. This is
because at 4 % not all neighboring sites are host molecules.

Figure A.3: Time dependence of the normalized singlet exciton densities in
the absence of host diffusion with the same photophysical rates
as used in Fig. 3.4(b), with kgh = 3.2 × 106 s−1, ∆ET = 0 meV
and σh = σh = 40 meV. The full curves are obtained from the
analytical model developed in Sec. 3.1.3 and the circles are the
result of KMC simulations with cg = 4 mol%. The dashed curve
shows the fast-diffusion limit as described by Eq. (3.4).
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a4 interplay of confinement energy and transfer rates

Figure A.4 is an extension of Fig. 3.6(b), and shows for the set of
green curves and symbols (photophysical rates as in Fig. 3.3; labeled in
Fig. 3.6(b) as kp = 108 s−1) the dependence of the singlet density curves
on the triplet exciton confinement energy and on the transfer rates. The
figure shows how an increasing value of ∆ET and decreasing transfer
rates both decrease the role of exciton deconfinement. A change of
the confinement energy is seen to have a relatively small effect on the
characteristic time at which for each case diffusion starts to affect the
decay curves.

Figure A.4: Time dependence of the normalized singlet exciton densities for
a cg = 4 mol% host-guest system for various values of the triplet
exciton confinement energy ∆ET, and for a set of parameters that is
otherwise equal to that in Fig. 3.6(b) (green curves and symbols).
The photophysical rates are equal to those used in Fig. 3.3. The
full curves give predictions by the analytical model for the case of
perfect confinement (black) and for the fast-diffusion limit (gray).
The differently colored circles give the results of KMC simulations
for the case of equal transfer rates kD1,g and kD1,h, which vary in
the direction of the red arrows and in steps of a factor 10 from
3.2× 105 s−1 to 3.2× 108 s−1 (corresponding to a variation of Dh
from 10−13 m2s−1 to 10−10 m2s−1).
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4
S U P P R E S S I N G E X C I T O N D E C O N F I N E M E N T A N D
D I S S O C I AT I O N F O R E F F I C I E N T T H E R M A L LY
A C T I VAT E D D E L AY E D F L U O R E S C E N C E O L E D S

In the previous chapter we studied deconfinement, the transfer of an exciton
from the TADF emitter to the host. In this chapter, we extend our study
to also include “dissociation”, referring to the formation of intermolecular
charge-transfer (CT) states, which can also present a potential loss process. We
investigate how both processes can be suppressed by studying the photolumi-
nescence efficiency, emission spectrum and time-resolved emission intensity
of eight thin-film systems in which 5 mol% of the sky-blue TADF emitter
4-carbazolyl-methylphthalimide (abbreviated here as CzPIMe) is embedded in
various host materials. Deconfinement is found to be entirely suppressed if
the triplet energy of the host is 0.25 eV or more above that of CzPIMe. For
systems allowing for deconfinement the dependence on the energy difference
is consistent with the theoretical analysis from the previous chapter. Disso-
ciation, due to hole transfer to a host molecule, is found to be suppressed if
the host’s HOMO energy is not more than about 0.2 eV higher than that of
CzPIMe. Otherwise, we observe an efficiency loss, a spectral red-shift and a
disappearance of distinct prompt and delayed emission regimes. A comprehen-
sive rate-equation model is developed from which we study the sensitivity of
these observations to the energy level structure, the intermolecular interaction
rates and the photophysical rates that follow from a fit to the experimental data
for the CzPIMe:TCTA(tris(4-carbazoyl-9-ylphenyl)amine) system.

The work in this chapter is published in:
C. Hauenstein, X. de Vries, C. Weijtens, P. Imbrasas, P.-A. Will, S. Lenk, K.
Ortstein, S. Reineke, P. A. Bobbert, R. Coehoorn and H. van Eersel
J. Appl. Phys. 130, 155501 (2021).
The author performed the deconfinement simulations, contributed to the devel-
opment of the dissociation model, and contributed to the figures.
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introduction

Displays that are based on organic light-emitting diodes (OLEDs) have
developed as a competitive technology for hand-held devices, and more
recently also for large televisions.[1] Finding the optimal combination of
materials remains challenging and a topic of ongoing research. We focus
in this work on OLEDs that utilize the principle of thermally activated
delayed fluorescence (TADF).[2–5] Currently, intensive research on TADF
OLEDs aims, in particular, at developing blue-emitting devices that
combine a high efficiency with a long operational lifetime.[6–8] The
emissive layer (EML) of TADF-based OLEDs consists in general of a
small concentration of emissive guest molecules that are embedded
in a host material. At small guest concentrations, exciton diffusion is
reduced so that efficiency losses due to concentration quenching can be
prevented.[9] Furthermore, embedding of the TADF emitter molecules
in a host material or in multiple host materials (mixed matrix OLEDs)
provides options for obtaining an improved balance of the effective
electron and hole mobilities in the EML. These can be utilized to obtain
a more uniform emission profile across the EML, leading to a reduced
efficiency loss at high current densities (“roll-off”) and to an enhanced
operational lifetime.[10]

To realize these properties for a given TADF emitter, choosing the
best-suited host material among the many hosts available from OLED
research is a critical and non-trivial task.[5] Some of the requirements
for a good host material are intrinsic properties such as a high ther-
mal and morphological stability, and a large bond dissociation energy.
Other requirements depend on the specific TADF emitter that it will
be combined with. Firstly, the triplet energy should be sufficiently
high, so that triplet exciton transfer from the guest to the host (“decon-
finement”) is prevented. Secondly, the difference between the frontier
orbital energies of the two materials should prevent the formation of
intermolecular charge-transfer (CT) states between a guest and a host
molecule (“dissociation”).[11–14]

Figure 4.1 gives a schematic view of both processes. In panel (a), we
show the lowest singlet and triplet excited states of both TADF emitter
and host material. The rate of triplet exciton deconfinement is expected
to depend on the triplet confinement energy barrier ∆ET ≡ ET,h −
ET,g, with ET,h and ET,g the host and guest triplet energies respectively.
Panel (b) depicts dissociation of a guest-exciton by hopping of a hole
away from the TADF emitter and to a neighboring host molecule. Also
shown in the figure is the possibility of the hole hopping to even farther
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Figure 4.1: (a) Extended Jablonski diagram of the first singlet and triplet excited
states, S1 and T1 respectively, on both the TADF guest and the host
material. The arrows indicate the (non-)radiative singlet/triplet
decay rates k(n)r,S/T and the (reverse) intersystem crossing rates
k(r)ISC of the guest-exciton as well as the non-radiative triplet decay
rate on the host knr,T,h. In red, triplet deconfinement is schematically
depicted, depending on the confinement barrier ∆ET = ET,h − ET,g.
(b) HOMO and LUMO energy levels of host and TADF guest, with a
dissociation barrier ∆EHOMO = EHOMO,g − EHOMO,h shown in red.
In this case the energetic barrier is negative, as it is more favorable
for the hole to reside on the host. The hole can then also hop to even
farther away host sites.

away host molecules. The dissociation rate is determined, in part, by
the energy barrier ∆EHOMO ≡ EHOMO,g − EHOMO,h between the highest
occupied molecular orbital (HOMO) energies EHOMO,g and EHOMO,h of
the guest and host, respectively. The dissociation rate further depends
on the difference in binding energies between the exciton and the
dissociated state, as will be discussed later in the chapter (see Eq. (4.2)).
Exciton dissociation by a hop of an electron is energetically unfavorable
for the host-guest systems studied in this work, due to the high lowest
unoccupied molecular orbital (LUMO) energies of the host materials.

We study the sky-blue TADF emitter 4-carbazolyl-methylphthalimide
(CzPIMe) in various often-used host materials. TADF OLEDs based on
carbazole-phthalimide type donor-acceptor molecules, with the HOMO
located on the carbazole donor group and the LUMO located on the
phthalimide acceptor group, have been studied extensively.[15–23] The
emission color can be varied from approximately 440 nm to 520 nm by
replacing the methyl group with more extended substituents, by adding
substituents to the carbazole group or by combining the acceptor with
two carbazole groups.[23] At low current densities, an external quantum
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efficiency (EQE) of about 23% has been realized.[16] Devices based on
enantiomeric derivatives have been found to show circularly polarized
electroluminescence with a maximum EQE close to 20%.[18]

In this chapter, we investigate how for CzPIMe the deconfinement and
dissociation of excitons can be recognized from the photoluminescence
(PL) efficiency in combination with steady-state and time-resolved PL
measurements. For some of the chosen CzPIMe:host combinations we
observe deconfinement, characterized by a reduced PL efficiency and
delayed fluorescence intensity. For other CzPIMe:host combinations we
observe dissociation, also leading to a strong reduction of PL efficiency
but in combination with red-shifted emission from the CT-states. These
processes are found to occur beyond critical threshold values for ∆ET
and ∆EHOMO, respectively.

In recent work, we have focused on TADF host-guest systems show-
ing only triplet exciton deconfinement, and have concluded from kinetic
Monte Carlo (KMC) simulations with the software Bumblebee that ∆ET
should be larger than 0.2 eV in order to fully prevent that process.[24–26]

Here, we investigate the validity of that design rule experimentally.
Furthermore, we include a rate-equation-based modeling study of the
systems showing exciton dissociation in order to rationalize the ex-
perimental threshold values and show how both processes affect the
time-dependence of the PL intensity.

The chapter is structured as follows. In Sec. 4.1 an overview of all se-
lected materials and their characteristic parameters is given. In Sec. 4.2
the measured emission spectra, PL efficiency and time-resolved PL
decay curves are presented for all host-guest combinations. In Sec. 4.3
these results are analyzed using KMC simulations and rate-equation
modeling depending on the host interactions. First, in Sec. 4.3.1, we
determine for which hosts no detrimental interaction occurs so that
the emitter performs optimally, allowing for characterization of the
intrinsic emitter properties. In Sec. 4.3.2 we identify hosts showing
deconfinement and use KMC simulations to study the transient PL de-
cay behavior, discussing especially the complexities of determining the
appropriate confinement energy barrier ∆ET. Section 4.3.3 discusses the
host materials allowing for dissociation. We use rate-equation modeling
to understand the transient intensity decay, the relative contributions
from TADF emission and CT-state emission and the overall emission
efficiency. Section 4.4 contains a summary and conclusions.



106 chapter 4 – exciton deconfinement and dissociation

4.1 material selection and characterization

The molecular structures of all materials used in this study are shown
in Fig. 4.2(a). They have been selected to cover a wide range of triplet
and HOMO energies and as a result varying ∆ET and ∆EHOMO with
respect to the CzPIMe emitter. An overview of these parameters is
included in the first five columns of Table 4.1, which also contains the
full names of all host materials. All values for ∆EHOMO and for ∆ET
are shown in descending order in Fig. 4.2(b) and Fig. 4.2(c), respectively.
Figure 4.3 shows how the PL efficiency is strongly correlated with the
critical parameters for dissociation and deconfinement and marks the
different regimes that can be distinguished.

The HOMO energies in Table 4.1 were obtained from Ultraviolet Pho-
toelectron Spectroscopy (UPS).† The tabulated values are determined
from the onset energies of the UPS spectrum. The actual adiabatic
HOMO energy differs in general slightly from the onset value due to
the energetic disorder, vibrational relaxation and the surface sensitivity
of the experiment.[28] We expect that the uncertainty in EHOMO is about
0.1 – 0.2 eV for all materials.

The tabulated triplet energies ET for the host materials are peak
values, obtained from low temperature phosphorescence measurements
in the references also given in Table 4.1. When possible, measurement
results determined from evaporated thin films are reported. However,
such experimental data was not available from literature for all host
materials. In those cases, values measured in frozen solution are taken
instead.

4.2 photoluminescence experiments

4.2.1 PL spectra and PL efficiency

For all host materials PL experiments were carried out on CzPIMe:host
(5 mol%) films with a thickness of 100 nm, deposited on a quartz
substrate by thermal evaporation. Figure 4.4(a) shows the room tem-
perature steady-state emission spectra in an integrating sphere, with
excitation at 340 nm. For most hosts the peak energy is 2.50 – 2.53 eV
(peak wavelength 480 – 490 nm), corresponding to CzPIMe emission.
The full width at half maximum is 0.50 eV (95 nm) and the onset energy
is around 2.90 eV (427 nm). The peak energy and its shift are given in
the last two columns of Table 4.1. For some of the materials, absorption

† The UPS measurement data is available in the Supporting Information of Ref. [27].
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Figure 4.2: (a) The molecular structures of the TADF emitter CzPIMe and the
eight host materials used in this study. (b) The HOMO energies
EHOMO of all host materials in descending order, as well as that of
the emitter. All EHOMO values were obtained from UPS experiments
(see Supporting Information of Ref. [27]). (c) The triplet energies ET
of all host materials, also in descending order, as well as that of the
emitter. The sources for ET are given in Table 4.1.
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Table 4.1: Overview of the HOMO and triplet energies for the emitter and the eight host
materials, the host-guest HOMO energy difference ∆EHOMO and the triplet
confinement energy ∆ET. The PL efficiency ηPL, the peak emission energy
hνpeak and the peak shift ∆hνpeak obtained from steady-state PL experiments
for 5 mol% thin films are shown. Due to insufficient absorption of the
sample, no PL efficiency could be determined for the DPEPO host-guest
system.

Material EHOMO ∆EHOMO ET ∆ET ηPL hνpeak ∆hνpeak

[eV] [eV] [eV] [eV] [eV] [eV]

CzPIMe −6.17 – 2.54∗ – – – –

TAPC i −5.29 −0.88 2.87∗[29] 0.33 0.07 2.17 −0.33

TCTAii −5.70 −0.47 2.83∗∗[30] 0.30 0.15 2.37 −0.13

CzSiiii −5.95 −0.22 3.02∗∗[31] 0.48 0.65 2.53 0.03

CDBPiv −6.06 −0.11 2.79∗[32] 0.25 0.61 2.50 ∼ 0

mCBPv −6.09 −0.08 2.75∗[14] 0.21 0.62 2.50 ∼ 0

TPBivi −6.13 −0.04 2.67∗∗[33] 0.12 0.32 2.50 ∼ 0

TAZvii −6.69 0.52 2.70∗∗[34] 0.16 0.40 2.49 ∼ 0

DPEPOviii −6.79 0.62 2.99∗∗[35] 0.45 – 2.51 ∼ 0
* Determined from evaporated thin film. ** Determined from frozen solution.
i
4,4′-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine].

ii Tris(4-Carbazoyl-9-ylphenyl)amine.
iii

9-(4-Tert-Butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole.
iv

4,4′-Bis(9-carbazolyl)-2,2′-dimethylbiphenyl.
v

3,3-Di(9H-carbazol-9-yl)biphenyl.
vi

2,2,2-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole).
vii

3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole.
viii Bis[2-(diphenylphosphino)phenyl] ether oxide.



4.2 photoluminescence experiments 109

Figure 4.3: Overview of the confinement ∆ET and dissociation ∆EHOMO energy
barriers with the respective PL efficiency of CzPIMe:host (5 mol%)
thin films. The gray dashed lines separate the groups of materials for
which the respective processes occur. Due to insufficient absorption
of the sample, no PL efficiency could be determined for the DPEPO
host-guest system.

might occur on the host molecules, but the absence of host emission at
higher energy in all cases shows that the exciton transfer to the guest is
very efficient. The CzPIMe emission energy is expected to depend on
the polarizability of the host material. The relatively high peak energy
of 2.53 eV for emission from CzPIMe in CzSi could indicate that this
host might be less polarizable than the materials for which the emission
peak is closer to 2.50 eV. For TCTA and TAPC as hosts the peak emission
was found to be significantly red-shifted. We regard these red-shifts
as an indication of dissociation and subsequent CT-state emission (see
Sec. 4.3.3).

The CzPIMe phosphorescence spectrum in CzSi was measured in
gated PL experiments with a 500 ms time delay at 77 K. As shown
in Appendix B1, the peak and onset energies are 2.54 and 2.89 eV,
respectively.

The PL efficiency, ηPL, was obtained by the de Mello method using an
integrating sphere and three time-integrated measurements to account
for self-absorption and re-excitation: (i) without a sample, (ii) with
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Figure 4.4: (a) Emission spectra of 5 mol% CzPIMe:host thin films, measured
under steady-state conditions with 340 nm excitation. The measured
PL efficiency is also given in the legend. (b) Normalized time-
resolved PL intensity of these films, collected at 530 nm for TAPC
and 480 nm for all other hosts. The typical bi-exponential TADF
behavior is observed in all but two hosts (TCTA and TAPC), which
is discussed in Sec. 4.3.3. The deviation of the delayed intensity
in mCBP, TAZ and TPBi from that in CzSi, CDBP and DEPO is
discussed in Sec. 4.3.2.
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indirect excitation of the sample and (iii) with direct excitation.[36] As
shown in Table 4.1, ηPL was found to vary from about 7% for CzPIMe
in TAPC to 60 – 65% for CzPIMe in CzSi, CDBP and mCBP.

4.2.2 Time-resolved PL experiments

Figure 4.4(b) shows the time-resolved PL intensity of all host-guest sys-
tems after excitation with 375 nm and collected at 530 nm for TAPC and
at 480 nm for all other hosts, at room temperature. Three qualitatively
different scenarios can be distinguished: Embedding in DPEPO, CzSi
and CDBP leads to extremely similar decay transients, with a prompt
lifetime of about 5× 10−8 s and a delayed lifetime of about 10−5 s with
a ratio of the integrated delayed and prompt intensities of 6.45 (more
detailed analysis in Sec. 4.3.1). Embedding in mCBP, TAZ and TPBi
leads to emission with a decreased intensity of the delayed component.
The emission in TCTA and TAPC does not show any distinct prompt
and delayed components at all.

4.3 analysis

Based on the photophysical data we will discuss the three different
scenarios in more detail in the following subsections: (4.3.1) Systems
in which no triplet deconfinement or dissociation takes place, (4.3.2)
systems showing triplet deconfinement and (4.3.3) systems showing
exciton dissociation.

4.3.1 No deconfinement or dissociation

The CzPIMe:host (5 mol%) thin films show no signs of exciton decon-
finement or dissociation for CzSi, CDBP and DPEPO as hosts. For the
first two of these, similar and high values of the PL efficiency in the
range of 60 – 65% were found. No PL efficiency could be determined
in DPEPO, because of insufficient absorption due to its large energy
gap. However, due to the extremely similar transient PL decay, the
typically excellent performance of DPEPO as host for many TADF emit-
ters and the high energetic barriers for both processes (see Fig. 4.3) we
are confident to place DPEPO in this host category (no deconfinement
and no dissociation). Deconfinement is expected to lead to a reduced
delayed emission intensity with a possibly enhanced delayed lifetime
(depending on the triplet lifetime on the host)[25]. Triplet quenching
on the host could then reduce the PL efficiency. However, for the CzSi,
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CDBP and DPEPO based films such evidence of deconfinement is not
observed. Dissociation and the formation of intermolecular CT-states
is expected to lead to a red-shifted emission and decrease of the PL
efficiency. That is also not the case for these three systems. The absence
of detrimental host interactions is consistent with the (∆EHOMO − ∆ET)
diagram in Fig. 4.3.

Having established that for these three systems excitons on the
CzPIMe show neither deconfinement nor dissociation, we fit the tran-
sient PL decay to obtain the intrinsic photophysical rates of the TADF
emitter indicated in Fig. 4.1(a). We use the analytical expressions for the
time-dependent exciton populations given in Ref. [25] in combination
with the logarithmic weighting of the fit residuals and restriction of the
dataset described in Ref. [37]. The radiative (“phosphorescence”) triplet
decay rate kr,T is assumed to be zero, since the spin-orbit coupling of
the emitter is expected to be very small.

As a result of the extremely similar PL decays, the fit describes all
three non-interacting host-guest systems in CzSi, CDBP and DPEPO
equally well. Even so, the fits do not enable us to distinguish whether
any non-radiative decay is occurring from the singlet or the triplet state,
or a combination of both. The reason is that due to the large ISC rate,
the ratio between the singlet and triplet excitons is established soon
after the start of the experiment and then remains equal to kISC/kRISC
independent of time. In Table 4.2 we therefore give fit results based
on two different scenarios for the non-radiative decay. For Fit I non-
radiative losses can occur from the singlet state but the non-radiative
triplet decay rate is assumed to be zero. For Fit II the non-radiative rates
from singlet and triplet state are assumed to be equal. Fit I describes
the scenario for which non-radiative triplet decay (to the S0 ground
state) is regarded as a strictly spin-forbidden process, whereas within
Fit II this spin-restriction is assumed to be less limiting. Both scenarios
result in a fit of the form I(t) = A exp(−kpt) + (1 − A) exp(−kdt),
with an intensity onset A and prompt and delayed decay rates, kp and
kd, that are given in Table 4.2. As shown in Appendix B2, the fit is
excellent up to approximately 10−5 s. Both Fits I and II reproduce the
experimental observation of ηPL = 0.65 for CzSi. For Fit I, where there
are no losses from the triplet state, knr,S is a factor ∼ kISC/kRISC larger,
matching the expected difference in exciton populations. Despite not
being distinguishable from experiment, in Sections 4.3.3.4 and 4.3.3.5
we find a significant impact of the different non-radiative rates for
the case of CT-state formation. The other rates kr,S, kISC and kRISC are
almost equal for both fit scenarios and well within the typical range
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Table 4.2: Characteristics of the time-resolved PL decay of 5 mol% CzPIMe in
CzSi, with the prompt and delayed decay rates kp and kd, respectively,
as well as the prompt intensity onset A and the PL efficiency ηPL. For
the photophysical rates k(n)r,S/T and k(r)ISC of CzPIMe see Sec. 4.3.1.
For Fit I the non-radiative triplet decay rate is assumed to be zero and
for Fit II the non-radiative singlet and triplet decay rates are assumed
to be equal. The radiative decay rate of triplets (phosphorescence) is
assumed to be zero.

Characteristics of the measured decay

kp kd A ηPL

4.55× 107 s−1 1.90× 105 s−1 0.974 0.65

Fitted photophysical rates [106 s−1]

Fit I Fit II

kr,S 4.07 4.07

kr,T 0 0

knr,S 2.19 0.073

knr,T 0 0.073

kISC 38.0 40.19

kRISC 1.38 1.30

for donor-acceptor type TADF emitters.[2,37] The slightly higher value
of ηPL for CzPIMe in CzSi is within the expected sample-to-sample
variation of the PL efficiency for such systems.

4.3.2 Deconfinement

For CzPIMe:host (5 mol%) thin films with mCBP, TPBi and TAZ as
hosts, the delayed emission intensity is seen to be significantly smaller
than in CzSi, CDBP and DPEPO. However, the emission spectrum
is very similar. Based on previous work we regard the decreased
delayed intensity as a signature of triplet deconfinement.[25] The clear
distinction between the prompt and delayed contributions indicates that
the coupling between the triplet states on the host and guest molecules
is relatively strong and that the host triplet diffusion coefficient is
relatively large. Under those conditions (“fast-diffusion limit”)[25] the
reduction of the intensity onset of the delayed fluorescence component
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is equal to PT,g, the probability that a triplet in the host-guest system
resides on a guest molecule. From Boltzmann statistics, PT,g is given by

PT,g =
cg

cg + chexp
[
− ∆ET

kBT +
σ2

T,h−σ2
T,g

2(kBT)2

] , (4.1)

where ch and cg ≡ (1 − ch) are the host and guest concentrations,
respectively, T is the temperature, kB is the Boltzmann constant, and
σT,h(g) is the standard deviation of the host (guest) triplet density of
states, which is assumed to have a Gaussian shape. The second term in
the argument of the exponential function describes the effect of triplet
relaxation due to diffusion to molecules with (on average) lower triplet
energy.

As shown in Fig. 4.5(b) we extract the values of PT,g from the mea-
sured PL intensity decay. We have established in the previous section
that for CDBP no deconfinement occurs and can therefore use it as a
reference with PT,g = 1. Relative to the intensity onset in CDBP we then
find PT,g of approximately 0.58 for mCBP, 0.26 for TAZ and 0.06 for
TPBi. The open symbols in Fig. 4.5(a) show the effective confinement
energies ∆ET,eff that follow from Eq. (4.1) when assuming σT,h = σT,g.
Considering that a value for σT between 0.04 and 0.06 eV is a typical
range for organic materials, the impact of different disorder strengths
on PT,g would be at most equivalent to ∆ET ≈ 0.04 eV.[38]

For comparison, the full symbols show the values of ∆ET that follow
from the photophysical determination from phosphorescence spectra
(see Table 4.1). The values are strongly correlated, but show a relative
shift of approximately 0.12 eV. This can be understood from the large
width of the TADF phosphorescence spectrum, for which the onset
energy is about 0.35 eV larger than the peak energy (see Fig. B.1 of the
appendix). Due to the large energetic disorder of the intramolecular CT-
excitons on the TADF molecules and possibly the presence of multiple
strong vibrational modes, no vibronic substructure can be distinguished.
The determined emission peak is then red-shifted with respect to the 0-0
peak. For comparison, the difference between the first (0-0) peak and
the onset energy of the triplet emission spectrum is only 0.1 eV or even
less for typical host materials, also studied at 77 K (see e.g. Ref. [39]).
Effectively, the energy barrier for deconfinement is thus overestimated
when deducing the host and guest triplet energies from the spectral
peak positions.

While deconfinement decreases the onset intensity of the delayed
emission by a factor PT,g, it is at the same time expected to increase
the delayed emission lifetime by a factor 1/PT,g. The longer lifetime
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Figure 4.5: (a) Triplet confinement energy ∆ET following from photophysical
measurements on the individual materials for CzPIMe in CDBP,
mCBP, TAZ and TPBi (closed symbols, see Table 4.1). For the
three hosts showing deconfinement also the effective triplet con-
finement energy ∆ET,eff (open symbols) is shown. ∆ET,eff follows
from Eq. (4.1), with the guest occupation probability PT,g extracted
from the onset intensity of the delayed photoluminescence. The full
and dashed lines are guides to the eye, with the same slope and a
constant offset of 0.12 eV. (b) Comparison of the measured transient
PL (symbols) and KMC simulations thereof (curves), with the ∆ET,eff
from panel (a) and reproducing the experimental value of PT,g.
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increases the probability of non-radiative triplet decay on the host, as
well as the probability of quenching at defects or impurities. The PL
efficiency is thereby reduced with increasing deconfinement, as is ob-
served experimentally (see Table 4.1). Figure 4.5(b) shows a comparison
between the measured and simulated time-dependent PL intensities,
using the KMC simulation tool Bumblebee.[24] The simulations are
performed as described for the fast-diffusion limit in Sec. 3.1.1 of the
previous chapter, with a small adaptation to include knr,T,h, the non-
radiative decay rate on the host: in Eqs. (3.7) – (3.10) all factors PT,gkT
(the total loss rate from the triplet state of the TADF emitter) should be
replaced by [PT,gkT + knr,T,h(1− PT,g)].

With the previously determined photophysical rates of the emitter
(see Table 4.2), we find that the simulated PL efficiency for emission
from CzPIMe in mCBP, TAZ and TPBi matches the experimental ηPL
(see Table 4.1) for knr,T,h = 2.0, 6.0 and 1.5× 104 s−1, respectively. In the
case of mCBP, which still shows a very high PL efficiency of 62%, the
excitons do not spend enough time on the host to suffer significantly
from non-radiative losses. The deconfinement in this case results only
in a decrease of the PL intensity during the delayed regime.

A clear difference for the simulated time-dependence of the PL is still
visible in Fig. 4.5(b) for t > 2× 10−6 s, where the simulations predict an
approximately exponential decay. The non-exponential decay observed
in experiment could be explained by deeper exciton-trap sites on the
host than are included by the Gaussian distribution of energy levels, or
a distribution of photophysical rates.[40] For TPBi the simulation result
also deviates from experiment for short delay times, in the prompt
regime. Given its small dissociation barrier (∆EHOMO = −0.04 eV), it is
possible that a small degree of dissociation occurs in TPBi, enabled by
a relatively large disorder. Such a broadened disorder can be caused by
the significant dipole moment of TPBi (µ = 7± 3.4 D).[41]

We conclude that at room temperature, deconfinement starts to play a
role when the triplet confinement energy ∆ET that is deduced from the
peak energy of the emitter spectrum and the 0-0 peak energy of the host
spectra is smaller than about 0.25 eV. The effective confinement energy
(see Fig. 4.5(a)), from which the reduction of the delayed emission
intensity can be estimated, is approximately 0.12 eV smaller. As has
been discussed above, this discrepancy is most likely related to the
broad and unresolved nature of the CzPIMe emission peak.
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4.3.3 Dissociation

4.3.3.1 Experimental evidence of dissociation

The emission from CzPIMe:host (5 mol%) thin films with TCTA and
TAPC as hosts shows a clear red-shift and the PL efficiency is drastically
decreased, from a maximum of 65% to 15% (TCTA) and 7% (TAPC), as
shown in Table 4.1. Furthermore, a featureless decrease of the intensity
with time rather than distinct prompt and delayed emission regimes are
observed (Fig. 4.4(b)). These observations indicate that for both systems
exciton dissociation is significant. As discussed in the introduction, we
expect that the relevant dissociation process is transfer of a hole from the
emitter to a host molecule, so that an intermolecular CT-state is formed.
TCTA and TAPC are indeed the two systems for which the activation
barrier for dissociation is smallest, as is clear from Figs. 4.2 and 4.3.
Triplet deconfinement is not expected to play a role, as the confinement
energy ∆ET > 0.25 eV is large in both materials.

Although dissociation depletes the population of guest-excitons, in
both TCTA and TAPC the relative remaining PL intensity (i.e. when
plotting the normalized signal) in a time window around 10−7 s is
actually larger than for systems without dissociation. For the TCTA
system the spectrum shows a red-shift and a broadening of the emission
peak (0.6 eV full width at half maximum, compared to 0.5 eV for the
CzSi system, see Fig. 4.4(a)). This means that also longer-lived radiative
decay from CT-states must contribute to the emission. At present, the
relative weight of both contributions can not be quantified, as the pure
CT-state emission spectrum and PL efficiency are not available. For the
TAPC system, on the other hand, effectively all emission originates from
the respective CT-state. The larger red-shift for this system, as compared
to that for the TCTA system, is qualitatively consistent with the smaller
(less negative) HOMO energy for TAPC, leading to energetically more
favorable CT-states.

4.3.3.2 Simulation model

We use a rate-equation model to analyze the fraction of formed CT-
states, the contribution of CT-emission to the overall spectrum and the
resulting PL efficiency, as well as the time-dependence of the intensity
decay. The model assumes that the optical excitation, if it occurs on
a host molecule, is followed by very fast exciton transfer to the guest.
The exciton population at t = 0 then consists entirely of singlets on the
TADF emitters. Within the model, that emitter resides at the origin of
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a simple cubic lattice of host molecules. Even though our work thus
neglects the actual structural disorder of the amorphous materials, we
find by a comparison with simulation results for an fcc lattice that the
sensitivity to the detailed structure is very weak (see Appendix B5).
The lattice parameter (intermolecular distance) is a = 1 nm, which is
a typical intermolecular distance in the considered systems.The TADF
emitter site is labeled j = 0 and the surrounding nearest-neighbor
host sites are labeled j = 1, ..., 6 (NN) and the next-nearest neighbors
j = 7, ..., 18 (NNN) etc. An electron-hole pair state after dissociation
of an exciton can be in several different configurations: either it is in
the NN-configuration at a separation of d = 1 nm, which only then we
denominate as a “CT-state”. Or a subsequent hop has occured after
dissociation leading to a separation of d =

√
2 nm, which is denoted as

a NNN-state.
If the third-nearest neighbors are also included in the model, then the

number of host sites becomes Ntot = 26. In this case nearest-neighbor
hopping of the dissociated hole up to an electron-hole separation of
d =

√
3 nm becomes possible. Unless stated otherwise, a total of

Ntot = 18 host sites are included in our modeling results.
The nominal activation energy for creating an electron-hole pair with

the hole on a host site at a distance dj is given by

EA,j,nom = ∆EHOMO + Eexc,b −
e2

4πε0εrdj
. (4.2)

with Eexc,b the nominal binding energy of an exciton on a CzPIMe
molecule. The last term in the expression is the nominal electron-hole
pair binding energy, Eeh,b,j. This energy is assumed to be equal to
the Coulomb energy between an electron and hole at a distance dj
in a medium with relative permittivity εr, where ε0 is the vacuum
permittivity. We neglect the small difference between the singlet and
triplet binding energies of the TADF excitons.

With a typical value of εr = 3, the CT and NNN binding energies are
ECT,b(1 nm) = 0.48 eV and ENNN,b(

√
2 nm) = 0.34 eV, respectively.[42]

It is clear from the experiment that at least some of the dissociated states
have a radiative decay channel available. We will assume in the model
that the CT-states (d = 1 nm) have a radiative decay rate, but that the
farther separated electron-hole pair states (d > 1 nm) are non-emissive.
The observed red-shift of the total emission peak with respect to the
intrinsic TADF emission peak is then expected to be close to the nominal
activation energy for dissociation to a NN-site. In the TAPC host, the
spectrum shows a red-shift of approximately 0.33 eV (see Fig. 4.4(a)).
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From Eq. (4.2), with ∆EHOMO = −0.88 eV and Eb,CT = 0.48 eV, we
can estimate the exciton binding energy Eexc,b for CzPIMe to be about
1.0 eV.

To include the important aspect of the energetic disorder in the
organic semiconductor, we model the guest and host sites for many
random disorder configurations m. The HOMO energy for each site j is
then assumed to deviate from the nominal value by δEHOMO,mj, which
is taken from a Gaussian distribution with a width σ. The activation
energy between to sites is then given by

EA,mj = EA,nom + δEHOMO,m0 − δEHOMO,mj. (4.3)

For the sake of notational simplicity, we will omit in the following the
label m when indicating process rates or exciton densities.

Just as in our earlier OLED material and device simulations, we
describe the kinetics of charge transfer, exciton generation and exciton
dissociation using the Miller-Abrahams formalism.[43–46] Here, we only
consider the possibility of hole-transfer between nearest-neighbor sites
in the cubic grid. The transfer rate for a hole on an initial site j to a final
site k, in the presence of an electron at the TADF emitter (j = 0), is then

rjk = ν1,h

exp
(
−∆EA,jk

kBT

)
, if ∆EA,jk > 0.

1 , otherwise.
(4.4)

with ν1,h the hole hopping attempt rate to a NN-site and ∆EA,jk ≡
EA,k − EA,j. The rate for dissociation of a guest-exciton to a CT-state
is r0k, and the rate for the reverse process (exciton generation on the
TADF guest) is rk0. Consistent with previous work, a typical value
of the hole hopping attempt rate ν1,h = 3.3× 1010 s−1 is chosen.[46–48]

The hole transfer is assumed to be spin-conserving, and its rate to be
spin-independent.

For the guest-exciton itself as well as all possible electron-hole pair
states, we will differentiate between the system being in a singlet or
triplet state. This means that we explicitly consider the spin-multiplicity
of the electron-hole pair, even after dissociation. Overall, the system can
then be in 2(Ntot + 1) configurations, where the factor 2 accounts for the
singlet and triplet states. The singlet (triplet) states are coupled by spin-
mixing, resulting in a spin-flip rate ksf,S(T). The spin-flip rates on the
TADF emitter, kISC and kRISC, are in general different due to the presence
of a small but still significant singlet-triplet energy gap. For the electron-
hole pair states the singlet-triplet gap can be assumed to be even smaller,
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resulting in a single spin-independent rate ksf,S = ksf,T = ksf. This
is consistent with the findings in Ref. [49] from a CT-state emission
study. A more detailed model that includes, e.g., the random size and
orientation of the local hyperfine fields around which the electron and
hole spins precess, would result in a distribution of spin-flip rates.[50,51]

Here, for the sake of simplicity, spin-transitions in the CT-state are
treated as processes with a single value for the rate. The distinction
between the three triplet sub-states is thus neglected.

The time-dependence of the normalized density of singlet and triplet
states in each configuration, nS,j and nT,j, respectively, is obtained by
solving the following set of 2(Ntot + 1) coupled differential equations:

dnS(T)j

dt
=− kS(T),jnS(T),j

− ksf,S(T),jnS(T),j + ksf,T(S),jnT(S),j

+ ∑
k∈{NN-set of j}

(rkjnS(T),k − rjknS(T),j),

(4.5)

where the summation includes transfers to and from all (at most six)
nearest neighbors of site j that are included in the model, and with

kS(T) = kr,S(T) + knr,S(T) + kISC(RISC) for j = 0,

kS(T) = kr,CT,S(T) + knr,CT,S(T) + ksf for j = 1, ..., 6,

kS(T) = ksf for j = 7, ..., 18.

(4.6)

As described above, for the PL experiment the initial conditions at t = 0
are nS = 1 on the TADF guest site (j = 0) and zero for all other states.

We extend scenarios I and II (see Table 4.2; used to describe the
non-radiative decay rates of the emitter) to the CT-states. The Fits
I and II then consider either knr,T = knr,CT,T = 0 (Fit I) or knr,S =
knr,T with knr,CT,S = knr,CT,T (Fit II). Independent of the fit scenario, no
phosphorescence is assumed, so that kr,CT,T = 0. We assume that from
the non-emissive electron-hole pair states with the hole on farther away
host sites (d > 1 nm) also no non-radiative recombination can occur.
In Subsections 4.3.3.4 and 4.3.3.5, we will determine an estimate of the
photophysical rates for the CT-states of CzPIMe:TCTA (Table 4.3).

For the simple cubic grid with the six NN sites and twelve NNN
sites we find that numerical solutions of Eq. (4.5) can be obtained using
standard solution methods.[52] An advantage of using this approach is
that accurate solutions are obtained for all relevant times, all relevant
states and for over more than ten orders of magnitude in the exciton
density. Including the next shell of (eight) third-nearest neighbors, at
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a distance of
√

3 a, is found to make the problem mathematically stiff,
so that even when using very small time steps and a high numerical
accuracy not always a solution can be found. However, adding a single
third-nearest neighbor molecule is often found to be possible. We will
show that for the systems that are studied in this work the role of NNN-
sites is already quite limited, at least up to delay times of about 10−5 s. If
needed, kinetic Monte Carlo methods can be used to study dissociation
under conditions for which more distant neighbors are involved. The
final results shown here are obtained by averaging the solutions of
Eq. (4.5) over typically 1, 000 to 10, 000 disorder configurations.

4.3.3.3 Fraction of electron-hole pairs

A first view on the critical threshold of ∆EHOMO for which CT-state
formation is expected, can be obtained simply from the fractions of
guest-excitons and electron-hole pair states that are predicted to be
formed. Within the model, the time scale within which these fractions
reach a near-equilibrium value is very short, of the order ν−1

1,h , i.e. in the
10 – 100 ps range. This is at least two orders of magnitude faster than
the relevant photophysical and spin-mixing time scales. For a given
disorder configuration, these equilibrium fractions then depend only
on the HOMO energies of the TADF and host sites.

Figure 4.6(a) shows the disorder-averaged total equilibrium fraction
of electron-hole pairs, feh-total, for HOMO energy disorders strengths
of σ = 0.10, 0.15 and 0.20 eV. In this case, host sites up to a dis-
tance of d =

√
3 a (third-nearest neighbor sites) from the emitter are

considered, resulting in Ntot = 26. feh-total is then the sum of the frac-
tions in a nearest-neighbor configuration ( fNN, dashed curves), in a
next-nearest neighbor configuration ( fNNN, dotted curves) and in a
third-nearest neighbor configuration (not shown). The activation energy
for the hops was obtained from Eqs. (4.2) and (4.3), with Eexc,b = 1 eV
and ECT,b = 0.48 eV (as estimated above). The figure shows that the
∆EHOMO range within which the cross-over from no dissociation to full
dissociation takes place broadens with increasing energetic disorder of
the HOMO states. Positional variation as a result of a disordered mor-
phology would further broaden the transition. The cross-over (when
feh-total = 0.5) for a typical disorder energy of σ = 0.1 eV occurs around
∆EHOMO ≈ −0.4 eV. For σ = 0.1 eV, the role of dissociation to NNN-
type pairs is seen to be small, even at the largest HOMO energy offset
considered (−0.6 eV). Dissociation to third-nearest neighbor sites is
then insignificant and we conclude that considering host sites up to the
next-nearest neighbors in the model will give a good estimation of the



122 chapter 4 – exciton deconfinement and dissociation

Figure 4.6: (a) Fractions of total electron-hole pairs, feh-total, as well as the frac-
tions in a nearest-neighbor ( fNN) and next-nearest neighbor ( fNNN)
configuration, as a function of ∆EHOMO and for various disorder
widths σ. Not shown are the third-nearest neighbor configurations.
(b) Fraction of CT-states among the photophysically active states
(guest-excitons and CT-states). The red dashed vertical lines indi-
cate the values of ∆EHOMO for CzPIMe in CzSi and TCTA hosts
(see Table 4.1). The binding energies used are Eexc,b = 1 eV and
ECT,b = 0.48 eV.

electron-hole pair population in the relevant ∆EHOMO range. At higher
disorder (0.2 eV) dissociated states on the second and third-nearest
neighbors can become increasingly important. We note that the cross-
over energy depends linearly on the difference between emitter and
CT-state binding energies, Eexc,b − ECT,b.

Figure 4.6(b) shows for which ∆EHOMO dissociation starts to become
visible in the photophysical experiment. The figure gives the disorder-
averaged fraction of photophysically active states that is a CT-state
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(NN), f ′NN ≡ fNN/( femitter + fNN), again for various disorder energies.
For ∆EHOMO = −0.52 eV this fraction is seen to be equal to 6/7, and
independent of the disorder, because the nominal activation energy
for CT-state formation is exactly zero. In the absence of disorder and
if kr,S = kr,CT,S, then f ′NN simply gives the relative contribution of CT-
state emission to the total PL efficiency, fCT ≡ ηPL,CT/ηPL. The rates
of non-radiative decay on the emitter and CT-states do not affect this,
even though they do affect the total PL efficiency as will be shown
in the following subsection. However, for disordered systems, fNN,m
and ηPL,m (with m the disorder configuration) are correlated, so that
ηPL,CT 6= f ′NN × ηPL.

4.3.3.4 PL efficiency

As a next step we analyze the effect of the photophysical rates in the
CT-state and of the disorder on the PL efficiency. It seems plausible that
the radiative singlet decay from CT-states, kr,CT,S, is of the same order
of magnitude as the radiative singlet decay rate kr,S on the TADF emit-
ter itself, which also has a significant intramolecular CT-character.[49]

Therefore, kr,CT,S is here taken to be equal to kr,S. From fits to the PL
decay in the next subsection, this is found to be a fair approximation for
the CzPIMe:TCTA system. It seems also plausible that the non-radiative
decay rate of the CT-states is larger than that of the emitter states, in
view of the less rigid connection between the separate molecules on
which the hole and the electron reside after dissociation. In Fig. 4.7,
we investigate the sensitivity of ηPL and fCT to the non-radiative decay
rate of the CT-state by varying the ratio knr,CT/knr. Full black and grey
curves indicate results without spin-flip of electron-hole pair states and
dashed curves indicate results for ksf = 107 s−1. This is the order-of-
magnitude that may be expected for organic molecules, as the hyperfine
field Bhf that is induced by the hydrogen nuclei is typically 1 mT, lead-
ing to a spin precession frequency f = gµBBhf/h = 2.8× 107 s−1.[53]

Here, g is the electron g-factor, µB is the Bohr magneton and h is the
Planck constant. The red curves give the fraction of CT-state emission,
fCT = ηPL,CT/ηPL.

Figure 4.7(a) shows that within fit scenario I (no non-radiative decay
of triplets), a decrease of the PL efficiency with lower ∆EHOMO is only
expected when the ratio knr,CT/knr > 1. The regime where CT-states
affect the PL efficiency is seen to directly depend on this ratio. At
small barriers ∆EHOMO the PL efficiency can be decreased even before
the CT-state emission contribution fCT (full thick red curve) becomes
significant. It is important to note that the dissociation in this case can
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Figure 4.7: PL efficiency as a function of ∆EHOMO (black/grey, left axis) and
fraction of emission from CT-excitons (red, right axis) with Eexc,b =
1 eV and ECT,b = 0.48 eV. The photophysical rates of the emitter are
given in Table 4.2, and for CT-states we take kr,CT,S = kr,S while the
ratio knr,CT/knr is varied. The symbols indicate the measured PL
efficiency ηPL for CzPIMe in CzSi and TCTA (left axis). (a) Results
for fit scenario I without disorder and no spin-flip and (b) with
disorder of σ = 0.1 eV and no spin-flip. (c) Results for fit scenario II
and, for the dashed curves, with a spin-flip rate ksf = 107 s−1 of the
electron-hole pair states.
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not be detected by a contribution to the overall emission spectrum. As
kr,CT,S = kr,S, this contribution is equal to the quantity f ′NN shown in
Fig. 4.6(b) for σ = 0 eV. Here, the PL efficiency is only determined by
the ratio between the singlets on the TADF guest and CT-state singlets,
which is time-independent due to the fast hole hopping rate. The
overall PL efficiency within fit scenario I is therefore not affected by
the spin-flip of electron-hole pair states. However, these spin-flips can
strongly affect the time-dependence of the PL intensity, as will be shown
in the next subsection.

Figure 4.7(b) shows the broadening of the dissociation threshold
upon introducing a disorder energy σ = 0.1 eV. Energetic disorder
also causes a shift of the ∆EHOMO threshold for which dissociation
negatively impacts ηPL, consistent with the trend that was observed in
Fig. 4.6. The fraction of CT-state emission is now seen to depend on the
non-radiative decay rate of the CT-states.

Figure 4.7(c) shows that for fit scenario II (equal non-radiative rates
from singlet and triplet states) the effect of dissociation on the PL
efficiency is more complex. Although ηPL decreases with lower ∆EHOMO
initially, the curves even show an efficiency increase when ∆EHOMO is
below approximately −0.4 eV. That is surprising, given that the non-
radiative CT-decay rate is up to a factor knr,CT/knr = 100 larger than
that of the TADF emitter. This is due to the dissociation process being
much faster than the ISC on the TADF, so that a large fraction of singlet
CT-states is formed. These CT-singlets cause the increased efficiency,
because their non-radiative decay rate is small within this fit scenario,
and because the spin-flip to the triplet state is slower in the CT-state
than on the TADF emitter by ISC. For that reason fit scenario II also
shows a dependency of the PL efficiency on the spin-flip rate of CT-
states, shown by the dashed lines in Fig. 4.7(c). For weakly dissociated
systems, the effect on ηPL is positive, as the singlet density actually
becomes larger. However, for very negative ∆EHOMO dissociation once
more reduces ηPL regardless of spin-flip, because the rate for forming a
guest-exciton again from the CT-state becomes very small. We note that
for strongly negative ∆EHOMO values full dissociation to a free electron
and hole and subsequent non-geminate recombination will become
possible, which is not included in the present model. In the absence
of energetic disorder, this regime change will occur when ∆EHOMO is
close to the −Eexc,b, which is here −1 eV.
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4.3.3.5 Time-resolved PL intensity

The time-resolved PL intensity can be used to quantify the rates of
the various processes that occur upon dissociation. We focus on the
CzPIMe:TCTA system for which some, but not all, of the guest-excitons
undergo dissociation. The starting point of the analysis are the sets of
photophysical rates on the emitter molecule that are given in Table 4.2
for two fit scenarios (I and II). As mentioned in Sec. 4.3.3.2 we extend
fit scenario I by assuming that also on the CT-states non-radiative decay
occurs only for singlets and we extend fit scenario II by assuming
equal non-radiative decay rates for CT-singlets and CT-triplets. Within
each scenario, the three free parameters are kr,CT,S, one value for the
considered non-radiative decay rates, and ksf. We first take fixed values
of ksf and determine the CT-decay rates resulting in (i) an overall PL
efficiency of ηPL = 0.15 (the experimental value, see Table 4.1) and (ii) a
cross-over time tcross-over = 3× 107 s of the simulated PL intensity curve
affected by dissociation and the simulated curve without dissociation
(which is consistent with the measurement results, see Fig. 4.4(b)).

It is not a priori clear which value of the HOMO energy disorder
should be used. An analysis of measurements of hole transport in TCTA
films has led to σ = 0.10 eV.[54] Such a value is typical for materials
that are based on molecules with small or negligible electrostatic dipole
moments. Slightly larger values (σ = 0.136 eV[55] and 0.112 eV[54])
have been obtained from first principles simulations. One could argue
that in a dissociation experiment the strong field gradient due to the
remaining charge on the emitter molecule, combined with positional
disorder, increases the effective energetic disorder. On the other hand,
short-range electrostatic fields from the molecular quadrupole moments
make the disorder spatially correlated and effectively weaker with
regards to a local process such as CT-state formation. Based on these
considerations, we focus on simulation results that have been obtained
for σ = 0.1 eV, even though we will also give results for larger values of
σ. We note that an indirect argument that favors the use of a value of
σ = 0.1 eV is that the experiments do not show evidence for CT-state
formation when using CzSi as a host, a stable amorphous material
with a high glass temperature and a relatively small molecular dipole
moment.[31,56,57] From Fig. 4.6, with a realistic uncertainty of ± 0.1 eV in
∆EHOMO, this finding could not be well explained if σ would be much
larger than 0.1 eV.

Table 4.3 gives an overview of the best fit results for σ = 0.1 and
0.2 eV and for various values of ksf. The table shows that the parameters
depend only weakly on σ, but show a significant dependence on ksf.
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Table 4.3: Photophysical rates for CT-states in TCTA:CzPIMe(5 mol%) thin-films,
deduced from a fit to the time-resolved PL intensity and including
the PL efficiency (see Sec. 4.3.3.5), for various values of ksf, for σ = 0.1
(0.2) eV and for fit scenarios I (knr,CT,T = 0) and II (knr,CT,T = knr,CT,S).
The accuracy of the rates is approximately ±20%. The fourth column
gives the relative contribution of CT-states to the overall emission,
ηCT,rel. Bold lettering is used to indicate the set of parameters that we
regard as the overall best fit to the PL efficiency and the time-resolved
PL intensity, also considering ηCT,rel. The rates of the TADF emitter
are given in Table 4.2.

kr,CT,S knr,CT,S ηCT,rel

[106 s−1] [106 s−1] –

Fit scenario I

No spin-flip 0.15 (0.4) 10 (11) 0.08 (0.20)

ksf = 106 s−1 0.5 (0.8) 15 (15) 0.17 (0.27)

ksf = 107 s−1 1.3 (1.2) 22 (22) 0.32 (0.33)

ksf = 108 s−1 2.6 (2.0) 38 (33) 0.35 (0.33)

ksf = 109 s−1 3.7 (4.1) 43 (55) 0.44 (0.39)

Fit scenario II

No spin-flip 1.0 (1.4) 7 (12) 0.52 (0.54)

ksf = 107 s−1 1.8 (1.4) 11 (11) 0.47 (0.40)

ksf = 109 s−1 5.1 (4.1) 29 (29) 0.47 (0.38)

The effect of introducing a spin-flip rate is largest for scenario I, within
which only singlet states show non-radiative decay. With increasing
ksf, the difference between both scenarios becomes smaller. This near-
convergence of both fit scenarios for ksf ∼ 109 s−1 is reflected by
the similarity of the rates kr,CT,S and (knr,CT,S + knr,CT,T). The relative
contribution of CT-state emission to the time-integrated PL intensity,
ηCT,rel, is then around 45%.

The overall fit quality and the required ksf to best match the exper-
imental time-resolved PL intensity can be judged from Fig. 4.8. All
intensity curves are normalized at t = 10−9 s, as the intensity for much
shorter times is not experimentally accessible. All panels show a de-
crease of the simulated PL intensity around 10 ps, when electron-hole
pairs are formed. Panels (a) and (b) show how the emission depends
on σ and on the inclusion of only NN sites (panel (a)) or also NNN
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Figure 4.8: Simulated transient PL intensity for ∆EHOMO = −0.47 eV
(CzPIMe:TCTA). All panels include as a reference (black dotted
curve) the modeled decay for CzPIMe without CT-state formation
(CzPIMe:CzSi; see Fig. B.2 of the appendix) as well as the exper-
imental reference data (in TCTA; dashed green). (a) Simulations
without spin-flip including only NN host sites, for fit scenarios I
and II and for σ = 0.10, 0.15 and 0.20 eV. (b) Same as (a), but with
inclusion of NNN host sites, which are also included in (c) and (d).
(c) Simulations for fit scenario I, with realistic σ = 0.1 eV, showing
the impact of varying ksf. (d) Simulations for fit scenarios I and II
at large disorder σ = 0.2 eV, and comparing ksf = 0 with a very fast
spin-flip rate ksf = 10−9 s−1. For clarity, all scenario I results in this
panel are offset by two orders of magnitude.
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sites (panel (b)) in the absence of electron-hole pair spin-flips. In the
experimentally accessible time range, up to approximately 3× 10−5 s,
the effects of an increase of the disorder energy or the inclusion of
NNN sites is seen to be relatively weak. Interestingly, the weak but
extremely long-lived intensity for t > 10−4 s is approximately linear
on the double-logarithmic scale used. This long-lived tail is more pro-
nounced with increasing disorder energy. Such a near-linearity can
be due to the near-exponential distribution of activation barriers for
detrapping of holes from deep NNN sites in the tails of their Gaussian
density of states. The observed slope of the intensity curves, which is
approximately −1.3 for σ = 0.2 eV, agrees well with such a distribution
of activation barriers (see Appendix B3).

For both fit scenarios, the curves in panels (a) and (b) still show a
distinct transition from prompt to delayed emission, whereas in the
experimental decay these regimes are no longer visible. Instead, the
experimental intensity decay from t = 10−7 to 10−5 s is approximately
linear on the double-log scale used.

Panel (c) in Fig. 4.8 shows that for a system that includes NNN sites,
with fit scenario I and σ = 0.1 eV, the observed disappearance of the
prompt-delayed transition can be understood when introducing spin-
flips in the CT-state. For times up to 10−5 s, a similarly good agreement
can be obtained with fit scenario II (see Appendix B4). For low spin-flip
rates the relative emission from CT-states ηCT,rel within this scenario is
then significantly higher as compared to fit scenario I (see Table 4.3).
As discussed in Sec. 4.3.3.4, we regard values of ksf in the range 107 to
108 s−1, resulting from hyperfine field interactions, as realistic for the
materials studied. In that range fit scenario I shows better agreement
of ηCT,rel with the CT-state emission observed experimentally for the
TCTA system.

For large delay times however, the simulation results with ksf ≈
108 s−1 that are shown in panel (c) still do not agree well with exper-
iment. The experimental data (Fig. 4.4(b)) suggests that at 10−4 s the
normalized PL intensity is still 10−5 to 10−4, whereas the simulation
results show a decrease to an intensity below 10−6. This observation
indicates that a small fraction of the sites forms hole traps with longer
release times than included by the Gaussian HOMO distribution. As
suggested already by the disorder-dependent results in panel (b), the
experimental results could in principle be explained by assuming a
large disorder energy, combined with strong spin-flip. Indeed the simu-
lation results in panel (d), for σ = 0.2 eV and ksf = 109 s−1 s, yield a PL
intensity that is similar to the measured data. However, as argued in
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the previous two subsections we regard such a strong HOMO disorder
as less likely. Alternatively, the effect could be due to extrinsic trap
states. We find indeed that adding a single third-nearest neighbor site
as a strong hole trap, i.e. with a 0.5 eV more shallow HOMO energy,
can cause the observed extension of the linear (on a log-scale) decay
curves without significantly affecting the PL intensity up to 10−5 s (see
Appendix B5).

For entirely dissociating systems (∼ all guest-excitons dissociate to at
least a NN-site), the PL efficiency ηPL is equal to

ηPL,CT =
kr,CT,S

kr,CT,S + knr,CT,S
(4.7)

and independent of ∆EHOMO. From the best fit deduced for the TCTA
system (bold in Table 4.3), the efficiency for CT-state emission is then
ηPL,CT = 0.068. Interestingly, this value is very similar to the experimen-
tal PL efficiency of the TAPC system (0.07, see Table 4.1) for which the
emission is almost entirely from CT-states.

In summary, we have been able to estimate the photophysical rates
of the TCTA:CzPIMe CT-state, as shown in Table 4.3, from fitting and
simulations of the transient PL intensity. The lack of distinct prompt and
delayed regime is a result of the spin-flip in the CT-states in combination
with the HOMO energy disorder, leading to a wide-spread distribution
of properties for the CT-states formed on different guest sites. The
model reproduces the modified decay dynamics and PL efficiency well.
Nonetheless, both for the TADF guest as well as the CT-states, the
analysis does not reveal where the non-radiative loss occurs (from
singlet or triplet states, using for example fit scenario I or II).

4.3.3.6 Time-integrated CT-state emission spectrum

The model that has been developed above can also be used to calculate
the contribution to the emission spectrum from CT-states that would be
expected in the absence of vibronic broadening. Within this approxi-
mation, the shift of the emission energy from a CT-state on a specific
CzPIMe-host molecule pair, with respect to the emission energy from
CzPIMe, is equal to the pair-specific activation energy for CT-state for-
mation (Eq. (4.3)). Figure 4.9(a) shows for various nominal values of
∆EHOMO the CT-state emission spectrum that would then be expected
for the CzPIMe:TCTA system, using the best fit parameters obtained pre-
viously (bold in Table 4.3). The emission peaks have a full width at half
maximum that increases from about 0.1 to 0.2 eV in the ∆EHOMO range
studied and show a distinct red-shift for ∆EHOMO below −0.4 eV, when
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dissociation becomes significant. Shown in the inset of Fig. 4.9(b) is the
integral of these CT-state emission spectra, which gives the CT-state
contribution to the PL efficiency, ηPL,CT. Figure 4.9(b) gives the average
shift of the emission energy with respect to that of the TADF emitter.
For cases with strong dissociation the red-shift approaches the nominal
value of the activation energy for CT-state formation that is given by
Eq. (4.2) (short-dashed line). The results for ∆EHOMO ≤ −0.6 eV are
connected using a long-dashed curve, instead of a full curve, in order to
emphasize that in this part of the parameter range the model might not
be fully correct as a result of full dissociation, followed by non-geminate
pair recombination. Including that effect, which will also depend on
the emitter concentration, is beyond the scope of this study. The figure
shows that for the CzPIMe:TCTA system, with ∆EHOMO ≈ −0.47 eV, a
red-shift of the CT contribution of approximately −0.10 eV is expected.
For the assumed set of parameters, CT emission then contributes about
35% of the total intensity (see Table 4.3). Considering the limitations of
the modeling approach and experimental uncertainties, the calculated
red-shift of the CT-spectrum may be regarded as being in good agree-
ment with the observed red-shift of −0.13 eV (see Table 4.1) of the total
spectrum.

4.3.3.7 Time-resolved contribution of CT-state emission

For a given disorder configuration, the relative CT-state contribution
to the emission spectrum increases due to dissociation until a time
t ∼ ν−1

1,h ∼ 3× 10−11 s, and becomes then constant. The value of ν1,h,
the hole hopping attempt rate to a nearest-neighbor, is much larger than
the rates of all other processes. This means that the established ratio
between all singlet densities nSj remains unchanged by the following
processes. However, we find that for an ensemble of emitters with
different disorder configurations the relative CT-state contribution to
the emission spectrum is even for t > ν−1

1,h not constant. Figure 4.9(c)
shows the time-dependence of the fraction of CT-state emission for
various values of ∆EHOMO. The main effects are the development of a
peak at t ∼ 10−7 s and a broad minimum around t ∼ 10−5 − 10−6 s.
The time range of high CT-emission around 10−7 s agrees very well
with the relatively increased intensity in the experimental PL decay for
TCTA and TAPC (see Fig. 4.4(b)). For t > 10−4 s, where the emission
intensity is very small and determined by particularly deep host trap
sites, no statistically accurate results could be obtained.

The time-dependence of the CT-state contribution can be understood
as follows. After the very fast formation of a quasi-equilibrium between
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Figure 4.9: Properties of the CT-state emission (fit scenario I with σ = 0.10 eV
and ksf = 108 s−1, photophysical rates see Tables 4.2 and 4.3). (a)
Spectra for various values of ∆EHOMO. The relative emission energy
∆hν is defined with respect to the emission peak of the TADF emitter.
(b) Disorder-averaged change of the CT-emission peak energy in
dependence of ∆EHOMO. The short-dashed line gives the result
that is obtained in the absence of energetic disorder. The results
for −∆EHOMO ≥ 0.6 eV are indicated using a long-dashed curve,
in order to emphasize limitations of the model in that part of the
parameter range (see main text). The inset shows the ∆EHOMO-
dependence of ηPL,CT, the CT-contribution to the PL efficiency. (c)
Time-dependent fraction of CT-state emission. The dashed curve
gives the result for ∆EHOMO = −0.47 eV with ksf = 0 (but otherwise
equal rates).
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TADF-singlet and CT-state singlets, at t ∼ 3× 10−11 s, the spin-flip of
CT-states at t ∼ k−1

sf = 10−8 s is the next process that affects the popula-
tion of the various excitonic states. The number of singlet CT-states is
reduced more strongly for disorder configurations with energetically
favorable CT-states. The configuration-averaged fraction of CT-state
singlets therefore decreases, resulting also in a decrease of the fraction
of CT-state emission. As may be seen from Fig. 4.9(c), this decrease is
soon followed by an increase caused by ISC on the TADF emitter. It
occurs around t ∼ k−1

ISC ∼ 3× 10−8 s and strongly reduces the popu-
lation of singlets for disorders configurations in which they are still
located on the TADF emitter. With this depopulation of singlets on the
guest, the ensemble-averaged contribution of CT-state singlets to the
overall singlet population increases once more. Just like ISC has effec-
tively more impact in disorder configurations with a relatively large
exciton population on the emitter, the same holds for RISC. Already at
t ∼ 3× 10−7 s, RISC leads to a significant repopulation of singlets on
the TADF emitter, and once more a decrease of the fraction of CT-state
emission. Much later, at t ∼ (1 – 3)× 10−5 s, disorder configurations
with holes trapped in non-emissive NNN-sites return to the CT-state,
so that the CT-state emission fraction finally again increases. These
simulation results suggest that measurements of the time-dependent
emission spectra for systems with partial CT-state emission, such as
the TCTA:CzPIMe system, could be used to more sensitively probe the
mechanism of the dissociation and to more accurately quantify its rate
parameters.

4.4 summary and conclusions

The aim of this study has been to develop refined criteria for the selec-
tion of suitable host materials for donor-acceptor type TADF emitters.
For that purpose, we have studied the emission spectrum and the time-
resolved emission intensity of eight thin-films with 5 mol% of the TADF
emitter CzPIMe embedded in various host materials. From an analysis
of the experimental data and using a comprehensive simulation model
we have identified and quantified the relevant material parameters of
the host and guest materials. The key observation on which the anal-
ysis is based is that among the eight systems studied three types of
host-guest systems could be distinguished, depending on the electronic
and excitonic energy level structures of the two materials.

Firstly, for three of the host materials used, emission exclusively
from the TADF guest emitter and with identical prompt and delayed
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emission intensities were observed. Furthermore, for two of those hosts
the PL efficiencies were among the highest measured (61 and 65%),
while for the third no determination was possible. We could conclude
that these three host materials allow for no detrimental interactions
with the guest. The time-resolved PL experiments in these hosts were
then used to accurately determine the emitter’s intrinsic photophysical
properties.

Secondly, we observed exciton deconfinement for three host-guest
systems, i.e. the transfer of a triplet from the TADF emitter to the
host material. We find that this process is well-suppressed when the
confinement barrier ∆ET is larger than 0.25 eV, defined as the difference
between the peak energy for emission from the TADF guest and the
energy of the 0-0 peak in the triplet spectrum of the host. The reduction
of the delayed fluorescence intensity upon deconfinement was found
to be consistent with the analysis given in the previous chapter for the
“fast diffusion limit” (see Sec. 3.1.1). Deconfinement is here described
by the reduced probability PT,g that the triplets reside on a TADF
emitter molecule (Eq. (4.1)). The PT,g values determined in this study
correspond to effective values ∆ET,eff that are 0.12 eV smaller than ∆ET
for all three hosts. We attribute the discrepancy to the underestimation
of the TADF emitter’s triplet energy, resulting from taking the peak
value of the very broad emission spectrum instead of a value closer to
the onset of the spectrum.

Thirdly we observed for TCTA and TAPC as host materials that the
excitons on the TADF emitter can dissociate and form intermolecu-
lar charge-transfer states. For both of those hosts the PL efficiency
is strongly decreased, the emission spectrum shows a red-shift, and
the time-resolved intensity shows no discernible prompt and delayed
components. Instead the intensity follows an approximately algebraic
time-dependence (∝ 1/tα with α ≈ 1.2). As both TCTA and TAPC have
a shallower HOMO energy than CzPIMe, we interpret these observa-
tions as a result of hopping transfer of a hole, leading to the formation
of (partially) emissive electron-hole pair states. The activation energy
for this process is equal to the guest-host HOMO energy difference,
∆EHOMO = EHOMO,g − EHOMO,h, which was determined using UPS
measurements of the neat films, plus the difference Eexc,b − ECT,b of the
guest-exciton and CT-state binding energies. From the large measured
red-shift for the TAPC system, we deduce that the exciton binding
for CzPIMe is approximately 1.0 eV. This value might be considered
surprisingly large, as the exciton binding energy is expected to be rela-
tively small for the typical TADF donor-acceptor type molecules such as
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CzPIMe. From a combined photoemission and inverse photoemission
study, the singlet exciton binding energy for various fluorescent emitters
was indeed found to be larger (in the range 0.9 to 1.3 eV) than the value
of ≈ 0.63 eV that was found in the same study for the prototypical TADF
emitter 4CzIPN (1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene).[58]

The large value for CzPIMe is a result of the relatively small size of
the molecule, with a distance of only about 0.3 – 0.4 nm between the
electron donating and electron accepting carbazole and phthalimide
parts. However, not being a dedicated study of the binding energy,
the analysis from which Eexc,b has been extracted contains various un-
certainties, such as the values of ∆EHOMO and ECT,b (see Eq. (4.3)), as
well as the hole hopping attempt rate ν1,h. We estimate the resulting
combined uncertainty to be in the range of ±(0.2− 0.3) eV.

In order to analyze the experimental results an extended rate-equation
model was developed that includes the effects of the energetic disor-
der of HOMO states, host-guest transfer of holes, radiative and non-
radiative decay of the CT-states, spin-flip of CT-states and possible
further dissociation. It was extensively applied to the specific case of
the CzPIMe:TCTA system. For this system, TADF and CT-state emission
contribute with a ratio of approximately 2:1 to the overall emission.
A PL efficiency and time-resolved intensity that is consistent with the
observations is obtained when assuming a disorder energy of 0.1 eV. We
find a radiative decay rate for CT-state emission similar to that of the
TADF-emitter, and a non-radiative decay rate that is about one order of
magnitude larger. The comparison with experiment provides evidence
for significant spin-flip between singlet and triplet CT-states, with a rate
ksf of the order 107 − 108 s−1. The uncertainty in this rate is in part due
to the finding that the modeling is not sensitive to the precise nature
(occuring from singlets or from triplets) of the non-radiative decay of
the photophysically active states.

We have shown that for the specific set of host-guest systems studied,
that dissociation to intermolecular CT-states is effectively suppressed
when ∆EHOMO & −0.2 eV. More generally, we expect that for systems
with the same energetic disorder and similar CT-state properties sup-
pressing dissociation requires that ∆EHOMO & −Eexc,b + 0.8 eV. As
shown in this work, the binding energy Eexc,b of the excitons on the
TADF emitter follows readily from the observed red-shift in a strongly
dissociating host. Prerequisites for the determination in this way are
that the emission occurs entirely from CT-states and that ECT,b is well-
estimated by a assuming a dielectrically screened nearest-neighbor
Coulomb interaction energy. Eexc,b is expected to depend on the dis-
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tance between the donor and acceptor type groups on the TADF emitter.
This implies that smaller TADF emitters have less strict requirements
regarding hole confinement to the host’s HOMO level, which can have
significant consequences for the transport of holes through the EML
in the full OLED stack. It will be of interest to verify this generalized
criterion by carrying out systematic studies of the type that has been
presented here, for TADF emitters with a varying Eexc,b. Another inter-
esting extension of this study would be a temperature variation, though
it is well beyond the scope of the present work given the experimental
and modeling requirements and challenges. Such a study could further
elucidate to what extent the developed models provide a proper descrip-
tion of the thermally activated triplet deconfinement and dissociation
processes.



A P P E N D I X B

The Appendix B to this chapter contains (B1) measurement data of the emitter’s
phosphorescence spectrum, (B2) the fitting of the emitter’s transient PL decay
that leads to the extracted rates shown in Table 4.2 as well as studies of (B3)
the effect of a broad distribution of activation barriers for hole detrapping, (B4)
the effect of the spin-flip rate on the transient PL decay within fit scenario II
and (B5) the effect of a single third-nearest neighbor site on the transient PL
decay.
The full UPS measurement data, from which the EHOMO of all materials
studied in Chapter 4 are determined, is available in the Supporting Information
of the paper in which this chapter is published: C. Hauenstein et al., J. Appl.
Phys. 130, 155501 (2021).
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b1 phosphorescence spectrum of the tadf emitter

Figure B.1 shows the phosphorescence spectrum of a film of 5 mol%
CzPIMe in CzSi, obtained at 77 K at a delay time of 500 ms after
excitation with a wavelength of 340 nm. The peak energy (2.54 eV) and
the onset energy (2.89 eV) have been obtained from a Gaussian fit to the
high-energy part of the spectrum, as indicated in the figure.
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Figure B.1: Phosphorescence spectrum of a film of 5 mol% CzPIMe in CzSi at a
delay time of 500 ms and at T = 77 K with an excitation wavelength
of λ = 340 nm. The black curve is a Gaussian fit optimized to the
high-energy side of the spectral peak with a maximum at 2.54 eV.
The dashed blue line is a linear fit resulting in an onset energy of
2.89 eV. The peaks at approximately 2.0 and 2.3 eV are artifacts of
the measurement.
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b2 photophysical rates for the tadf emitter

Figure B.2 gives a comparison between the measured time-dependent
PL intensity for a film of 5 mol% CzPIMe in CzSi, and a fit, up to
a cutoff time of 10 µs, assuming only non-radiative decay of singlets
(“Fit I”). Different photodetectors were used for delay times below and
above 1 µs. The fit uses the solutions of the rate-equations given in
the previous chapter (see Eqs. (3.2) – (3.11)) in combination with the
logarithmic weighting of the fit residuals and restriction of the dataset
described in Ref. [37]. The resulting rate parameters are shown in
Table 4.2. The figure shows that the fit predicts a stronger decrease
beyond the cutoff time than was observed experimentally. This is can
be the result of a distribution of photophysical rates due to different
molecular configurations in the film.

Figure B.2: Measured decay (black symbols) of the normalized PL intensity from
a film of 5 mol% CzPIMe in CzSi after excitation at a wavelength
of 340 nm, and a fit (dashed blue curve) using the solutions of the
TADF rate-equations described by Eqs. (3.2) – (3.11) of the previous
chapter and a fitting procedure as described in Ref. [37]. The fit
only considers data up to a cut-off time of 10 µs (red-dashed line).
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b3 delayed decay with wide distribution of activation bar-
riers

In this section, we analyze the algebraic (t−α) time dependence of the
emission intensity that is observed in Fig. 4.8(b) after a long delay
time, for t > 10−4 s. A comparison with Fig. 4.8(a) shows that the
inclusion of second-nearest neighbor sites (NNN) is important, whereas
Fig. 4.8(b) shows that also disorder is important. This indicates that
the effect is due to emission that occurs after the release of a hole from
an NNN-type site that forms a deep trap. If each NNN-site would
have only one adjacent nearest-neighbor site (NN), the distribution
gA(EA) of the activation energy EA for the release process would be
Gaussian with a mean value of EA,av,1NN = −ECT,b(1− 1/

√
2) and a

width σA,1NN =
√

2σ, where σ is the width of the spatially uncorrelated
Gaussian DOS. However, within the simple-cubic lattice considered,
each NNN-site has two adjacent NN-sites. Release from a (1, 1, 0) NNN-
site, e.g., can be due to transfer to the adjacent (1, 0, 0) and (0, 1, 0)
NN-sites. From a numerical calculation, we find that the activation
energy distribution is still to an excellent approximation Gaussian.
As shown in Fig. B.3, the mean value becomes more negative with
increasing σ. The width of the distribution function is approximately
equal to 1.29σ.

Within the model that has been developed, the release rate is given
by

kr = kr,0 exp
(
− EA

kBT

)
, (4.8)

where the rate in the absence of an activation barrier, kr,0, is equal to
the hole hopping attempt rate to a first NN molecule, ν1,h. Release
at a time tr occurs then from sites with an activation barrier close to
E∗A(tr) = kBT ln(ν1,htr). As we are interested in release in the time range
10−4 to 10−2 s, the relevant range of activation energies is therefore
0.4 – 0.5 eV. In spite of the wide time-range, the corresponding range
in activation energies is thus relatively narrow. The red dashed line
in Fig. B.3 shows that for this narrow range of activation energies the
numerically calculated distribution gA(EA) can be well approximated
by an exponential distribution of the form

p(EA) ∝ exp
(
− EA

E1

)
(4.9)

which appears linear on the logarithmic y-scale in of the figure.
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Figure B.3: Activation energy distribution functions gA for release of a hole
from an NNN-type site to NN-type sites in a simple cubic lattice,
in the presence of an electron at the emitter site (0, 0, 0), for various
values of the disorder energy σ for HOMO states. The distribution
functions are given with respect to the value in their maximum point
(small spheres), shifted for the sake of clarity by one, two and three
orders of magnitude for σ = 0.15, 0.175 and 0.20 eV, respectively.
Dotted vertical lines indicate the mean activation energy EA,av,1NN
that would be obtained when release to only one NN-type site
would be possible and the activation energy E∗A that corresponds
to a release time of 10−3 s (see the text). The slope of the curves
at this point is used to calculate the widths E1 of the exponential
distribution functions (red dashed lines) that provide a good fit to
gA around this value.
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The figure gives for each value of σ the characteristic energy E1 that
is derived from the slope of the distribution functions at the value of
the activation energy of 0.447 eV that corresponds to a release time of
10−3 s. When approximating the distribution of activation energies by
an exponential function, the decrease with time of the probability that
the hole is still trapped is given by

φ(t) ∝
∫ ∞

0
exp

(
− EA

E1

)
exp

[
− ν1,ht exp

(
− EA

kBT

)]
dE1 ∝

(
1

ν1,ht

)α

,

for t� ν −1
1,h , with α =

kBT
E1

.

(4.10)

The luminescence intensity Ir(t) that results from the release of holes
from trap sites is proportional to the rate of decrease of the density of
trapped holes, so that

Ir(t) ∝ −dφ(t)
dt

∝ t−(α+1). (4.11)

Using the value of E1 = 86 meV that is given in Fig. B.3 for σ = 0.2 eV,
the exponent (α + 1) of the time-dependent intensity curve is expected
to be approximately 1.3. This is close to the values of 1.3 – 1.4 that may
be deduced from Fig. 4.8(b) for fit scenarios I and II. The model also
predicts an increase of the slope of the intensity curve with decreasing
σ, as is indeed seen from the simulation data.
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b4 effect of spin flip for fit scenario ii

Figure B.4(a) shows for fit scenario II the simulated PL intensity, normal-
ized at t = 10−9 s, for systems with ∆EHOMO = −0.47 eV, σ = 0.1 eV,
and for three values of the spin flip rate ksf. Table 4.3 gives the rates of
the photophysical processes that have been assumed. As explained in
Sec. 4.3.3.5, these lead to a PL efficiency of 0.15 and a cross-over time
with the emission in the absence of dissociation (dotted reference curve)
of 3× 10−7 s, as observed for the TCTA system.

A comparison with Fig. 4.8(c), which gives the results of otherwise
fully analogue simulations for fit scenario I, shows that for fit scenario
II the intensity curve is less sensitive to ksf than for fit scenario I.
Introducing spin flip nevertheless improves the agreement with the
experimental curve, which is to a good approximation linear on the
double-log scale used inbetween 10−7 and 10−5 s, coinciding in that
range with the black dashed reference line. A fair agreement with
experiment is obtained for ksf ≈ 107 s−1. From panel (b), which gives a
zoom-in of this figure, it may be seen that a slightly larger value of ksf is
expected to provide a better fit in the time range up to about 3× 10−6 s,
but that the agreement will then become worse for t ∼ 10−5 s.

Figure B.4: (a) Simulated PL intensity, normalized at t = 10−9 s, for systems
with ∆EHOMO = −0.47 eV, σ = 0.1 eV, and for three values of the
spin flip rate ksf, obtained from simulations using fit scenario II. The
black dotted curve gives the simulation results in the absence of
dissociation, and the green dashed line are the experimental results
for the TCTA system. (b) Enlargement of the prompt-to-delayed
regime transitions.
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b5 effect of a hole trap at third-nearest-neighbor site

Figure B.5 shows the simulated effect of a single hole trap with a trap
depth ∆ at a third-nearest-neighbor site in a face-centered-cubic (fcc)
lattice with the same molecular density of 1027 m−3 as the simple cubic
lattice systems that have been studied. The simulation has been carried
out for a system with ∆EHOMO = −0.47 eV, σ = 0.1 eV, and ksf = 10−7 s.
For fcc systems with only first and second nearest neighbor sites (in
total 18 neighbors), the intensity curve was found to be almost equal
to that for a simple cubic lattice, shown in Fig. 4.8(c), and in good
agreement with the experimental curve for the TCTA system up to
approximately 10−5 s. The effect of hole trapping when adding one site
to the system, located at a third-nearest-neighbor position, was studied
for ∆ = 0.2, 0.3, 0.4 and 0.5 eV. Like all other sites, the energies of the
trap sites followed a Gaussian distribution with a width of 0.1 eV. The
contribution from the trap states is found to be approximately linear
on the double-log scale used, and becomes significant for t & 10−5 s
when ∆ = 0.5 eV and for t & 3× 10−5 s when ∆ = 0.2 eV. These results
suggest that the presence of such traps, with ∆ ∼ 0.4 eV or larger, can
explain why the measured PL intensity for the TCTA system around
t ∼ 10−4 s is somewhat larger than as obtained from the best fits with
fit scenarios I (Fig. 4.8(c)) and II (Fig. B.4(a)).
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Figure B.5: Simulated PL intensity for fit scenario I, normalized at t = 10−9 s, for
fcc systems with ∆EHOMO = −0.47 eV, σ = 0.1 eV, ksf = 10−7 s and
for various values of the trap depth ∆ at a third-nearest-neighbor
site, as described in full detail the text. The black dotted curve gives
the simulation results in the absence of dissociation, and the green
dashed line are the experimental results for the TCTA system.
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I D E N T I F I C AT I O N O F O L E D D E G R A D AT I O N
S C E N A R I O S B Y K I N E T I C M O N T E C A R L O
S I M U L AT I O N S O F L I F E T I M E E X P E R I M E N T S

We show how three-dimensions kinetic Monte Carlo simulations can be used
to carry out an operational lifetime study of thermally activated delayed flu-
orescence (TADF) organic light-emitting diodes (OLEDs) and to deduce the
sensitivity to various degradation scenarios. The approach is demonstrated
for an experimentally well-characterized and efficient green-emitting device.
The simulation workflow includes an equilibration phase, an equilibrated
pristine state phase and a degradation phase. Acceleration of the simula-
tions by extrapolation from simulations at large current densities makes the
simulation time feasible. Such a procedure is also often followed in experi-
mental studies. Degradation is assumed to be triggered by exciton-polaron
quenching and exciton-exciton annihilation processes. A comparison of the
simulated and experimental time-dependence of the luminance decay provides
the probability that a degradation-triggering event leads to the formation of
a degraded molecule. For the TADF OLED that has been studied, this pa-
rameter is only weakly dependent on the assumed scenario, provided that
the degraded molecules are assumed to form trap sites, and is found to be
∼ (0.2 – 0.7)× 10−9. The approach is expected to enable systematic in silico
studies of the operational lifetime and its sensitivity to the material composition,
layer structure, charge carrier balance, and the use of refined device principles
such as hyperfluorescence.

The work in this chapter is published in:
C. Hauenstein, S. Gottardi, E. Torun, R. Coehoorn and H. van Eersel
Front. Chem. 9, 823210 (2022).
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introduction

In spite of impressive developments in the past decades, the range of
applications of organic light-emitting diodes (OLEDs) could still be
widened significantly by improving their stability under operational
conditions. Most research efforts are focused on blue OLEDs, which are
most sensitive to lifetime-limiting degradation processes.[1] Phenomeno-
logical lifetime studies focus on measurements of the luminance decay
and the voltage shift over time as a function of the operational condi-
tions, such as the current density and the temperature. However, it is
generally not obvious how from such measurements the microscopic
mechanism that causes the observed changes over lifetime can be de-
duced, where in the device the degradation occurs, what degradation
product is formed, and which fraction of the material has degraded.
As a result, it is often not possible to deduce directly from degrada-
tion measurements what changes of the material composition or layer
stack architecture could lead to an improved lifetime. The impact of
degradation on charge or exciton dynamics can sometimes be recog-
nized by experimental observations, for example by the appearance
of exciplex emission in Ref. [2], but even then only qualitatively. As
an alternative to such an experimental top-down approach, bottom-
up approaches that aim at predicting the probability of degradation
processes, the nature of the degradation products and their electronic
and optical properties from (combined) experimental and quantum
chemistry studies are underway.[3] However, such studies have yet to be
experimentally validated. Furthermore, the understanding of degrada-
tion at the molecular scale does not yet directly provide understanding
of the complex interplay of all transport and excitonic processes that
together determine the observed lifetime.

In this chapter, we explore the prospects of a third route, which is
based on simulations including a mechanistic description of degra-
dation processes at the molecular scale. The simulations allow us to
predict the results of lifetime experiments, depending on the chosen
descriptions of the device degradation in the simulations. We compare
several such descriptions, which we call “degradation scenarios”. By
comparing different scenarios we investigate to what extent they can be
distinguished and to what extent a comparison with the experimental
data allows identifying more likely scenarios. We use for that purpose
three-dimensional kinetic Monte Carlo (KMC) simulations.[4,5] Our ap-
proach to KMC simulations of device degradation was introduced and
applied to model OLED devices by Coehoorn et al.[6] and Kordt et al.,[7]
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and was applied to a phosphorescent OLED for one specific simulation
scenario (exciton polaron-quenching triggered degradation, followed
by the formation of deep traps) by Shen and Giebink.[8] Here, we focus
on a green thermally activated delayed fluorescence (TADF) OLED for
which an extensive set of experimental initial state data (t = 0, where
t is the time) and t-dependent data is available,[9] and for which also
a successful KMC simulation study of the pristine device has already
been done.[10] We study for several degradation scenarios whether these
could explain the observed luminance decay, up to the experimental
LT50 lifetime of about 1470 h, and the observed time-dependent voltage
increase, which is about 0.8 V at the LT50 lifetime. The LT50 lifetime
is the time at which the luminance of the device has decayed to half
of its initial value. The observation of such a voltage increase is quite
common, and indicates that upon degradation trap sites are formed
or that an injection barrier at an interface is increased.[11,12] Exciton-
polaron quenching and exciton-exciton annihilation are in all scenarios
assumed to be the degradation-triggering processes. The scenarios dif-
fer concerning the assumed location (limited to the emitter material or
affecting all materials) and the properties of the resulting degradation
product. Degradation results in material products with modified elec-
tronic and excitonic energy levels (“inactive” or trapping) and modified
photophysical rates.

The chapter is structured as follows. First, in Sec. 5.1, an overview is
given of the device characteristic of the pristine OLED, before degra-
dation, obtained from KMC simulations. This section first gives a brief
summary of the KMC method (Sec. 5.1.1) and an overview of the mate-
rials and layer structure of the TADF OLED that is studied. We then
analyze the experimental and simulated current density versus voltage
(J(V)) curves, the external quantum efficiency as a function of J (“roll-
off curve”) and the hole, electron, singlet and triplet exciton density
profiles. In the second part of the chaper, starting with Sec. 5.2, the
degradation of the device is investigated for six different degradation
scenarios. In Sec 5.2.1, we describe how degradation is implemented in
the KMC simulations. Section 5.2.2 gives an overview of the considered
degradation scenarios and degradation products. The experimental and
simulated time-dependent luminance decay and voltage shift and the
degradation profiles in the device are presented in Sec. 5.2.3. Finally,
Sec. 5.3 contains a summary of the results and conclusions, and an
outlook on extensions of these degradation simulation studies.
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Figure 5.1: Layer structure and energy levels in units eV and with respect
to the vacuum level, of the TADF device studied here. The
HOMO energies, EHOMO, were determined by photoelectron yield
spectroscopy.[9,13] The LUMO energies, ELUMO, are obtained us-
ing ELUMO = EHOMO + ES + ES,b, with ES the singlet energy (see
Table 5.1) and ES,b the singlet binding energy. The importance of in-
cluding the proper value for the exciton binding energy in the value
of the LUMO that is used in KMC simulations was demonstrated
in Refs. [6] and [14]. Based on inverse photoelectron spectroscopy,
the values of ES,b for 4CzIPN and Alq3 were taken from Ref. [15]
as 0.61 eV and 1.21 eV, respectively. The exciton binding energy of
4CzIPN-Me is hereby assumed to be equal to that of 4CzIPN. For
the other materials we take ES,b = 1.0 eV.[16] The injection barriers
at the anode, with a hole injection layer,[9] and at the LiF-Al cathode
are taken equal to 0.2 eV.

5.1 characterization of the pristine state of the device

Fig. 5.1 shows the layer stack and the energy level structure of the
TADF device studied in this work. The emissive layer (EML) con-
sists of the host material 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) and
6.3 mol% of the TADF material (2s,4r,6s)–2,4,5,6-tetrakis(3,6-dimethyl-
9H-carbazol-9-yl)isophthalonitrile (4CzIPN-Me), which is highlighted
in green. The hole transport (HT), hole blocking (HB), and electron
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transport (ET) layers are composed of 4,4′-cyclohexylidenebis[N,N-bis(4-
methylphenyl)benzenamine] (TAPC), 2,4,6-tris(biphenyl-3-yl)-1,3,5-tri-
azine (T2T), and tris(8- hydroxyquinolinato)aluminum (Alq3), respec-
tively. This OLED structure was studied experimentally by Furukawa
et al.,[9] and using KMC simulations by Gottardi et al.[10]

5.1.1 Method: kinetic Monte Carlo simulations

The KMC simulations are performed with the software tool Bumblebee
provided by Simbeyond B.V.[6,17,18] The method that is used to describe
charge injection, charge transfer and excitonic processes is the same
as was employed in earlier work on phosphorescent OLEDs, see e.g.
Ref. [18], and in the earlier work in Ref. [10] specifically on the TADF
OLED that is studied here. In the latter study, it was found that a good
agreement with the experimental current-voltage (J(V)) curve and the
experimental roll-off of the external quantum efficiency (EQE, ηEQE)
could be obtained. The set of simulation parameters that was used has
also enabled successful modeling of other devices in earlier work.[19]

Below is a description of these settings, which are also summarized in
Table 5.3 of the appendix to this chapter.

The stack diagram in Fig. 5.1 gives the frontier orbital energy level
structure, including a brief motivation in the caption. The molecular
sites reside on a simple cubic grid with a lattice spacing of 1 nm, a
typical average intermolecular distance. The intermolecular transfer
of charge carriers (hopping) is described using the Miller–Abrahams
(MA) formalism,[20] with an assumed wave function decay length of
λ = 0.3 nm. The nearest-neighbor hopping attempt rate is taken to be
ν1,h = 1.66× 1010 s−1 for holes and ν1,e = 0.166× 1010 s−1 for electrons.
These hopping rates give typical mobilities for these types of materials
when simulating a time-of-flight measurement (see Supporting Material
of Ref. [10]). The tenfold reduced electron hopping rate mimics the
effect of electron traps which are often found in organic small-molecule
materials.[19,21] The energetic disorder of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies is included by assuming a spatially uncorrelated Gaussian
density of states (DOS) with a standard deviation of σ = 0.1 eV. Exciton
generation is described as hopping of a charge carrier to a site where
an oppositely charged polaron is already located, but taking the exciton
binding energy into account.[18] The ratio of the formation of singlets
and triplets is assumed to be equal to the spin statistical value of 1 : 3.
Exciton dissociation is treated analogously to generation. A Gaussian
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Table 5.1: Material-specific parameters used for the KMC simulations. EHOMO
and ELUMO are given with respect to the vacuum level. The sin-
glet/triplet energies ES/T and the radiative (non-radiative) decay
rates kr,S/T (knr,S/T) are obtained from the references indicated or are
otherwise given an assumed value. kr,T is taken equal to zero for all
materials and knr,T = 104 s−1 for all materials, except for 4CzIPN
with knr,T = 2× 105 s−1.[9]

Material EHOMO ELUMO ES ET kr,S (knr,S)

[eV] [eV] [eV] [eV] [106 s−1]

TAPC −5.50[22] −0.96 3.54[23] 2.95[23] 8 (92)[24,25]

mCBP −6.00[9] −1.63 3.37[22] 2.90[22] 100 (100)

4CzIPN −5.90[9,15] −2.81[15] 2.48[9,15] 2.43[9,15] 25 (0)[9]

T2T −6.50[9] 1.94 3.56[26] 2.8[26] 100 (100)

Alq3 −5.80[15] −2.06[15] 2.53[15] 2.1[27] 16.7 (83.3)[28]

density of states with a standard deviation of σ = 0.05 eV is used for
modeling the energetic disorder of the singlet and triplet energies.

The radiative and non-radiative decay rates of the excitons and the
(reverse) intersystem crossing rates for 4CzIPN-Me are taken from
Ref. [9] or are estimated in the case of their absence. Material-specific
parameters of the stack used in the KMC simulations are provided in
Table 5.1. The diffusion of excitons is described as a result of Miller–
Abrahams-type Dexter processes, with an attempt rate to a nearest-
neighbor of 2.1× 107 s−1, plus (in the case of singlets) Förster-type
transfer, with a Förster radius of 1.5 nm. The rates include a Boltzmann
factor that accounts for the exciton energy differences between the sites.
The resulting reduction of the transfer rate to molecules with a higher
exciton energy mimics the effect of the reduced overlap between the
absorption and emission spectra. Similarly, exciton-polaron quenching
and exciton-exciton annihilation are described as a result of a Dexter-
type transfer process, with a rate that is equal to the hopping attempt
frequency to a site on which no polaron or exciton is present (see above),
plus (in the case of singlets) a rate for Förster-type processes. The Förster
radius for quenching and annihilation is taken to be 3.5 nm, which can
realistically describe these processes in phosphorescent OLEDs.[5,14,29]

Upon an exciton-polaron quenching process, the exciton is assumed
to be transferred onto the site of a polaron and is lost. Upon an SSA,
STA, TSA, or TTA annihilation (A) process (S = singlet and T = triplet),
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the first exciton is assumed to move onto the second exciton and is
annihilated in the process. The remaining exciton will keep its original
spin, with the exception of TSA that results in a triplet (such that the
overall spin is conserved) and TTA which has a 25% chance to result in
a singlet.

All device simulations were carried out for several boxes, each with a
different disorder configuration, spanning at least 50× 50 nm2 up to
100× 100 nm2, and the results are averages over 5 to 10 (for pristine
device simulations) or at least 32 (for degradation simulations) of such
boxes.

The simulation settings outlined above are in two aspects different
from those in the earlier KMC study by Gottardi et al.[10] Firstly, 50%
reduced values of the first nearest neighbor hopping attempt rate for
holes and electrons have been used, motivated by the finding in Ref. [10]
that the current density is a factor of two too high. With this small
adaptation the J(V) characteristics indeed agree excellently with ex-
periment while the effect on the excitonic characteristics such as the
roll-off ηEQE(J) is small, as shown in Fig. C.1 of the appendix. Sec-
ondly, in Ref. [10] only Förster-type processes between emitter sites
were considered. That may be expected to be a good approximation
when considering Förster-type exciton diffusion, because the singlet
energy of the emitter is well below the absorption edge for the neutral
ground state of all other materials in the layer stack. However, we
cannot exclude that there is considerable spectral overlap of the emitter
singlet spectrum and the absorption spectrum of one or more of the
other materials when these are occupied by polarons or excitons. We
therefore extend in this study our description of Förster-type processes,
such that also between other materials (in the EML as well as in the
transport layers) Förster-type quenching and annihilation processes are
included with a Förster radius of 3.5 nm.

5.1.2 Simulation results

Figure 5.2(a) shows the simulated and experimental J(V) characteristics
of the pristine device. Simulations for two descriptions of the Förster
processes are included. Dexter-mediated diffusion, quenching and
annihilation are included in both cases and among all materials. In the
“emitter-only” case (blue squares) we consider Förster-type processes
(diffusion, quenching and annihilation) only between sites of the emitter
material. In the “all materials” case (red spheres) we consider the
possibility of Förster-type processes between all materials. Because
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Figure 5.2: Experimental (full black curves; from Ref. [9]) and KMC simulation
results of the device in its pristine state, considering Förster-type
processes only between sites of the emitter material (blue squares)
or between all materials (red spheres). (a) J(V) characteristics. (b)
The EQE roll-off ηEQE(J), assuming a light outcoupling efficiency of
25%. The current density at which the degradation simulations are
performed, J0 = 190 Am−2, is indicated by a dashed line.

the two cases impact only the exciton dynamics, the change in current
density is found to be extremely small. For both of them the simulation
results match very well with experiment.

Figure 5.2(b) shows the simulated and experimental results for the
EQE roll-off, ηEQE(J), assuming a value of 25% for the light outcoupling
efficiency. Furukawa et al.[9] estimate this value to be in the range
of 20–30%. In the absence of optical modeling the light outcoupling
efficiency presents the largest uncertainty for the comparison of the
EQE between simulation and experiment. When including Förster-type
processes between all materials the EQE is overall somewhat reduced as
compared to the “emitter-only” case, in particular at the smallest voltage
(5 V) and current density considered. It falls then close to the upper
edge of the estimated outcoupling efficiency, which would even have
to be larger than 30% to describe the experimental EQE at low current
densities. We therefore consider the case that includes Förster-type
bimolecular interactions of excitons on the emitters with polarons and
excitons on all materials as the strongest loss-inducing setting that we
can reasonably consider. In the following section we will show where
these losses occur and consequently where the degradation is expected
to be strongest. Unless mentioned otherwise, all simulation data shown
throughout this chapter use the more extensive “all materials” Förster
setting and are carried out for J0 = 190 Am−2 (dashed lines in Fig. 5.2).
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Figure 5.3: Layer-resolved profiles, obtained from simulations of the pristine de-
vice and with Förster processes between all materials, at 9 V. (a) Hole
concentration, (b) electron concentration, (c) singlet concentration,
(d) triplet concentration, (e) annihilation rate (total for S–S, S–T, T–S
and T–T annihilations), and (f) quenching rate (total for singlets and
triplets with holes and electrons).

We analyze the device simulation results at 9 V in Fig. 5.3, for which
the current density is close to J0. Panels (a) and (b) show the hole and
electron concentration profiles, respectively. Panel (a) shows that the
relatively large injection barrier for holes at the HTL|EML interface
gives rise to substantial hole accumulation at that interface. However,
holes in the EML are relatively mobile, as the difference between the
HOMO energies of the host and TADF-guest molecules is very small. As
a result, the hole concentration is strongly asymmetric, and largest near
the cathode-side of the EML, where they are quite effectively blocked by
the HBL. Panel (b) shows that there is no electron accumulation at the
T2T side of the interface with the EML, as may be understood from the
absence of an electron barrier from the T2T layer to the emitter in the
EML. In the EML, the electrons are less mobile than the holes, as a result
of extremely strong trapping on the emitter sites (see Fig. 5.1), though
at concentrations of 6.3 mol% some charge transport via the guest is
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Figure 5.4: Relative contribution of the various excitonic processes for singlets
and triplets with Förster processes between all materials. The
dashed vertical line represents the voltage that corresponds to
J0 = 190 Am−2 at which the degradation simulations are performed.

expected to occur. The overall result of these effects is a relatively
weak gradient of the electron density across the EML. Panel (b) also
shows that at this voltage, perfect electron blocking occurs at the TAPC
hole transport layer. Panels (c) and (d) show the singlet and triplet
exciton profiles. The singlet profile in each layer is proportional to the
emission profile in that layer. As expected from the hole and electron
concentration profiles, the device is unbalanced towards the cathode-
side of the EML, with a large fraction of the emission occurring close to
the HBL. Panel (d) shows that there is significant triplet deconfinement
from the EML to the HTL and the HBL. These excitons outside of the
EML are finally lost to non-radiative decay (predominantly triplets) and
bimolecular processes (predominantly singlets). Panels (e) and (f) show
the quenching rate and annihilation rate profiles, respectively. Most
bimolecular losses occur in the EML, with a strong imbalance towards
the HBL interface. Even though there is no strong electron accumulation
at the HBL-side of the HBL|EML interface, the high exciton density
at the EML side of this interface gives rise to a significant amount of
quenching in the HBL. Similarly, the high density of accumulated holes
at the HTL-side of the HTL|EML interface leads to strong singlet-hole
quenching at that interface.

Figure 5.4 shows for the simulations with Förster processes between
all materials the voltage dependence of the relative contributions of
the various excitonic processes. A dashed vertical line in the figure
indicates the voltage that corresponds to J0 = 190 Am−2 for which the
degradation simulations are performed. The figure shows that at all
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voltages the losses are predominantly due to singlet-polaron quenching.
The singlet excitons therefore undergo more quenching than the triplet
excitons despite a lower overall density, which is a result of the high
Förster-mediated interaction rates as compared to the Dexter-mediated
rates. At low voltages, the non-radiative decay of triplets is the only
other source of losses. At the selected voltage the role of annihilation is
still small, though it increases at higher voltages. As shown in Fig. C.2 of
the appendix a similar result is obtained for the “emitter-only” scenario.
A slightly reduced polaron quenching contribution results in a slightly
higher overall EQE.

5.2 device degradation

In this section we first describe how degradation is implemented in the
KMC simulations (Sec. 5.2.1). In Sec. 5.2.2 the four different degrada-
tion scenarios, that are investigated in this work, are introduced. In
Sec. 5.2.3 the simulations results for these scenarios are compared with
the experimental results from Furukawa et al.[9].

5.2.1 KMC simulations of device lifetime

5.2.1.1 Degradation events in KMC simulations

Degradation is implemented in the KMC simulations by (i) defining one
or more processes (KMC events) that trigger degradation, (ii) defining
for each process a degradation probability Pdeg, and (iii) defining the
degradation product (the properties of the degraded molecule). A
degradation scenario refers to a simulation that contains a specific set of
such degradation triggering processes and their products. To compare
different degradation scenarios we perform complete device simulations
that differ in one or several aspects of these degradation parameters,
but have otherwise identical settings. Any type of KMC event can be
chosen as a degradation trigger, and each material can also have its own
degradation triggers and products. Possible examples of such triggering
events are a hop of an electron or hole to a molecule (“monomolecular
degradation”) or an exciton-polaron quenching event (“bimolecular
degradation”).[12,30] When such a triggering event occurs, the molecule
on which the event takes place is with a probability Pdeg converted into
a degraded molecule with a predefined set of different properties. Once
a site has been degraded, it keeps its degraded properties for the rest
of the simulation. In typical degradation simulations, the degraded
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molecules have a reduced radiative decay rate (or are taken to be non-
emissive). OLED lifetime studies often show a change of the voltage
when operating the device at constant current density. In order to
mimic such an effect, a change of the HOMO and/or LUMO energy of
the degraded molecules can be assumed, so that they form a hole or
electron trap.

5.2.1.2 Simulation phases and lifetime simulation strategy

In KMC OLED lifetime simulations the total simulated time may be
viewed as consisting of three successive phases: the equilibration phase,
the equilibrated (pristine) phase and the degradation phase. In practice,
the simulations usually start with an empty box, i.e. without electrons
and holes. The simulations are most conveniently performed by impos-
ing a fixed bias voltage V. This procedure has been employed in all our
previous work. During the equilibration phase, the device is filled with
injected electrons and holes, leading to a current density that is shortly
after the start of the simulations relatively large, and a radiative decay
rate that increases with time. In other words, the device is “turned
on”. It is often not well possible to strictly define the time at which this
equilibration process has ended and the dynamic equilibrium has been
established. We usually regard the time at which the current density
has converged to within one or a few percent of the long-time average
as a proper value.

OLED lifetime experiments are often carried out for a fixed current
density, because such a driving principle is generally used in applica-
tions. The OLED lifetime studies on which we report in this chapter
have therefore also been carried out under constant-current conditions.
For that purpose, a target current density J0 is defined at the start of
the simulation, and an estimate of the voltage that will be required
to maintain this current density is applied during a short predefined
time interval ∆t. After having determined the actual current density
in that time interval the bias voltage is then adjusted for the next time
interval in a repeating feedback loop. Here, all disorder configurations
are made to run synchronously, such that the time-dependent current
density can always be determined by averaging over all of them. Fig-
ure 5.5 shows for a typical device how the device-integrated radiative
decay rate (panel (a)), the current density (panel (b)) and the voltage
(panel (c)) vary with time. The voltage shows a short overshoot early
in the equilibration phase due to the feedback loop. A first vertical
dashed line indicates roughly the equilibration time teq, and a sec-
ond vertical dashed line indicates the simulated time t0 at which the
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Figure 5.5: Schematic view of the three phases that can be distinguished when
carrying out a KMC degradation simulation using constant-current
mode. Degradation is switched off during the equilibration phase,
where the device is brought to a dynamic equilibrium condition,
and during a phase that starts at a time teq within which the device
is in the equilibrated pristine state and within which the device
performance is initially determined. The degradation phase begins
at a time t0 at which the degradation processes are enabled. (a) Ra-
diative decay rate R(t), which is proportional to the luminance L(t).
(b) Actual current density J(t), which is kept close to the desired
current density J0 by a feedback loop that determines the applied
voltage. (c) Shift of the applied voltage ∆V(t) with respect to the
pristine state voltage.

degradation processes are switched on. The statistical accuracy with
which the time-dependent decay and voltage change are obtained may
then be estimated in the following way. As will be shown in Sec. 5.2.3
the typical simulated time at which a 50% reduction of the radiative
decay rate has been reached is tsim = 100 µs. A simulation for one
50× 50 nm2 device (area A), carried out during this time period at a
current density J0 = 200 Am−2 (close to the actual value at 9 V, see
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Fig. 5.2(a)), would lead in the absence of efficiency loss processes to
about J0tsim A/q ∼ 300 radiative decay events. Here q is the elementary
charge. The actual time-integrated decay will be somewhat less due
to the degradation. By averaging over 32 simulation boxes as men-
tioned in Sec. 5.1.1 we then obtain a fair a statistical accuracy for the
time-dependence of the radiative decay rates and the voltage shift.

There is obviously a huge difference between the relevant timescales
for device degradation, with lifetimes of hundreds of hours or more,
and the electronic and photophysical processes in the picosecond to
microsecond range. The huge discrepancy between these time scales
shows already that the probability Pdeg with which photophysical pro-
cess trigger a degradation event must be very small. In the work of
Giebink et al.,[30] Pdeg is estimated to be of the order of 10−9 from
experiments of exciton-polaron quenching in small-molecule OLEDs.
KMC OLED lifetime simulations that use the actual values of Pdeg are
therefore practically infeasible. However, it is possible to make the
simulations feasible without a loss of the predictive quality, viz. by car-
rying them out for a strongly enhanced value of Pdeg.[6] That is possible
because the process of degradation is, by many orders of magnitude,
the slowest process in the system. If Pdeg is taken to be the same for all
triggering processes and on all materials, the overall degradation rate is
directly proportional to Pdeg. In this work, we simulate the degradation
in the fastest possible manner, with Pdeg,sim = 1. We find that for the
devices that are studied, this leads to an LT50 lifetime that in almost
all cases considered well exceeds the radiative decay rate. Even though
that suggests that Pdeg,sim = 1 is permitted, we plan to investigate the
sensitivity to Pdeg,sim in future work.

After the simulation, a comparison between the experimental lifetime,
τexp, and the simulated lifetime, τsim, both obtained for the same current
density, can be used to obtain the effective value of Pdeg using the
expression

Pdeg = Pdeg,sim ×
τsim

τexp
. (5.1)

In general, Pdeg can be expected to vary for different materials and
for different degrading processes, and to show a distribution instead
of being single-valued. At present, no experimental study revealing
the precise nature of the molecular scale degradation processes that
occur in OLEDs is available. Furthermore, also no realistic estimates
are available of values of Pdeg that could more generally be expected for
certain triggering processes and for certain materials. We can therefore
presently not expect that KMC simulations can predict OLED lifetimes.
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However, the simulations might be expected to give a realistic estimate
of effective values of Pdeg, and are expected to be able to predict trends
in lifetime when the device architecture (such as the layer thicknesses)
or operational conditions (such as the current density) are changed.

5.2.1.3 Accelerated lifetime simulations

Just as often done experimentally, the simulations can be performed at
increased current densities Jacc to achieve an accelerated degradation
rate and to estimate by extrapolation the degradation rate at smaller cur-
rent densities.[31] That can be useful if, even when taking Pdeg,sim = 1,
the simulations would take unreasonable amounts of time. In experi-
ments, the operational lifetime τ(J), is defined as the time after which
the luminance has dropped to a certain fraction of the initial value,
at a constant current density J. The dependence of τ(J) on the cur-
rent density is often found to be well approximated by a power law:
τ(J) ∝ J−n. A determination of the exponent n, from experiment or
from simulations at various current densities, then allows predicting
the lifetime under accelerated conditions using

τ(J) =
( Jacc

J

)n
τ(Jacc) ≡ αJτ(Jacc). (5.2)

Here αJ is the rescaling factor. The lifetime acceleration exponent n
is often found to be in the range 1 – 2. For devices with a uniform
emission profile, n was predicted to vary in the range 1.5 – 2, depending
on the effective charge carrier density dependence of the mobility in the
emissive layer due to energetic disorder or due to trapping of charge
carriers on guest molecules in the host-guest system.[6] ´ The shape
of the emission profile at different voltages strongly impacts both the
roll-off as well as the acceleration exponent. Smaller or larger values of
n are expected when a given emission profile becomes more uniform
or less uniform, respectively, as a result of the application of a higher
voltage. The precise value of n can be determined by a superposition
of various degradation mechanisms,[32] and can depend on the lifetime
definition used, for example LT50 or LT90.

5.2.2 Degradation scenarios

We consider two types of degradation triggering events in this work:
exciton-polaron quenching and exciton-exciton annihilation. These
bimolecular processes give rise to a high local energy density and
can therefore be expected to be most likely to result in degradation.
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This is consistent with the observation that balanced charge carrier
and exciton profiles, which reduce the rate of these density-dependent
bimolecular processes, are optimal for long lifetimes.[33] No distinction
will be made concerning the type of exciton that is involved in such
processes (singlet or triplet), or whether the process was Dexter or
Förster mediated. In all scenarios, we take the degraded materials to
have no radiative decay, and only a non-radiative singlet and triplet
decay rate of knr,S = 10−8 s−1 and knr,T = 10−4 s−1, respectively. This
change is most impactful for the emitter sites, on which nearly all
radiative decay takes place. We thus consider the assumption that a
degraded emitter site can no longer contribute to the light emission
and effectively acts as a fast exciton quenching site, as the fundamental
reason for the luminance decay over time.

In our study, we distinguish six scenarios that differ concerning the
degradation product and concerning the materials that are allowed to
degrade. Fig. 5.6 visualizes the changes to the frontier orbital energies
for four of the six scenarios (I, II, IIIa and IVa). Within scenarios I and
II, the degradation process results in a symmetric increase by 1 eV of the
HOMO–LUMO gap of the degrading material, making it energetically
unfavorable to be occupied by a charge with respect to the undegraded
material. In contrast, Scenarios III(a,b) and IV(a,b), lead to a symmetric
decrease of the energy gap by (a) 1 eV or (b) 2 eV. The result is that
the degraded molecules act as an electron and hole trap relative to
their undegraded state, with an average trap depth of (a) 0.5 eV or (b)
1.0 eV. In scenarios I and III(a,b), only degradation of the TADF emitter
material 4CzIPN-Me is considered, while in scenarios II and IV(a,b) all
materials in the stack can degrade.

In all scenarios, the singlet and triplet energies of the degraded ma-
terial are adjusted to the changes of the HOMO–LUMO gap, while
the exciton binding energies are assumed to stay constant. As a re-
sult, a degradation product that is energetically unfavorable for charge
transport (“inactive site”, as in scenarios I – II) is also energetically un-
favorable for exciton formation and diffusion. On the other hand, a
degradation product that is charge-trapping (scenarios III – IV) is also
exciton-trapping.

5.2.3 Simulation results

Lifetime simulations for the experimentally selected current density of
19 Am−2, leading to an initial emission of 1000 cd m−2 in experiment,[9]
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Figure 5.6: Overview of the simulated degradation scenarios I, II, IIIa and IVa.
The undegraded materials are shown in white (green for the emit-
ter) and degradation products are red. In scenarios I and II, the
degradation process results in a symmetric increase by 1 eV of the
HOMO–LUMO gap of the degrading material, while scenarios IIIa
and IVa lead to a symmetric decrease of that gap by 1 eV. In sce-
narios IIIb and IVb (not shown), degradation leads to a symmetric
decrease of the gap by 2 eV. In scenarios I and III, only degrada-
tion the TADF emitter material 4CzIPN-Me is considered, while in
scenarios II and IV all materials in the stack can degrade.



5.2 device degradation 171

would take a significant amount of simulation time,† even when using
Pdeg,sim = 1. We therefore carried out an extrapolation from simula-
tions at larger current densities, using the approach that was outlined in
Sec. 5.2.1.3. For the results in this section we perform the simulations at
J0 = 190 Am−2. Simulation results from which the lifetime acceleration
exponent n is determined are presented in Sec. 5.2.3.2. This is used
in Sec. 5.2.3.3, where the simulation results are compared with exper-
iment, leading for each scenario to an estimation for the degradation
probability parameter Pdeg.

5.2.3.1 Luminance decay and voltage shift

Figure 5.7 shows the results of lifetime simulations for all six degra-
dation scenarios I – IVb at the accelerated current conditions of J0 =
190 Am−2, using Pdeg,sim = 1. The hollow symbols indicate the sce-
narios with deep traps from degradation (IIIb and IVb). Figure 5.7(a)
shows the decay of the radiative rate R(t), normalized to the value in
the equilibrated pristine device state. The overall radiative decay rate
R(t) is taken to be proportional to the luminance decay, L(t). We thus
neglect a possible effect of a possible spectral shift on L(t). We remark
that the radiative decay occurs almost exclusively on the TADF emitter.
The figure shows that for scenarios I and II the radiative rate does not
decrease with time, even though the rate of degradation is similar (and
initially precisely equal) to that for the other scenarios. This indicates
that when the degradation product is taken to be “inactive”, the exci-
tons are easily generated on other, non-degraded emitter sites, and can
contribute to the emission from those sites. We therefore regard these
two “inactive site” degradation scenarios as inapplicable to this device.

For scenarios III(a,b) and IV(a,b), for which degradation results in
charge and exciton-trapping sites, the simulations show a strong decay
of the radiative rate within the simulated timescale. The crosses in
Fig. 5.7(a) indicate for each case the LT50 values, τ50,sim. The simulations
show for scenarios III(a,b), for which degradation is limited to the
emitter, a somewhat longer lifetime than for scenarios IV(a,b), for which
all materials can degrade. However, the difference in lifetime for the
two most extreme scenarios (IIIa versus IVb) is only approximately a
factor 2. The numerical values of τ50,sim at J0 = 190 Am−2 are included
in Table 5.2, which gives an overview of all parameters extracted from
the lifetime simulation results for the different scenarios.

† The degradation phase of the simulations at J0 = 190 Am−2 takes 24 – 72 hours to reach
the LT50 lifetime. A simulation at 19 Am−2 is expected to take approximately a factor
10 – 25 longer (see αJ in Table 5.2).
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Figure 5.7: Degradation simulation results with full symbols for scenarios I,
II, IIIa and IVa, and hollow symbols for IIIb and IVb. (a) The
normalized radiative rate R(t) of all six scenarios at J0 = 190 Am−2

with crosses marking the LT50 lifetimes, τ50,sim. The curves are
stretched exponential fits for scenarios IIIa and IVa (dashed curves
for IIIb and IVb). (b) The voltage shift ∆V of all six scenarios with
respect to the equilibrated pristine state (t = 0) at J0 = 190 Am−2.
(c) R(t) after rescaling to J0 = 19 Am−2 by applying the scenario-
specific current-rescaling factor αJ (see Table 5.2) for scenarios III(a,b)
and IV(a,b). (d) Corresponding ∆V of scenarios III(a,b) and IV(a,b)
at J0 = 19 Am−2.

Figure 5.7(b) shows the simulated voltage shift ∆V with respect to the
value of ∼ 9.8 V in the equilibrated pristine state (see Fig. 5.2(a)). Just as
for the radiative rate, scenarios I and II with inactive degradation prod-
ucts do not show the experimentally observed degradation behavior:
the simulations do not predict an increase of the driving voltage with



5.2 device degradation 173

Table 5.2: Results and analysis of degradation simulations for scenarios III(a,b)
and IV(a,b) at accelerated current conditions (Jacc = 190 Am−2) and
Pdeg,sim = 1. The simulations yield a lifetime τ50,sim(Jacc) and a volt-
age increase ∆V at t = τ50,sim(Jacc). Extrapolation using the calculated
acceleration exponent n (see Sec. 5.2.3.2), yielding an acceleration fac-
tor αJ (see Eq. (5.2)), leads to τ50,sim(J0), with J0 = 19 Am−2 the
current density at which an experimental lifetime of 1470 h has been
obtained.[9] With Eq. (5.1), the simulated and experimental lifetimes
at J0 are used to calculate the effective degradation probability per
triggering event, Pdeg.

Sce- τ50,sim ∆V n αJ τ50,sim Pdeg × 109

na- 190 Am−2 190 Am−2 19 Am−2

rio [µs] [V] [ms]

IIIa 166 0.09 1.26 18.0 3.00 0.57 ± 0.11

IIIb 129 0.15 1.04 11.1 1.43 0.27 ± 0.07

IVa 126 0.36 1.38 24.1 3.04 0.58 ± 0.14

IVb 95 0.32 1.20 15.7 1.49 0.28 ± 0.10

time. For scenario II, even a shift to lower voltages is observed. This
could be a result of exciton-polaron quenching involving low-energy
sites in the density of states, where charges can be trapped even in the
pristine device. Degradation scenarios that make such sites less trap-
ping (like I and II) lead to a density of states that is effectively narrowed,
resulting in easier charge transport. Also on the basis of these findings,
we regard the “inactive site” degradation scenarios as inapplicable to
this OLED. On the other hand, the simulations for scenarios III(a,b) and
IV(a,b) show an increase of the required driving voltage. The numerical
values of ∆V at J0 = 190 Am−2, evaluated at t = τ50,sim, are included in
Table 5.2. Interestingly, the effect is relatively insensitive to the precise
value of the assumed average trap depth of the degradation product
(0.5 or 1.0 eV), but quite sensitive to whether only the emitter molecules
or all molecules can degrade. A comparison with the bimolecular loss
rate profiles in Sec. 5.1.2 indicates that the increased voltage shift is
a result of degradation caused by exciton-polaron quenching at the
HTL|EML and EML|HBL interfaces.



174 chapter 5 – degradation scenarios in a tadf oled

5.2.3.2 Determination of the acceleration exponent

We have for scenarios III(a,b) and IV(a,b) determined the acceleration
exponent n, using the approach that was outlined in Sec. 5.2.1.3, in
order to enable a comparison with the experimental lifetime study for
the current density of 19 Am−2 that was used by Furukawa et al.[9] As
an example, Fig. 5.8(a) shows for degradation scenario IVa the simu-
lated decrease of the normalized radiative decay rate, R(t), obtained
from constant current simulations and normalized to the equilibrated
pristine state value for each current density. Figure 5.8(b) shows the

Figure 5.8: Determination of the acceleration exponent (see Sec. 5.2.1.3 and
Fig. 5.8) for scenario IVa. (a) Simulated radiative decay rate R(t) at
four values of the current density, normalized to the equilibrated
value of R in the pristine state. Dashed curves give stretched ex-
ponential fits to the simulation results. Crosses mark the LT50
lifetimes τ50,sim(J0). (b) Current density dependence of τ50,sim(J0).
The dashed line is a linear fit through the three lowest current
density points with a slope n = 1.38± 0.10.

resulting current density dependence of the simulated LT50 lifetime,
τ50,sim, determined from stretched exponential fits to the simulation
curves in panel (a), which are indicated by thin dashed lines. The un-
certainty is approximately equal to the symbol size. The figure shows
that the decrease is non-linear on a double-log scale towards higher
current densities, and hence does not precisely follow a power law. A
linear fit through the three lowest current density data points yields
an acceleration exponent of n = 1.38± 0.10. The observed non-linear
decrease on the log-log scale may be indicative of a gradually changing
degradation mechanism, e.g. due to shifting charge carrier and exciton
density profiles. It should be noted that for J0 = 1900 Am−2, the largest
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current density considered, τ50,sim is approx. 10 µs, which is only one
order of magnitude larger than the radiative decay time. The accelera-
tion exponents for scenarios IIIa, IIIb and IVb have been determined in
a similar way, as shown in Fig. C.3 of the appendix, and are included in
Table 5.2.

5.2.3.3 Comparison with experiment

A comparison of the simulations results with the experimental results
that are reported by Furukawa et al.[9] can be made by first extrapolat-
ing the simulation result to the experimentally used current density
of J = 19 Am−2 and by subsequently comparing the shapes of the
simulated and experimental radiative decay and voltage shift curves.
The necessary parameters are summarized in Table 5.2 for scenarios
III(a,b) and IV(a,b). The last column gives the values of Pdeg that fol-
low from Eq. (5.1) with the simulated τ50 lifetime, obtained assuming
Pdeg,sim = 1, and the experimental lifetime. For scenario IVa, e.g.,
τ50,sim(19 Am−2) is obtained from τ50,sim(190 Am−2) using a scaling
factor αJ = (190/19)n = 24.1. A comparison of the simulated LT50
lifetime and the experimental value (1470 h) leads then with Eq. (5.1) to
Pdeg = 0.58× 10−9.

The simulation results after the rescaling of the current are shown in
Fig. 5.7(c,d). Panel (c) shows the decay of the radiative rate R(T) for
each scenario. The R(T) curves for the scenarios with a trap depth of
0.5 eV (IIIa and IVa), and as a result also the values of τ50,sim(19 Am−2)
and Pdeg, are very similar. For the scenarios with a trap depth of 1 eV
(IIIb and IVb), τ50,sim(19 Am−2) and Pdeg are approximately a factor
two smaller. For the scenarios studied here, Pdeg and the decay of R(t)
at J0 = 19 Am−2 are found not to be dependent on the degradation of
non-emitting materials, but do show a sensitivity to the average trap
depth after the degradation. Extending the analysis to obtain more
specific information, e.g. about the dependence of Pdeg on the type of
bimolecular process is beyond the scope of this work. We remark that
the values of Pdeg that we obtain here for a green TADF OLED are
slightly smaller than the value of Pdeg ≈ 2× 10−9 that was estimated
from experiments by Giebink et al.[30] for exciton-polaron quenching in
a green phosphorescent OLED. Figure 5.7(d) shows the voltage shift for
the four scenarios after the lifetime rescaling to lower current-densities.
Similar as under the accelerated current density conditions in panel (b),
the increase of ∆V is significantly stronger if the non-emitting materials
contribute to the degradation process (IVa and IVb).



176 chapter 5 – degradation scenarios in a tadf oled

Figure 5.9: Comparison of the experimental (black curves) and simulation re-
sults (symbols) at the same current density J0 = 19 Am−2 for degra-
dation scenarios III(a,b) and IV(a,b). Full symbols, and curves as
guides-to-the-eye, are used for scenarios IIIa and IVa, and hollow
symbols, with dashed curves, are used for scenarios IIIb and IVb.
The black cross gives the experimental LT50 lifetime (1470 h). (a)
Simulated radiative decay rate R(t), normalized to the equilibrated
value in the pristine state (t = 0). (b) Voltage shift ∆V with respect
to the equilibrated pristine state.

Figure 5.9 gives a comparison of the experimental data from Ref. [9]
(black curves) and the simulation results. Panel (a) compares for each
simulation scenario the decay of the radiative rate, normalized to the
value in the equilibrated pristine state and scaled using the value of Pdeg
that is given in Table 5.2, with the normalized experimental decay of the
luminance. For each scenario, the time-dependence of the decay is very
similar to the experimental curve. This comparison thus does not yet
enable us to identify a most likely degradation scenario. Figure 5.9(b)
shows the experimental and simulated voltage shift ∆V for the four
scenarios. The experimental voltage shift of 0.8 V at t = τ50,exp is even
for scenario IV, which includes degradation and trap site formation
in all layers, significantly underestimated. The figure shows that the
experimental voltage increase is particularly fast in a very early stage
of the degradation process. Our simulations suggest that this effect is
not a result of intrinsic processes in the active part of the device. Also
in other work, extrinsic factors have been argued to strongly affect the
early-stage luminance (“fast-initial drop”)[34] and the voltage shift.[33]

We can also not exclude that the observed fast initial increase of the
voltage shift is related to degradation processes in the hole-injecting
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Figure 5.10: Degradation profile, defined as the percentage of degraded sites
in each molecular layer, for scenario IVa and J0 = 190 Am−2 at the
LT30 lifetime (τ30). For the EML the contributions of the host and
guest molecules are added, so that the total bar height corresponds
to the total percentage of degraded sites. The inset shows the
degradation in the EML for both materials as a percentage of the
number of sites of that material.

layer, at the interface of that layer with the TAPC hole transport layer,
or at the electron-injection layer, which are not explicitly included here.

5.2.3.4 Degradation profile

The simulations can provide the layer or even site-resolved probability
that a degradation process has occurred. As an example, Fig. 5.10

shows the degradation profile that has been obtained for scenario IVa
for J0 = 190 Am−2 at a simulated time tsim = 381 µs, corresponding
to the LT30 lifetime, τ30,sim. Within this scenario, degradation can
occur on all materials, in all layers. The figure shows that in the EML
most degradation occurs near the interface with the HBL, and that in
the molecular layer adjacent to that interface ∼ 1.5% of the molecules
have degraded. The dominating degradation-triggering process is
exciton-polaron quenching of singlet excitons located on an emitter
site by electrons that are located on another nearby emitter site. Even
though the average electron density in the EML is approximately thirty
times larger than the layer-averaged hole density, the contribution of
exciton-electron quenching is found be only a factor ∼ 7 larger than the
contribution of exciton-hole quenching. This is because in the EML the
diffusivity of the holes, which can also hop via the host molecules, is
much larger than that of the electrons. As a result, about one third of
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the degraded molecules in this layer is an mCBP host molecule. The
inset shows that due to the difference in concentrations the probability
that an emitter is degraded is much larger than the probability that a
host molecule is degraded. The degradation of host molecules in the
EML can still contribute to the luminance loss, because these degraded
molecules act as trap sites on which an electron or hole can reside
that gives rise to exciton-polaron quenching. Similarly, also degraded
molecules in the HBL near the interface with the EML can give rise
to such quenching. That can explain why for scenario IVa (IVb) the
simulated lifetime at high current densities is about 25 – 30% shorter
than for scenario IIIa (IIIb). The degradation of sites in the HTL near
the interface with the EML is expected to contribute only weakly to
the luminance decay, because of the small exciton density near that
interface (see Fig. 5.3(c,d)). However, the trapping of charges at these
sites will contribute to the voltage shift.

5.3 summary and conclusions

We have demonstrated how kinetic Monte Carlo OLED device simula-
tions can be used to investigate the sensitivity to various degradation
scenarios. Within a degradation scenario, events are defined that can
trigger a molecular degradation process, the probability Pdeg with
which such an event triggers degradation, and the final product of
each degradation process. The simulations have been applied to an
experimentally well-characterized green TADF OLED.[9] Bimolecular
loss-processes (exciton-polaron quenching and exciton-exciton annihi-
lation) are assumed to be the degradation-triggering processes, and
the degradation product is assumed to be a non-emissive molecule.
The scenarios that are included differ with respect to the energy of the
frontier orbitals of the degraded molecule and the type of molecules
considered to be degrading (only the TADF emitters, or also the other
materials). The probability Pdeg that a triggering event gives rise to a
degradation process is expected to be process- and material-specific,
and could be given by a distribution due to the molecular scale disor-
der. We have neglected such complications here by treating Pdeg as a
single effective parameter that can be deduced for each scenario from a
comparison between the simulated and experimental luminance decay
for a fixed certain current density. The degradation simulations are
carried out after having obtained an equilibrated charge and exciton
density at the selected current density and after having determined
the device performance in its pristine state with a statistically good
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accuracy. Subsequently, the possibility of degradation is enabled in the
simulation.

In order to make explicitly simulating the entire device lifetime sim-
ulations feasible, the value of Pdeg that is used in the simulations is
taken as large as possible, with the constraint that the degradation
process is still slower than the radiative and non-radiative decay pro-
cesses. For the devices studied, we find that degradation simulations
for the experimentally used current density (∼ 20 Am−2) still take too
long. We therefore determine the simulated lifetime by extrapolation
of results from accelerated degradation simulations at larger current
densities. Such a procedure is also often used experimentally. For the
selected TADF OLEDs, the simulations show that scenarios for which
the HOMO–LUMO gap of the degraded materials is increased relative
to their undegraded state lead to essentially no luminance decay and
almost no voltage shift or even a small negative shift. In contrast, sce-
narios in which the degraded molecules form trap sites of various depth
are found to provide a time-dependence of the luminance decay that
agrees well with experiment. For all trapping scenarios, the experimen-
tal results can be quite well described using Pdeg ∼ (0.2 – 0.7)× 10−9.
The predicted voltage shift is largest when degradation of all materials
is assumed, but is significantly smaller than the actually observed shift.
The difference is indicative either of the role of degradation processes
that involve extrinsic factors or degradation at or near the injecting
contact layers.

We envisage that the methodology that has been demonstrated in
this work can be used to systematically investigate how OLED lifetimes
depend on the layer composition and structure and the charge carrier
balance. A wide range of potentially interesting additional degradation
scenarios could be used to study the sensitivity of the luminance de-
cay or voltage increase to degradation in spatially distinct parts of the
device, for example by limiting the degradation to specific materials,
specific layers, or even to smaller regions within a certain layer. Fur-
thermore, experiments[35,36] or quantum-chemical calculations[37,38] that
predict the probability of degradation-triggering events in each material
and the properties of the resulting degradation products could be used
to narrow the range of relevant degradation scenarios. A slightly differ-
ent application of KMC lifetime simulations is to study systematically
how the lifetime acceleration exponent n, which is also an important
experimental parameter, is related to the details of the OLED device
structure and the assumed degradation processes. A next step would
be to refine the approach that has been presented in this work, so that



180 chapter 5 – degradation scenarios in a tadf oled

material- and process-specific instead of device-averaged effective val-
ues of Pdeg are obtained. Such refined results could then be correlated
with the results of first principles quantum-chemical modeling.



A P P E N D I X C

The Appendix C to this chapter contains (C1) a tabular overview of additional
simulation parameters, (C2) a sensitivity analysis of the J(V) characteristics
and external quantum efficiency ηEQE(J) to the charge carrier hopping attempt
rate for holes ν1,h, and electrons, ν1,e, as well as (C3) the voltage-dependence
of the excitonic processes in pristine devices for the “emitter-only” Förster
scenario and (C4) the acceleration exponents for the remaining degradation
scenarios IIIa, IIIb and IVb.
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c1 overview of simulation parameters

For the device studied, the layer thicknesses, the layer compositions
and the HOMO and LUMO energy levels of all materials have been
given in Fig. 5.1 of the main text. Table 5.1 of the main text includes the
energy levels, the radiative and non-radiative decay rates, and literature
references. Below, in Table 5.3, we present an overview of all other
simulation input parameters.

Table 5.3: Overview of the additional simulation parameters used.

Description Value
a nearest-neighbor (NN) distance1 1 nm
εr relative dielectric permittivity 3.0
σ width (standard deviation) of the 0.10 eV

Gaussian HOMO and LUMO disorder2

σS(T) width of the excitonic disorder2 0.05 eV
λ wavefunction decay length 0.3 nm

(taken equal for electrons, holes, excitons)
ν1,h NN hole hopping attempt rate3,4 1.66× 1010 s−1

ν1,e NN electron hopping attempt rate3,4 1.66× 109 s−1

fS fraction of singlets upon exciton generation 0.25
kISC intersystem crossing rate 4CzIPN-Me 41× 106 s−1

kRISC reverse intersystem crossing rate on 4CzIPN-Me 0.77× 106 s−1

RF,diff Förster radius for singlet exciton transfer4,5,6,7 1.5 nm
kD,1 nearest-neighbor Dexter transfer attempt rate4,5,8 2.1× 107 s−1

RF,Q Förster radius singlet–polaron quenching4,5,7 3.5 nm
RF,A Förster radius singlet–exciton annihilation4,5,7,9 3.5 nm
T temperature 300 K

1 Simple cubic grid; resulting site density Nt = a−3 = 1× 1027 m−3.
2 The disorder is assumed to be spatially uncorrelated.
3 Hops to sites within a 5×5×5 nm3 cube around the initial site are included.
4 Actual rate thermally activated, as described by the Miller–Abrahams formula.
5 Exciton transfer to or exciton interactions with neighbor sites within a
11×11×11 nm3 cube around the initial site are included.
6 The final spin state after Förster-transfer is in all cases assumed to be a singlet.
7 The exciton transfer between all types of molecules was described using this
value of RF, except in the “emitter-only” Förster scenario.
8 Accounts for spin statistics: S + S→ S, S + T→ T and T + T→ ¼S+¾T.
9 Förster-type SSA and STA yields a singlet and triplet exciton, respectively.
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c2 sensitivity to charge carrier hopping attempt rate

As mentioned in the main text, the current-density for the initial, pris-
tine state that was obtained in our previous simulation study (see
Ref. [10]) was a factor of two larger than the experimental value (see
Ref. [9]). To address this, we have in the present study halved the hop-
ping attempt rate for holes, ν1,h, and electrons, ν1,e. Figure C.1 shows
the sensitivity of the J(V) characteristics and the external quantum effi-
ciency ηEQE(J) to this parameter change, assuming a light-outcoupling
efficiency of 25%. The dashed curves are a guide-to-the-eye. In unipolar
device simulations, a change of ν1,h or ν1,e by a certain factor would lead
to a change of the current density at a given voltage by precisely the
same factor. However, in bipolar device simulations there are several
other rates that can also affect the current density, such as the rates of
radiative decay, exciton dissociation and bimolecular excitonic processes.
We find nevertheless that the current density is, within the accuracy
of the simulations, precisely halved (panel (a)), and that the decrease
of the EQE “roll-off” at higher current-densities is nearly unchanged
(panel (b)).

Figure C.1: Simulation results revealing the sensitivity to a change of the hole
and electron hopping attempt rates from the values used by Gottardi
et al. [10] (green triangles) to the 50% reduced values that are used
in this study (blue squares). Black curves show the experimental
results obtained by Furukawa et al. [9]. Panel (a) shows the J(V)
characteristics and (b) shows the EQE roll-off ηEQE(J) assuming a
light outcoupling efficiency of 25%.
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c3 excitonic processes for “emitter-only” scenario

Figure C.2 shows the contribution of the various excitonic processes
in the equilibrated pristine state for the “emitter-only” scenario, in
which only Förster-type interactions between the emitter molecules are
assumed. Compared to the losses when Förster processes are enabled
for all materials, shown in Fig. 5.4, this “emitter-only” scenario shows
a smaller loss due to singlet-polaron quenching. Additionally, the
contribution from singlet non-radiative decay is at high voltages slightly
smaller.

Figure C.2: Relative contribution of the various excitonic processes for singlets
and triplets for the case of Förster processes that occur only between
sites of the emitter material. The dashed vertical line represents the
voltage that corresponds to the current density J0 = 190 Am−2 at
which the degradation simulations are performed.
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c4 determination of acceleration exponents

In addition to the determination of the acceleration exponent n that
was given for scenario IVa in Fig. 5.8 of Sec. 5.2.3.2, we show here the
simulation results that have been used to determine n for the degra-
dation scenarios IIIa, IIIb and IVb. Fig. C.3 shows in panels (a, c, e)
the simulated decrease of the radiative decay rate R(t), obtained from
constant-current simulations for various values of J0 and normalized to
the initial-state value for the selected current density. The crosses indi-
cate the simulated LT50 lifetime, τ50,sim(J0), determined from stretched
exponential fits (dashed curves). Panels (b, d, f) show the resulting
current density dependence of τ50,sim as a function of J0. The data
shows a linear relationship on a logarithmic scale. The absolute value
of the slope gives the acceleration exponent n.
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Figure C.3: Determination of the acceleration exponent, n, as described in
Sec. 5.2.1.3, for scenarios IIIa, IIIb and IVb. (a, c, e) Simulated decay
of the normalized radiative rate, R(t), at varying current densities
J0 and using Pdeg,sim = 1. Dashed curves give stretched-exponential
fits to the simulation results and crosses mark the LT50 lifetimes
τ50,sim(J0). (b, d, f) Current density dependence of τ50,sim(J0). The
data shows a linear relationship on a logarithmic scale. The accel-
eration exponent n is equal to the absolute value of the slope. All
details about the degradation scenarios can be found in Sec. 5.2.2.



C H A P T E R 5 — B I B L I O G R A P H Y

[1] J.-H. Lee, C.-H. Chen, P.-H. Lee, H.-Y. Lin, M.-k. Leung, T.-L.
Chiu, and C.-F. Lin. “Blue organic light-emitting diodes: current
status, challenges, and future outlook.” J. Mater. Chem. C 7, 5874–
5888 (2019). doi: 10.1039/C9TC00204A.

[2] M. Tanaka, H. Noda, H. Nakanotani, and C. Adachi. “Effect of car-
rier balance on device degradation of organic light-emitting diodes based
on thermally activated delayed fluorescence emitters.” Adv. Electron 5,
1800708 (2019). doi: 10.1002/aelm.201800708.

[3] J. W. Kim, J. Kim, J. Kim, J. Chwae, S. Kang, S. O. Jeon, W.-J. Son,
H. Choi, B. Choi, S. Kim, et al. “Holistic approach to the mechanism
study of thermal degradation of organic light-emitting diode materials.”
J. Phys. Chem 124, 9589–9596 (2020). doi: 10.1021/acs.jpca.
0c07766.

[4] H. Bässler. “Charge transport in disordered organic photoconductors: a
Monte Carlo simulation study.” Phys. Status Solidi (B) 175 (1993).
doi: 10.1002/pssb.2221750102.

[5] M. Mesta, H. van Eersel, R. Coehoorn, and P. A. Bobbert. “Kinetic
Monte Carlo modeling of the efficiency roll-off in a multilayer white
organic light-emitting device.” Appl. Phys. Lett. 108, 133301 (2016).
doi: 10.1063/1.4945087.

[6] R. Coehoorn, H. van Eersel, P. A. Bobbert, and R. A. J. Janssen.
“Kinetic Monte Carlo study of the sensitivity of OLED efficiency and
lifetime to materials parameters.” Adv. Funct. Mater. 25, 2024–2037

(2015). doi: 10.1002/adfm.201402532.

[7] P. Kordt, P. A. Bobbert, R. Coehoorn, F. May, C. Lennartz, and
D. Andrienko. “Organic light-emitting diodes.” In: Handbook of Opto-
electronic Device Modeling and Simulation. CRC Press, 2017, 473–522.
isbn: 9780367875602.

[8] Y. Shen and N. C. Giebink. “Monte Carlo simulations of nanoscale
electrical inhomogeneity in organic light-emitting diodes and its impact
on their efficiency and lifetime.” Phys. Rev. Appl. 4, 054017 (2015).
doi: 10.1103/PhysRevApplied.4.054017.

187

https://doi.org/10.1039/C9TC00204A
https://doi.org/10.1002/aelm.201800708
https://doi.org/10.1021/acs.jpca.0c07766
https://doi.org/10.1021/acs.jpca.0c07766
https://doi.org/10.1002/pssb.2221750102
https://doi.org/10.1063/1.4945087
https://doi.org/10.1002/adfm.201402532
https://doi.org/10.1103/PhysRevApplied.4.054017


188 chapter 5 – degradation scenarios in a tadf oled

[9] T. Furukawa, H. Nakanotani, M. Inoue, and C. Adachi. “Dual
enhancement of electroluminescence efficiency and operational stability
by rapid upconversion of triplet excitons in oleds.” Sci. Rep. 5, 8429

(2015). doi: 10.1038/srep08429.

[10] S. Gottardi, M. Barbry, R. Coehoorn, and H. van Eersel. “Efficiency
loss processes in hyperfluorescent OLEDs: a kinetic Monte Carlo study.”
Appl. Phys. Lett. 114, 073301 (2019). doi: 10.1063/1.5079642.

[11] D. Y. Kondakov. “Role of chemical reactions of arylamine hole transport
materials in operational degradation of organic light-emitting diodes.” J.
Appl. Phys. 104, 084520 (2008). doi: 10.1063/1.3006890.

[12] S. Scholz, D. Kondakov, B. Lussem, and K. Leo. “Degradation
mechanisms and reactions in organic light-emitting devices.” Chem.
Rev. 115, 8449–8503 (2015). doi: 10.1021/cr400704v.

[13] H. Nakanotani, T. Higuchi, T. Furukawa, K. Masui, K. Morimoto,
M. Numata, H. Tanaka, Y. Sagara, T. Yasuda, and C. Adachi. “High-
efficiency organic light-emitting diodes with fluorescent emitters.” Nat.
Comm. 5, 1–7 (2014). doi: 10.1038/ncomms5016.

[14] A. Ligthart, T. D. Nevels, C. H. Weijtens, P. A. Bobbert, and R.
Coehoorn. “Mechanistic description of the efficiency loss in organic
phosphorescent host–guest systems due to triplet-polaron quenching.”
Org. Electron. 91, 106058 (2021). doi: 10.1016/j.orgel.2020.
106058.

[15] H. Yoshida and K. Yoshizaki. “Electron affinities of organic materials
used for organic light-emitting diodes: a low-energy inverse photoemis-
sion study.” Org. Electron. 20, 24–30 (2015). doi: 10.1016/j.orgel.
2015.01.037.

[16] M. Knupfer. “Exciton binding energies in organic semiconductors.”
Appl. Phys. A 77, 623 (2003). doi: 10.1007/s00339-003-2182-9.

[17] The Bumblebee software is provided by Simbeyond B.V. https:
//simbeyond.com.

[18] H. van Eersel, P. A. Bobbert, R. A. J. Janssen, and R. Coehoorn.
“Monte Carlo study of efficiency roll-off of phosphorescent organic
light-emitting diodes: evidence for dominant role of triplet-polaron
quenching.” Appl. Phys. Lett. 105, 143303 (2014). doi: 10.1063/1.
4897534.

https://doi.org/10.1038/srep08429
https://doi.org/10.1063/1.5079642
https://doi.org/10.1063/1.3006890
https://doi.org/10.1021/cr400704v
https://doi.org/10.1038/ncomms5016
https://doi.org/10.1016/j.orgel.2020.106058
https://doi.org/10.1016/j.orgel.2020.106058
https://doi.org/10.1016/j.orgel.2015.01.037
https://doi.org/10.1016/j.orgel.2015.01.037
https://doi.org/10.1007/s00339-003-2182-9
https://simbeyond.com
https://simbeyond.com
https://doi.org/10.1063/1.4897534
https://doi.org/10.1063/1.4897534


C4 determination of acceleration exponents 189

[19] M. Mesta, M. Carvelli, R. J. de Vries, H. van Eersel, J. J. M. van
der Holst, M. Schober, M. Furno, B. Lüssem, K. Leo, P. Loebl,
R. Coehoorn, and P. A. Bobbert. “Molecular-scale simulation of
electroluminescence in a multilayer white organic light-emitting diode.”
Nat. Mater. 12, 652–658 (2013). doi: 10.1038/nmat3622.

[20] A. Miller and E. Abrahams. “Impurity conduction at low concentra-
tions.” Phys. Rev. 120, 745–755 (1960). doi: 10.1103/PhysRev.120.
745.

[21] N. B. Kotadiya, A. Mondal, P. W. M. Blom, D. Andrienko, and
G.-J. A. Wetzelaer. “A window to trap-free charge transport in organic
semiconducting thin films.” Nat. 18, 1182–1186 (2019). doi: 10.1038/
s41563-019-0473-6.

[22] H. Nakanotani, T. Higuchi, T. Furukawa, K. Masui, K. Morimoto,
M. Numata, H. Tanaka, Y. Sagara, T. Yasuda, and C. Adachi. “High-
efficiency organic light-emitting diodes with fluorescent emitters.” Nat.
Commun. 5, 4016 (2014). doi: 10.1038/ncomms5016.

[23] V. Jankus, P. Data, D. Graves, C. McGuinness, J. Santos, M. R.
Bryce, F. B. Dias, and A. P. Monkman. “Highly efficient TADF
OLEDs: how the emitter–host interaction controls both the excited state
species and electrical properties of the devices to achieve near 100%
triplet harvesting and high efficiency.” Adv. Funct. Mater. 24, 6178

(2014). doi: 10.1002/adfm.201400948.

[24] Y. Seino, H. Sasabe, Y.-J. Pu, and J. Kido. “High-performance blue
phosphorescent oleds using energy transfer from exciplex.” Adv. Mater.
26, 1612 (2014). doi: 10.1002/adma.201304253.

[25] K. Hensel and H. Bässler. “Delayed luminescence in a molecularly
doped polymer (tapc in polycarbonate).” Adv. Mater. Opt. Electr. 1,
179–188 (1992). doi: 10.1002/amo.860010404.

[26] H.-F. Chen, S.-J. Yang, Z.-H. Tsai, W.-Y. Hung, T.-C. Wang, and
K.-T. Wong. “1,3,5-triazine derivatives as new electron transport-type
host materials for highly efficient green phosphorescent oleds.” J. Mater.
Chem. 19, 8112 (2009). doi: 10.1039/B913423A.

[27] H. D. Burrows, M. Fernandes, J. Seixas de Melo, A. P. Monkman,
and S. Navaratnam. “Characterization of the triplet state of tris(8-
hydroxyquinoline)-aluminium(III) in benzene solution.” J. Am. Chem.
Soc. 125, 15310 (2003). doi: 10.1021/ja037254f.

https://doi.org/10.1038/nmat3622
https://doi.org/10.1103/PhysRev.120.745
https://doi.org/10.1103/PhysRev.120.745
https://doi.org/10.1038/s41563-019-0473-6
https://doi.org/10.1038/s41563-019-0473-6
https://doi.org/10.1038/ncomms5016
https://doi.org/10.1002/adfm.201400948
https://doi.org/10.1002/adma.201304253
https://doi.org/10.1002/amo.860010404
https://doi.org/10.1039/B913423A
https://doi.org/10.1021/ja037254f


190 chapter 5 – degradation scenarios in a tadf oled

[28] N. Matsumoto, M. Nishiyama, and C. Adachi. “Exciplex formations
between tris(8-hydoxyquinolate)aluminum and hole transport materials
and their photoluminescence and electroluminescence characteristics.” J.
Phys. Chem. C 112, 7735 (2008). doi: 10.1021/jp800443r.

[29] A. Ligthart, X. de Vries, L. Zhang, M. C. W. M. Pols, P. A. Bobbert,
H. van Eersel, and R. Coehoorn. “Effect of triplet confinement on
triplet-triplet annihilation in organic phosphorescent host-guest sys-
tems.” Adv. Funct. Mater. 28, 1804618 (2018). doi: 10.1002/adfm.
201804618.

[30] N. C. Giebink, B. D’Andrade, M. Weaver, P. Mackenzie, J. Brown,
M. Thompson, and S. Forrest. “Intrinsic luminance loss in phospho-
rescent small-molecule organic light-emitting devices due to bimolecu-
lar annihilation reactions.” J. Appl. Phys. 103, 044509 (2008). doi:
10.1063/1.2884530.

[31] S. S. Swayamprabha, D. K. Dubey, R. A. K. Y. Shahnawaz, M. R.
Nagar, A. Sharma, F.-C. Tung, and J.-H. Jou. “Approaches for long
lifetime organic light-emitting diodes.” Adv. Sci. 8 (2020). doi: 10.
1002/advs.202002254.

[32] J. S. Bangsund, K. W. Hershey, and R. J. Holmes. “Isolating degra-
dation mechanisms in mixed emissive layer organic light-emitting de-
vices.” ACS Appl. Mater. Interfaces 10, 5693–5699 (2018). doi:
10.1021/acsami.7b16643.

[33] B. Sim, J. S. Kim, H. Bae, S. Nam, E. Kwon, J. W. Kim, H.-Y.
Cho, S. Kim, and J.-J. Kim. “Comprehensive model of the degradation
of organic light-emitting diodes and application for efficient, stable
blue phosphorescent devices with reduced influence of polarons.” Phys.
Rev. Appl. 14, 024002 (2020). doi: 10.1103/PhysRevApplied.14.
024002.

[34] H. Yamamoto, J. Brooks, M. Weaver, J. Brown, T. Murakami,
and H. Murata. “Improved initial drop in operational lifetime of blue
phosphorescent organic light-emitting device fabricated under ultra high
vacuum condition.” Appl. Phys. Lett. 99, 138 (2011). doi: 10.1063/
1.3610998.

[35] D. Kondakov, W. Lenhart, and W. Nichols. “Operational degrada-
tion of organic light-emitting diodes: mechanism and identification of
chemical products.” J. Appl. Phys. 101, 024512 (2007). doi: 10.1063/
1.2430922.

https://doi.org/10.1021/jp800443r
https://doi.org/10.1002/adfm.201804618
https://doi.org/10.1002/adfm.201804618
https://doi.org/10.1063/1.2884530
https://doi.org/10.1002/advs.202002254
https://doi.org/10.1002/advs.202002254
https://doi.org/10.1021/acsami.7b16643
https://doi.org/10.1103/PhysRevApplied.14.024002
https://doi.org/10.1103/PhysRevApplied.14.024002
https://doi.org/10.1063/1.3610998
https://doi.org/10.1063/1.3610998
https://doi.org/10.1063/1.2430922
https://doi.org/10.1063/1.2430922


C4 determination of acceleration exponents 191

[36] A. S. Sandanayaka, T. Matsushima, and C. Adachi. “Degradation
mechanisms of organic light-emitting diodes based on thermally acti-
vated delayed fluorescence molecules.” J. Phys. Chem. 119, 23845–
23851 (2015). doi: 10.1021/acs.jpcc.5b07084.

[37] M. Hong, M. K. Ravva, P. Winget, and J.-L. Bredas. “Effect of
substituents on the electronic structure and degradation process in
carbazole derivatives for blue oled host materials.” Chem. Mater 28,
5791–5798 (2016). doi: 10.1021/acs.chemmater.6b02069.

[38] R. Wang, Q.-Y. Meng, Y.-L. Wang, and J. Qiao. “Negative charge
management to make fragile bonds less fragile toward electrons for robust
organic optoelectronic materials.” CCS Chem. 3, 828–840 (2021). doi:
10.31635/ccschem.021.202100778.

https://doi.org/10.1021/acs.jpcc.5b07084
https://doi.org/10.1021/acs.chemmater.6b02069
https://doi.org/10.31635/ccschem.021.202100778




6
O P T I M A L VA L U E O F T H E A S S U M E D D E G R A D AT I O N
P R O B A B I L I T Y I N K M C S I M U L AT I O N S

The workflow for OLED degradation simulations, presented in the previous
chapter, assumes a degradation probability per triggering event Pdeg,sim that is
much larger than the actual experimental value, Pdeg,exp. That experimental
value is then obtained from a comparison of the simulated and measured
luminance decay. Simulations with a large value of Pdeg,sim, if possible even
equal to 1, are computationally most efficient. However, it is not a priori clear
how large Pdeg,sim can be chosen without unduly impacting the device physics.
In this chapter, we study above which value of Pdeg,sim the device degradation
behavior at different current densities is impacted. This allows us to empirically
determine a suitable maximum value for the degradation probability Pdeg,sim
for the specific TADF device studied in Chapter 5. The study serves as a first
step towards developing a more generally applicable criterion for the maximum
acceptable value of Pdeg,sim, which can be applied to other OLED structures in
future work and which allows minimizing the required simulation times.
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introduction

In the previous chapter we introduced a workflow that, with the right in-
put parameters, allows predicting OLED degradation experiments using
KMC simulations. In order to keep the simulation times feasible we use
two different methods that speed up the simulated degradation: (i) an
increased degradation probability per triggering event Pdeg � Pdeg,exp,
with Pdeg ≡ Pdeg,sim the degradation probability in the simulation and
Pdeg,exp the actual degradation probability of the material, and (ii) in-
creased current densities Jacc that allow extrapolating the lifetimes at
lower current densities. The use of Jacc is a common and well estab-
lished method in experimental degradation studies,[1] which can be
directly applied to the virtual experiments of the KMC simulations.
Both speedup methods can reduce the required simulation time by sev-
eral orders of magnitude. However, it is not a priori clear by how much
the simulations for a given device can be sped up without affecting the
device physics in a way that reduces the accuracy of the predictions.
To maximize the simulation throughput in future studies, it will be
beneficial to optimize the choice of the important speedup parameters,
Pdeg and Jacc, with the help of physics-based and well-defined criteria.

In this chapter, we will vary Pdeg for degradation simulations at
systematically chosen current densities, with the aim to determine its
optimal value regarding the trade-off between simulation accuracy and
speed. This empirical optimization, and the extensive degradation
simulation data set it is based on, can then in future work be the basis
for formulating a more generally applicable criterion for the optimal
choice of Pdeg. The device that is studied is the same as in the previous
chapter, and has been well characterized experimentally by Furukawa
et al.[2] and in KMC simulations by Gottardi et al. (pristine device)[3]

and by Hauenstein et al. (degradation).[4]

6.1 accelerating degradation with large value of pdeg

As presented in the previous Chapter 5, degradation in the KMC sim-
ulations is described by a degradation scenario. Such a scenario is
defined by the materials that are assumed to be degrading, the type
of events that are assumed to trigger degradation, and the probability
with which a single triggering event leads to molecular degradation.

In this chapter, we focus on the last of these points: the assumed
degradation probability per triggering event, Pdeg. The increased degra-
dation probability Pdeg with respect to the actual value Pdeg,exp in the



196 chapter 6 – optimal value of degradation probability in kmc

real material is then accounted for by a rescaling of the simulated time
in a postprocessing step. This rescaling assumes that all processes
that are indirectly affected by a degradation event occur sufficiently
soon after that event, so that the device remains all the time in a well-
equilibrated state (albeit with a changing material composition). This is
the case if degradation is significantly slower than all other processes
in the system, as is also the case in the experiments. It is essential for
the accuracy of the simulations that this assumption is fulfilled for any
value of Pdeg that is used. Therefore, Pdeg has to be carefully chosen.
The value should be taken as large as possible, such that the highest
possible speedup is achieved (the simulation time scales with P−1

deg). At
the same time, Pdeg has to be small enough such that the device physics
is not impacted. In this low Pdeg-regime, the simulated time tsim can
then be converted to the experimental time scale texp by

texp =
Pdeg

Pdeg,exp
× tsim . (6.1)

The degradation, usually taken to be a result of bimolecular processes,
is expected to increase more strongly with increasing current densities
than other (monomolecular) processes. As a result, the optimal value
of Pdeg for a given device depends also on the current density. When
simulating accelerated lifetime experiments at different current densities
Jacc, the optimal Pdeg therefore has to be determined separately for each
of them.

The moment of the highest degradation rate occurs at t = 0, when no
sites are yet degraded. The quenching and annihilation rates from sim-
ulations of the undegraded device (see equilibrated pristine-state phase
in Chapter 5) can be used to predict that maximum degradation rate.
While the degradation rate can be easily determined from the recorded
degradation processes, identifying all other relevant processes and their
corresponding time scales is not always straightforward. Relaxation
in the immediate environment and on a device-scale are important to
consider, covering wide ranges of time and length scales. In the region
around a degraded site, the charges and excitons will adjust to the new
properties of the modified morphology. The time scales of this local
relaxation depend on microscopic processes like charge and exciton
transfer and decay rates. This local relaxation then impacts the charge
and exciton equilibrium of the entire device, the response of which
typically occurs on much longer time scales. This device-scale relax-
ation depends on macroscopic parameters, most importantly the device
thickness, the applied voltage, the exciton diffusion coefficients and the
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charge mobility. A generally applicable criterion that aims to quantify a
priori the optimal value of Pdeg from the steady-state processes in the
pristine device will likely have to consider some or all of these elements
and is beyond the scope of this work. In this chapter, we will instead
empirically determine suitable maximum acceptable values of Pdeg for
the TADF device studied in Chapter 5 for one degradation scenario (IVa,
see Fig. 5.6) at different current densities. The approach is described in
more detail in the following section.

6.2 approach for determining optimal value of pdeg

The lower threshold for Pdeg is given by Pdeg = Pdeg,exp, which would
explicitly simulate the degradation experiment on its real time scale,
reaching at least thousands of hours for well-developed material sys-
tems.† The simulations of the device studied here progress by ap-
proximately 100 µs per day, making Pdeg = Pdeg,exp far from feasible.
The upper threshold is given by Pdeg = 1, which achieves the highest
possible acceleration of degradation in the simulation and the highest
simulation speedup.

Ideally, the time-dependence of the device degradation behavior
should scale precisely with a factor Pdeg. Fig. 6.1 schematically shows
on the left hand side ideal simulation results for different Pdeg as a
function of the simulated time. On the right hand side of the figure, the
simulated time of each simulation is rescaled by its respective Pdeg. The
time scales are here effectively scaled to Pdeg = 1 for all simulations,
which serves as a Pdeg-adjusted reference time scale to compare the
results. For any two simulations i and j that are identical apart from
the value of Pdeg, and that are both performed in the low Pdeg-regime,
the adjusted time-dependence (Pdeg × tsim) of the radiative decay rates
R must be the same:

Ri

(
Pdeg,i × tsim,i

)
= Rj

(
Pdeg,j × tsim,j

)
. (6.2)

We will check with Eq. (6.2) whether in actual device simulations the
device physics is affected by a variation of Pdeg in different simulations.

We vary Pdeg over one order of magnitude, with Pdeg = 1, 0.3 and 0.1,
for a selection of current densities that were also simulated in the previ-
ous Chapter 5: J0 = 190, 570 and 1900 Am−2. For J0 = 1900 Am−2 we
also additionally consider Pdeg = 0.02. All other simulation parameters

† From the work of Giebink et al.[5] and from the work in the previous chapter, we can
expect Pdeg,exp to be on the order of ∼ 10−9 for typical OLED material systems.
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Figure 6.1: Schematic depiction of the impact of Pdeg for two simulations with
different Pdeg,i > Pdeg,j � Pdeg,exp (the simulations are otherwise
identical). The left hand side shows the normalized radiative de-
cay rate R(tsim), with a slower degradation corresponding to lower
values of Pdeg. The right hand side shows the same data after appli-
cation of Eq. (6.2), multiplying the time axis with a factor Pdeg for
each simulation. The simulated time of each simulation is thereby
effectively scaled to the same time axis (Pdeg × tsim; correspond-
ing to Pdeg = 1), which allows evaluating the impact of Pdeg. In
the low Pdeg-regime, R(Pdeg × tsim) and any other time-dependent
characteristics, e.g. ∆V, are independent of Pdeg.

correspond to the simulations of degradation scenario IVb from that
chapter: exciton-exciton annihilation and exciton-polaron quenching
events are degradation triggering processes. All materials are assumed
to be degrading and the properties of the degradation products are de-
duced from the undegraded material by a 1 eV modification of HOMO
and LUMO, resulting in trapping of both charges, and, consistently, a
2 eV reduced singlet and triplet energy, resulting in exciton trapping.
The degradation products are non-emissive, but have non-radiative
exciton decay rates from both the singlet and the triplet state.

6.3 simulation results

Figure 6.2 shows in panels (a – c) the Pdeg-adjusted time-dependence
of the simulated radiative decay rate, R(Pdeg × tsim), for three different
current densities. We find that the time-dependence of the normal-
ized radiative decay rate R can always be well fitted by a stretched
exponential function given by

R(t) = exp

[
−
(

t
τ

) β
]

, (6.3)
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Figure 6.2: (a – c) Stretched exponential fits of the Pdeg-adjusted normalized
radiative decay rate R(Pdeg × tsim) for varying values of Pdeg at dif-
ferent current densities J0 = 190, 570, 1900 Am−2. Different symbols
mark the characteristic lifetimes τ90...50. (d – f) τ90...50 in dependence
of Pdeg for all J0.
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Table 6.1: Stretched exponential fit parameters for the R(t)-decay at different
current densities J0 and with different Pdeg. τ is the 1/e-decay time
and β the stretching exponent.

190 Am−2 570 Am−2 1900 Am−2

Pdeg τ [µs] β τ [µs] β τ [µs] β

1.0 170 0.68 49 0.57 12 0.50

0.3 174 0.74 41 0.74 11 0.60

0.1 174 0.77 39 0.78 11 0.72

0.02 – – – – 9.9 0.80

with τ the 1/e-decay time and β the stretching exponent. We show
here the fits to Eq. (6.3), instead of the full data, for the sake of visual
clarity. The fit parameters are summarized in Table 6.1. The symbols
mark the characteristic lifetimes τ90...50, after which R has decreased
to 90...50% of its initial value. For higher values of Pdeg, higher values
of the stretching exponents β are found. This results in R initially
(tsim < τ90) decreasing more rapidly, but then at longer times decreasing
slower than for the lower values of Pdeg, such that a crossing of the
curves around τ50 is observed. Panels (d – f) show the dependence of
the characteristic lifetimes on Pdeg for all simulations. Their relative
deviations for different Pdeg are strongest for τ90. At all current densities,
significant deviations larger than 30% of τ90 are observed when Pdeg
is decreased from 1 to 0.3. A further reduction of Pdeg from 0.3 to
0.1 has only little impact for the two lower current densities 190 and
570 Am−2, with deviations < 10%. This small difference indicates
the converged behavior that is expected in the low Pdeg-regime. A
stronger deviation, of more than 30%, is still observed for highest
current density of J0 = 1900 Am−2. For this current density, a further
reduction of Pdeg = 0.02 is required to reach a similar convergence of
the characteristic lifetimes.

For the device studied here, it is worth noting that the spread of τ50
lifetimes as a result of using different values of Pdeg is relatively small,
as the curves tend to intersect around that time. This means that the
extraction of the acceleration exponent in the previous chapter, based
on τ50 at various current densities, was not affected by the choice of
Pdeg = 1. If an earlier characteristic lifetime, e.g. τ90, was chosen as a
reference point, the impact of Pdeg would have to be accounted for.
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By analyzing the time-dependence of the degraded site formation,
we can determine the origin of the R(t) deviations induced by varying
Pdeg. The degraded site concentration for different values of Pdeg as a
function of the Pdeg-adjusted time is shown in Fig. 6.3 for the example
of J0 = 1900 Am−1. The faster initial decrease of the radiative decay

Figure 6.3: Pdeg-adjusted time-resolved degraded site density for the simula-
tions at J0 = 1900 Am−2 for Pdeg = 1 and for Pdeg = 0.1. The
increased degradation at very early times indicates that Pdeg = 1 is
not sufficiently low and impacts processes in the device beyond the
expected linear scaling of the simulated time.

rate R for higher Pdeg (see Fig. 6.2) is the result of an increased number
of degradations very early on (< τ90). Later, the trend reverses, with
higher Pdeg resulting in a slightly smaller overall degraded site density.
This behavior is less strong, but qualitatively similar for the lower
current densities. It is beyond the scope of this work to determine the
precise origin of the Pdeg-dependent degradation behavior, which likely
is related to the local and device-scale relaxation processes mentioned
in the previous section.

6.4 summary and conclusions

In this chapter, we studied the impact of Pdeg on device degradation
simulations for the example of a well-characterized (both experimen-
tally and by simulations) TADF OLED. We empirically determined
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the largest acceptable input values for Pdeg, which provide an optimal
trade-off between accuracy and simulation speed. The parameter is
so important because the simulations need to be performed with a
sufficiently low value of Pdeg to be physically accurate, whereas the
simulation time scales with P−1

deg. In the desired low Pdeg-regime, the
time-dependence of all processes depends exactly linearly on Pdeg. On
the Pdeg-adjusted time scale Pdeg × tsim, the processes are then inde-
pendent of Pdeg. We have varied the degradation probability Pdeg over
at least one order of magnitude at three different current densities,
up to the highest possible value of 1. The decrease of the radiative
decay rate is found to be affected by this variation, especially at very
early stages of the degradation process. At these very early times, an
increased degradation rate is observed when Pdeg is taken too large.
This is likely the result of too fast degradation, preventing local and
device-scale relaxation. The device is then not in the equilibrium state
corresponding to its current degraded state, as would be the case in
experiment and in the desired low Pdeg-regime. For Pdeg = 1, the
deviation of the characteristic decay time τ90 with respect to the low
Pdeg-regime is approximately 30 – 80% for the TADF device studied
here, with results obtained at higher current densities being affected
more strongly. For the device studied here, we have determined the
maximum acceptable input values for Pdeg, such that deviations of the
lifetime characteristics with respect to the low Pdeg-regime are less than
10%: For J0 = 190 and 570 Am−2, a value of Pdeg ∼ 0.1 is required.
For the highest current density, J0 = 1900 Am−2, a further reduction to
e.g. Pdeg = 0.02 is required to achieve a similar accuracy. The remaining
deviations of τ90 of approximately 10% with respect to the low Pdeg-
regime are overall small compared to the other uncertainties regarding
the degradation simulations and experiments. If desired, also a larger
Pdeg can be chosen to achieve faster simulations, if the corresponding
increase of uncertainty is considered acceptable. Especially for high cur-
rent densities, the required smaller values of Pdeg lead to a significantly
increased simulation time as compared to Pdeg = 1. Fortunately, this is
compensated by the reduced lifetime, so that degradation simulations
at high current densities are overall still feasible.

The results presented in this chapter demonstrate that, as expected, a
lower value of Pdeg is required to achieve the same accuracy at higher
current densities. However, even for the highest simulation speedup of
Pdeg = 1, for the device studied here the deviations are comparable to
the variation observed when considering different degradation scenarios
(see previous chapter).
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The empirical analysis of the low Pdeg-regime that has been demon-
strated in this chapter is time-intensive. For an ideal workflow, it should
be replaced by a physics-based criterion that can predict the optimal
value from simulations of the undegraded device. Finding a criterion
for the optimal choice of Pdeg, which considers all relevant time scales
based on the underlying physical processes, is an interesting task for
future work, that will allow optimizing the accuracy and required com-
putational time of the degradation simulation workflow presented in
this thesis.
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M A I N R E S U LT S A N D C O N C L U S I O N S

This chapter summarizes the main conclusions from all chapters, and how they
relate to the two research goals set out in the introduction of this thesis:
1. Determining quantitative parameter requirements that can serve as selection
criteria for successful TADF host-guest systems
2. Providing a deeper understanding of the physical processes in material and
device experiments by kinetic Monte Carlo simulations
The chapter is divided into two parts: Section 7.2 describes the most important
findings regarding selection criteria for TADF host-guest material combina-
tions, based on the findings from Chapters 3 and 4. Section 7.1 summarizes
the most important findings regarding KMC simulations of TADF device
degradation, based on Chapters 5 and 6.
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7.1 pl of tadf host-guest systems

In the first part of the thesis (Chapters 3 and 4), we studied transient
photoluminescence experiments of TADF host-guest systems. We began
in Chapter 3 by modeling the deconfinement of triplet excitons during
the PL experiment. The most crucial parameter that determines whether
deconfinement occurs was found to be the triplet confinement energy
∆ET, which is the difference between the host and guest materials’
triplet energy levels. If deconfinement occurs, its impact on the transient
PL depends on the timescales of the exciton transfer from the guest to
a nearby host molecule, on the subsequent diffusion between host sites,
on the energetic disorder and on the guest concentration. The shape of
the PL intensity decay can be strongly affected in various ways, as was
demonstrated in Figures 3.3 and 3.4 using analytical models and KMC
simulations for several cases, with different diffusion and photophysical
timescales. An especially notable case occurs when exciton transfer
and diffusion are fast and occur during the prompt PL regime: the
shape of the PL decay remains biexponential (as is expected for the
PL of a TADF emitter in the absence of host interactions), which poses
the risk of deconfinement going unnoticed and potentially resulting in
an incorrect characterization of the emitter’s photophysical properties.
Overall, ∆ET > 0.2 eV was established as the required threshold for
successfully suppressing deconfinement in TADF host-guest systems
(see Fig. 3.2).

In Chapter 4, we developed a model to describe the dissociation of
excitons in TADF host-guest systems during the transient PL experi-
ment as the result of a hole being transferred from the guest to the
host. The important material parameters governing the dissociation are
then found to be the exciton binding energy Eexc,b, the HOMO energy
difference between host and guest ∆EHOMO, and the energetic disorder
energy σHOMO (see Fig. 4.6). If dissociation occurs, the distinction be-
tween prompt and delayed PL dissappears, as shown in Fig. 4.4. The
dissociation model, as well as the deconfinement model from Chapter 3,
were experimentally validated using spectrally and time-resolved PL
experiments of the TADF emitter CzPIMe at a concentration of 5 mol%
in eight different host materials shown in Fig. 4.2. The required thresh-
olds for suppressing deconfinement and dissociation were found to be
∆ET & 0.25 eV and ∆EHOMO & −0.2 eV, respectively. The experimen-
tally determined threshold for suppressing triplet deconfinement agrees
quite well with the theoretical value of ∆ET ≥ 0.2 eV that was obtained
in Chapter 3.
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An important question is then whether these quantitative criteria can
be directly applied to other TADF materials: for triplet deconfinement,
the strong sensitivity to small differences of ∆ET, as shown in Fig. 3.2,
means that the application of the threshold criterion is in practice limited
by uncertainties in the experimental determination of the relevant triplet
energy levels. The experimental determination is usually based on
phosphorescence emission spectra, which are typically very broad for
D-A-type TADF emitter materials and for which the vibronic structure
of the spectrum cannot be resolved, even at low temperatures, making
a precise determination of ET difficult. We see this as a reason for
the small discrepancy between the experimentally determined ∆ET
threshold value of 0.25 eV for the emitter studied in Chapter 4, and the
theoretically predicted threshold of 0.2 eV in Chapter 3. Special care
also has to be taken when defining ET, using either phosphorescence
spectrum peak values, like in this work, or onset values. Both definitions
can be found in the literature.

For exciton dissociation, the ∆EHOMO threshold directly depends
on the material-specific exciton binding energy of the TADF emitter.
From the work presented here, the criterion can be more generally
expressed as ∆EHOMO & −Eexc,b + 0.8 eV, for the case of dissociation by
hole transfer.† For the application of this criterion, it will be important
to determine the exciton binding energy of different emitter materials.
That is, however, not currently a part of a typical emitter material
characterization study in the OLED field.

The work in these two first chapters has successfully addressed both
research goals: quantitative parameter requirements for host-guest
systems were determined, and modeling and simulations were used
to gain insights into the exciton dynamics at different times during
the PL experiment, disentangling effects that cannot be distinguished
experimentally.

7.2 oled degradation simulations

In the second part of the thesis (Chapters 5 and 6), we presented a work-
flow that allows the study of OLED device degradation experiments.
In Chapter 5, we demonstrated the workflow on a well-characterized
TADF OLED by simulating the luminance decrease L(t) and the volt-
age shift ∆V(t). The comparison of different degradation scenarios,

† We assume here 0.48 eV for the nearest-neighbor CT-state binding energy, based on a
point charge model of an electron and hole at a distance of 1 nm (nearest neighbor
molecules) and a dielectric constant εr = 3.
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shown in Fig. 5.7, revealed that in this device the degradation of emitter
molecules is nearly exclusively responsible for the decrease of L(t),
while the degradation of the transport layers is predominantly responsi-
ble for the increase in ∆V(t). From a comparison with the experimental
lifetime data, shown in Fig. 5.9, the probability of a bimolecular exci-
ton loss process (defined as triggering events) to result in molecular
degradation, Pdeg,exp, is found to be in the range of 0.2 – 0.7× 10−9.
This value is many orders of magnitudes smaller than the degradation
probability assumed in the simulations, Pdeg,sim, which is required in
order to make the simulation times feasible. On the one hand, it is
important to choose Pdeg,sim small enough (“low Pdeg,sim-regime”) such
that degradation is still the slowest process in the system, as is the case
experimentally. On the other hand, higher values directly reduce the
required simulation time, which scales with P−1

deg,sim.
In Chapter 6, we evaluated the impact of the assumed value of Pdeg,sim

on the physical processes in the simulation and empirically determined
the maximum acceptable values for three different current densities,
as shown in Fig. 6.2. To achieve results converged to the low Pdeg,sim-
regime within approximately 10%, a value of Pdeg,sim ∼ 0.1 is required
for the two lower current densities J0 = 190 and 570 Am−2 for the
TADF device studied here. For the highest simulated current density,
J0 = 1900 Am−2, a further reduction to Pdeg,sim = 0.02 is required for a
similar accuracy.

The deviations observed for higher values of Pdeg,sim are due to an
increased number of degradation processes at very early timescales.
The impact of varying Pdeg,sim on L(t) is therefore strongest in the early
stages of the degradation process and decreases at later times. As a
result, the maximum acceptable value of Pdeg,sim for the device studied
here also depends on the lifetime regime that is evaluated: to achieve
similar accuracies, a quantitative comparison of τ90 lifetimes requires
lower values of Pdeg,sim than a comparison of τ50 lifetimes.

Optimizing the value of Pdeg,sim to control the trade-off between
simulation accuracy and speed, as demonstrated for a specific device
here, will be useful for future studies of OLED degradation using
this simulation workflow. The degradation simulations presented here
contribute to the second research goal put forward for this thesis, by
offering unique insights into the effects of degradation of different
materials and the impact of degraded sites on the device physics in a
TADF OLED.





8
O U T L O O K

In this chapter, an outlook is given on promising further research regarding
the simulation of TADF material systems. In Section 8.1 we present two phe-
nomena for which KMC simulations could aid in the analysis of experimental
data and yield deeper insights into the underlying physics: (i) the impact of the
distribution of photophysical rates, both on PL experiments of thin films and
on the performance of full OLED devices, and (ii) the quantification of exciton
transfer rates in TADF materials. In Section 8.2, including the photophysical
properties of CT-states is argued to be a potentially useful extension of the
KMC model. In Section 8.3, the last section of this thesis, we take a step
back and evaluate the present state of KMC simulations for TADF OLEDs,
especially from the perspective of a multiscale simulation workflow.
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8.1 refined description of excitonic process rates

Several interesting applications of KMC simulations to TADF material
systems and experiments can be envisioned, beyond what has been
presented in this thesis. In this section, we discuss phenomena for
which an analysis based on KMC simulations may lead to a refined
description of the excitonic process rates.

Distribution of photophysical rates

In our current model, we include the distribution of singlet and triplet
exciton energies, and of the HOMO and LUMO energies, caused by
the distribution of distances and orientations that are present in the
disordered morphologies of the systems we study. However, the pho-
tophysical rates are taken to have the same values for all sites of a
given material. In practice, they are also expected to be distributed
in dependence of the conformational configurations of the molecules.
Especially crucial for TADF OLEDs are the radiative decay rate and the
RISC rate, which are sensitive to the dihedral angle between the donor
and acceptor groups.[1–3] As a result, our modeling currently does not
predict the multi-exponential “tail” of the delayed PL signal that is of-
ten observed for TADF emitters in time-dependent PL experiments.[4,5]

Furthermore, a change of the emission energies during the transient PL
is observed for many material systems, which can be attributed to the
emission from different molecular conformations at different times.[6,7]

From time-resolved PL experiments alone, the quantitative extraction
of the distributions of the individual rates will likely be problematic,
because of the already insufficient number of independent variables
for rate extraction. However, a calculation of the important rates from
first principles for the individual molecules in a morphology has al-
ready been demonstrated for the well-studied TADF emitter 4CzIPN
by Olivier et al.,[8] resulting in good predictions of the observed PL
intensity based on an analytical model. The KMC simulation method
is also well suited to incorporate such a distribution of rates, and to
combine it with a study of other processes (e.g. exciton transfer), in a
simpler manner than in an extended analytical model.

The quantitative prediction of PL experiments for various material
combinations and on all time scales is an excellent application of a
virtual multiscale workflow.[9] Such work could, e.g. reveal the possible
role of molecules with (due to unfavorable conformations) low RISC
rates, which potentially have a detrimental impact on TADF device
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efficiency and lifetime by trapping excitons and acting as acceptors for
exciton-exciton annihilation processes.

Exciton diffusion in TADF materials

While exciton diffusion in fluorescent and phosphorescent organic semi-
conductor materials is well-studied, providing e.g. singlet and triplet
diffusion coefficients[10] or Förster radii,[11] there are to our knowledge
only two (structurally very similar) TADF emitter materials, 4CzIPN
and 4TCzBN, for which exciton diffusion has been quantitatively stud-
ied experimentally.[12,13] The results indicate that the description of
exciton transport currently implemented in the simulations is able to
adequately describe the important processes. However, for the model
input parameters we often have to use either (i) default values, regarded
as typical for other materials (e.g. Chapter 5), or (ii) study a wide range
of realistic diffusion parameters and determine the sensitivity of the
system to these parameters (e.g. Chapter 3). Yet, both in the PL experi-
ments as well as devices, the exciton diffusion can play a very important
role, and it would be beneficial for the modeling to rely on accurately
determined input parameters. Unfortunately, exciton diffusion in TADF
materials is more complex than in purely fluorescent or phosphorescent
materials due to the continous cycling between the singlet and triplet
states, and the corresponding changes of the diffusion behavior. In the
singlet state Förster-mediated diffusion is expected to dominate, but in
the triplet state the diffusion process is predominantly Dexter-mediated.
As demonstrated in the work of Menke and Holmes,[12] a variation of
the TADF emitter concentration in an inert host can be a key element of
disentangling the role of the processes based on their different distance
dependencies. KMC simulations can be extremely useful in the analysis
of such studies, as was shown for the studies of exciton diffusion in
phosphorescent host-guest systems in the work of Ligthart et al.[14,15]

Figure 8.1 shows how KMC simulations can be used to determine the
effect of singlet (predominantly Förster-type) and triplet (Dexter-type)
exciton diffusion in TADF materials. We study here exciton diffusion
in the mCBP:4CzIPN-Me host-guest system of the device studied in
Chapter 5. Each panel shows the recombination profile of excitons
that are placed as singlets on random sites in the plane of x = 0 (10
boxes with 50× 50 sites cross-section are simulated) and then diffuse
and decay. The overall exciton diffusion length LD is the distance at
which the relative emission probability is equal to e−1.[16] The exciton
energies and photophysical rates used in the simulations can be found
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Figure 8.1: Normalized emission profiles for singlet excitons generated on guest
sites in the plane of x = 0 for the mCBP:4CzIPN-Me host-guest sys-
tem studied in Chapter 5. (a) Regular Förster and Dexter diffusion
at different guest concentrations cg (all concentrations are given in
mol%). (b) Regular diffusion (full curve) and diffusion allowing for
only Dexter-transfer (dashed curve) or only Förster-transfer (dashed-
dotted curve) for cg = 6%. (c) Regular diffusion (full curve) and the
diffusion within one cycle of ISC/RISC: for a singlet exciton until it
either decays or undergoes RISC (dashed dotted curve), and for a
triplet until it either decays non-radiatively or is upconverted to the
singlet state (considered here as immediately radiatively decaying;
for this case the excitons are initialized as triplets).
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in Table 5.1. No electronic processes are considered, i.e. the excitons
cannot dissociate. The exciton transfer rate parameters are also taken
to be the same as in the device simulations. Crucial parameters are
the Förster radius for singlet transfer of 1.5 nm, the nearest-neighbor
Dexter hopping attempt rate of 2.1× 107 s−1, and the singlet and triplet
energy disorder widths, which are both 0.05 eV.

In Fig. 8.1(a) the guest concentration (all concentrations are given in
mol%) is varied. The concentration in the studied device in Chapter 5

was cg = 6.3 ≈ 6%. The results are similar to those for phosphorescent
host-guest systems,[16] where the exciton diffusivity also drastically
increases with increasing cg. For the three different concentrations
cg = 100, 20 and 6% studied here, we find exciton diffusion lengths
of LD = 7.2, 3.1 and 2.0 nm, respectively. Figure 8.1(b) shows the
relative emission profiles for cg = 6% for the case of regular diffusion,
and for two scenarios in which only Förster or Dexter transfer are
enabled. The diffusion length for the case of Förster-only transfer is
nearly the same as for regular diffusion, indicating that the exciton
diffusion is predominantly Förster-mediated. This is a result of the
relative large average guest-guest distance in the dilute system, similar
to the concentration-dependent diffusion behavior in phosphorescent
host-guest systems.[14] The complexity of TADF diffusion arises from
the continous cycling between singlet and triplet state as a result of ISC
and RISC processes, and the different diffusion behavior in each state.
In Fig. 8.1(c) we investigate the diffusion that occurs in a single such
ISC/RISC cycle. The dashed line shows the diffusion of a singlet exciton
within one singlet lifetime (15 ns): the RISC process is deactivated
(kRISC = 0), so that the singlet diffuses until it either decays radiatively
or becomes a triplet. The dashed-dotted line shows the diffusion of
a triplet exciton within one triplet lifetime (1 µs): the excitons are in
this case initialized as triplets at x = 0, and can then diffuse until
they either decay non-radiatively or are upconverted to the singlet
state, upon which they are assumed to immediately decay radiatively.
The diffusion length within one singlet lifetime is found to be already
1.9 nm, very close to the overall diffusion length. This is because
in 4CzIPN-Me the decay rates in both singlet and triplet state are of
the same order of magnitude as the ISC and RISC rates, respectively,
and therefore a significant number of excitons decays during each
ISC/RISC cycle. The overall diffusion is then dominated (>80%) by
excitons that undergo zero or one such cycles. For other TADF materials,
where the ISC and RISC rates more strongly outcompete the decay
rates, the diffusion can be the result of a longer sequence of cycles.
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Using KMC simulations to study the individual components of the
diffusion in different TADF materials in this way could aid in the
design and interpretation of diffusion experiments, and could help to
better understand the importance of different bimolecular loss processes
in full devices.

8.2 extension of the photophysical model

In the previous section, we discussed possible applications of KMC
simulations to other TADF experiments and processes that weren’t
discussed in this thesis. In this section, we will briefly sketch a possible
extension of the photophysical model implemented in the simulations,
which might allow carrying out predictive simulations for a broader
range of TADF material systems and with a higher accuracy.

The model of the photophysical properties of the intermolecular CT-
states (“exciplex”) between the TADF emitter CzPIMe and the host
TCTA, which is employed in Chapter 4, is currently not implemented
into our full, combined electrical and excitonic device model (that is
e.g. used for the lifetime study in Chapter 5). The CT-state is simply
treated as two (Coulombically attracted) charges on nearby sites, with-
out photophysical rates. Important questions to be answered are under
which conditions exactly (e.g. below what distances) an electron-hole
pair should be treated as a photophysically active CT-exciton, and how
to describe the various arrangements of several (more than two) charges
and their spins on neighboring sites. Of course, the implementation
approach has to be well chosen in order to avoid slowing down the
simulations. Incorporating the photophysical rates and other excitonic
processes of the CT-states, such as excitation transfer, annihilation and
spin flips, into the KMC device model will allow the simulation of
exciplex-based (TADF) material systems (see Section 1.4.3). Exciplexes
are successfully employed in recent work on highly efficient OLEDs as
emissive systems[17,18] as well as triplet harvesting sensitizers.[19,20]

8.3 the future of tadf oled modeling

In this last section, we will discuss the state of KMC simulations and
their application to state-of-the art TADF devices. As an example, one
could consider the blue-emitting device structures for which record
performances have been reported in recent literature: they are based
on hyperfluorescent device design with a donor-acceptor-type TADF
material as triplet sensitizer in combination with a multiresonance-type
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TADF material as an emitter.[21,22] However, despite excellent maximum
EQE, EQE roll-off and emission color, the lifetime remains insufficient
for commercial applications.[23] In previous work, the insights that
can be gained from KMC simulations about the pristine steady-state
operation of HF devices has already been demonstrated.[24] Based on
the work in this thesis, simulations of the exciton dynamics in PL
experiments of HF systems can prove useful for the complex optimiza-
tion of the host-sensitizer-guest material combinations in the emissive
layer. Furthermore, the simulations of the degradation experiments can
help to disentangle the roles of degradation processes in those devices,
which are difficult or even impossible to distinguish experimentally,
such as: What are the contributions of exciton-polaron quenching and
exciton-exciton annihilation to the overall degradation? What is the
impact of transport, host, sensitizer and emitter material degradation
and which of them are dominant? Which stack modifications can help
mitigate the most detrimental degradation processes? On the device
scale, KMC remains the best-suited computational method to answer
these questions. The only other simulation method that can address
such problems on a mechanistic basis in three dimensions is master-
equation modeling (3D-ME). While significant progress is being made,
it still lacks the full integration of all relevant processes into a single
tool that allows simulations of devices of the same complexity as KMC
simulations.[25,26]

As we have seen throughout this thesis, KMC simulations are an in-
valuable part of the multiscale workflow that was sketched in Fig. 1.5 of
the introduction. They can predict the outcome of selected experiments,
(i) if the relevant processes are described well by mechanistic models
and (ii) if the input parameters for the mechanistic description of these
processes are available with sufficient accuracy. For the work in this
thesis, it is specifically the latter point that prevents the simulations
from unfolding their full predictive potential in some cases. Specific
examples are the uncertainty in the experimental determination of the
triplet energy ET in Chapter 4, which prevents directly applying the the-
oretically determined threshold for deconfinement ∆ET. In Chapter 5,
the lack of (sufficiently precise) determination methods for the actual
degradation probability per triggering event in experiments, Pdeg,exp,
prevents quantitative predictions of the device lifetimes for different
degradation scenarios.

It is in this regard that a multiscale worklow as sketched in Chapter 1

could massively increase the impact of KMC device simulations: com-
putational methods that predict the intramolecular properties of OLED
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materials can then supply the experimentally inaccessible but crucial
input parameters with reliability, accuracy and at a relatively low cost
(when compared, e.g., to large-scale experimental efforts). Naturally, all
the various computational methods in such a workflow face their own
unique challenges, and giving an overview of all of them is beyond the
scope of this outlook. Nonetheless, it is safe to say that all the com-
putational methods in the workflow profit from the simultaneous and
ongoing development of (i) more powerful computational resources
and (ii) improved or even entirely novel theoretical simulation and
modeling methods. In the future, we can therefore expect experimen-
tal and computational research to benefit from becoming increasingly
interconnected between all length scales and methods.
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Organic light-emitting diodes (OLEDs) offer the potential for better con-
trast, faster refresh rates and wider viewing angles than the established
display technologies. Using OLEDs also completely new applications
based on flexible or transparent displays can be envisioned. To realize
new device applications, the most critical parameters to be improved
are the device lifetime, power efficiency, emission color and ease of
fabrication. A class of materials that is well-suited to overcome these
challenges are emitters showing thermally activated delayed fluores-
cence (TADF). Such materials were introduced in 2012 by Adachi and
co-workers and have since then been the focus of a significant research
effort. Important issues that determine the applicability of TADF mate-
rials and TADF OLEDs are the stability of triplet excitons on an emitter
molecule with respect to (i) deconfinement, the transfer of an exciton
to a nearby non-emitting molecule, (ii) dissociation, the formation of
a charge-transfer (CT) states, where the electron and hole are located
different molecules, and (iii) chemical degradation. In this thesis, OLED
material combinations and devices based on TADF emitters are studied
in a combined computational, experimental and analytical approach.
The kinetic Monte Carlo (KMC) simulations are performed with Bum-
blebee, a simulation software tool offered by Simbeyond.

In the first part of the thesis, we study transient photoluminescence
(PL) experiments of host-guest systems. The goal is to identify criteria
for material parameters that lead to a suppression of the undesired de-
confinement and dissociation processes. In Chapter 3, we use analytical
modeling and KMC simulations to study the deconfinement of triplet
excitons during a transient PL experiment. In the description of the
deconfinement we make a distinction between the transfer from the
initial guest molecule to a nearby host molecule and the subsequent
triplet diffusion over the host. The impact on the time-dependence of
the PL depends on the interplay between the timescales of these two de-
confinement regimes and the photophysical timescales of the emission.
In a “limit of fast diffusion”, the deconfinement and diffusion occur
during the prompt component of the TADF emission. In this regime,
the delayed onset intensity is lower than expected, but the delayed
decay time is prolonged. The effect of deconfinement is found to be
more pronounced for lower guest concentrations. Because the shape of
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the decay remains biexponential, this poses the risk of deconfinement
going unnoticed and resulting in an incorrect characterization of the
emitter’s photophysical rates. If the deconfinement process is slower,
it is “diffusion limited” and occurs during the delayed PL component.
Then, the impact on the transient PL can take various shapes, which
are demonstrated for a range of realistic parameters using KMC sim-
ulations. Overall, we find that the role of deconfinement depends on
the energetic disorder, on the guest concentration, and on the triplet
confinement energy between host and guest material, ∆ET. To suppress
deconfinement, the host and guest materials should be chosen such
that ∆ET > 0.2 eV. Though it is well known in the OLED field that the
triplet energy of the host has to be “high enough”, quantifying a lower
threshold for ∆ET prevents overshooting with this parameter. This
would unnecessarily limit available material choices and would reduce
the power efficiency of devices.

In Chapter 4 we present a model describing the dissociation of exci-
tons in TADF host-guest systems. In our study, we focus on material
combinations in which dissociation is due to the transfer of a hole
from the TADF emitter to the host. The important material parameters
governing the dissociation are then found to be the exciton binding
energy Eexc,b, the HOMO energy difference between host and guest
∆EHOMO, and the energetic disorder energy σHOMO. Also the binding
energy of the nearest-neighbor CT-state plays a role, which we take to
be 0.48 eV, based on a point charge model assuming an electron and
hole at a distance of 1 nm and a dielectric constant εr = 3. If dissociation
occurs, the emission spectrum is red-shifted as a result of lower-energy
emission from the CT-state. The emission efficiency is also reduced
and the distinction between prompt and delayed PL dissappears. The
dissociation model, as well as the deconfinement model from Chapter 3,
are experimentally validated using spectrally and time-resolved PL
experiments of the TADF emitter CzPIMe at a concentration of 5 mol%
in eight different host materials. For CzPIMe in the host material TCTA,
an in-depth analysis of the decay dynamics further yields the photo-
physical rates of the intermolecular CT-state. From a categorization of
all eight host-guest systems, thresholds for suppressing deconfinement
and dissociation of ∆ET & 0.25 eV and ∆EHOMO & −0.2 eV, respectively,
are determined. From the strong red-shift in the host material TAPC,
an Eexc,b of CzPIMe of approximately 1 eV can be determined. The
threshold of dissociation for TADF materials can then be more generally
expressed as ∆EHOMO & −Eexc,b + 0.8 eV.
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In the second part of the thesis, we present a workflow to perform
virtual OLED degradation experiments using KMC simulations. In
Chapter 5 we demonstrate the workflow for a green TADF device. Bi-
molecular exciton loss processes are assumed to result in molecular
degradation with a probability Pdeg,sim = 1, many orders of magnitude
larger than the actual value of Pdeg,exp in experiments. The simulations
are also carried out at several increased current densitites J0,acc and the
lifetime is then extrapolated to the (lower) experimental current density
J0. The increased Pdeg,sim and J0,acc are crucial elements of the work-
flow, which make the required simulation times feasible. The workflow
allows simulations of the time-dependent luminance decay L(t) and
voltage shift ∆V(t) at constant current conditions and assuming dif-
ferent “degradation scenarios”. Using such degradation scenarios, the
impact that different degradation parameters have on L(t) and ∆V(t)
can be studied in a targeted manner. In six different degradation sce-
narios we investigate the roles of different degrading materials as well
as specific properties of the degradation products. In the TADF device
studied here, it is found that the degradation of emitter molecules is
nearly exclusively responsible for the decay of L(t), while the degrada-
tion of the transport layers is predominantly responsible for the increase
in ∆V(t). The actual degradation probability per event, Pdeg,exp, is then
extracted from a comparison with the experimental data and is found
to be in a range of Pdeg,exp ∼ (0.2 – 0.7)× 10−9 for various degradation
scenarios. The workflow is expected to be well suited to also study the
sensitivity of other OLED devices to various degradation parameters,
as well as their accelerated degradation behavior. If Pdeg,exp, as well as
the processes responsible for degradation and the degradation prod-
ucts, can be determined from dedicated experiments or simulations of
molecular properties, the workflow in principle allows the complete in
silico prediction of lifetime experiments.

In Chapter 6 we study how different values of Pdeg,sim impact the
simulated device degradation behavior at different current densities
J0 for the same TADF device as in Chapter 5. It is important that
the KMC degradation simulations are performed for a sufficiently
low value of Pdeg,sim, so that degradation is the slowest process in
the system. The device is then in equilibrium during all stages of
the degradation process, as is the case experimentally. At the same
time, Pdeg,sim should be chosen as large as possible, because it directly
reduces the required simulation time. Here, Pdeg,sim was varied over
at least one order of magnitude, from 0.1 to 1, which results in a good
convergence of the simulation results for J0 = 190 and 570 Am−2 for
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this device, indicating sufficiently low Pdeg,sim. For the highest current
density studied, J0 = 1900 Am−2, a further reduction to Pdeg,sim = 0.02
is required to achieve a similar convergence. Higher current densities
are more strongly affected because the degradation rate decreases non-
linearly with J0 and needs to be slowed down more. The insufficient
relaxation time between degradation events for too high values of
Pdeg,sim is found to result in an increased number of degradation events
at very early timescales. The (i) empirical determination of the optimal
Pdeg,sim value for this device, and (ii) analysis of the physical impact of
Pdeg,sim on the degradation process, presented in this chapter, may serve
as the starting point for establishing a generally applicable criterion in
future work.

Chapter 7 gives an overview of the most important results and con-
clusions. Chapter 8 contains an outlook on promising future research
based on the findings and methods presented in this thesis. First, we
briefly outline how three-dimensional kinetic Monte Carlo simulations
can be used to study several other important physical properties of
TADF material systems in more detail. Finally, we highlight the crucial
role that simulations can play in overcoming the current challenges
in the OLED field, especially when combined in a virtual multiscale
simulation workflow.



D E U T S C H E Z U S A M M E N FA S S U N G

simulationen exzitonischer prozesse in organischen leucht-
dioden mit thermisch aktivierter verzögerter fluoreszenz

Eine Leuchtdiode (Englisch: light-emitting diode, LED) ist ein elektro-
nisches Bauelement, das beim Anlegen einer elektrischen Spannung
Licht aussendet. Während in einer herkömmlichen LED anorganische
Materialien, wie zum Beispiel Galliumarsenid, verwendet werden, be-
steht eine organische LED (OLED) aus kohlenstoffbasierten Materialien.
Eine OLED ist typischerweise aus mehreren extrem dünnen Schich-
ten solcher Materialien zwischen zwei Elektroden aufgebaut. Durch
das Anlegen einer Spannung werden zwei Typen von Ladungsträgern,
negativ geladene Elektronen und positiv geladene Löcher, an den ge-
genüberliegenden Elektroden in die OLED geleitet. Diese werden durch
die organischen Schichten transportiert, bis sie (etwa in der Mitte) auf-
einandertreffen. Beim Aufeinandertreffen von Elektronen und Löchern
entstehen energetisch angeregte Zustände, die Exzitonen genannt wer-
den. Diese Exzitonen geben ihre Energie dann idealerweise durch das
Aussenden von Licht ab, können sich allerdings davor noch weiter
durch das Material bewegen und auch untereinander oder mit den
Ladungsträgern wechselwirken. Dabei kann es zu einer unerwünschten
Umwandlung der Anregungsenergie in Wärme kommen, was einen
Effizienzverlust der OLED als Lichtquelle zur Folge hat.

OLEDs finden hauptsächlich in Bildschirmen moderner Fernsehge-
räte und Smartphones Anwendung. Sie bieten sowohl eine bessere
Bildqualität als andere Bildschirmtechnologien, als auch die Möglich-
keit zur Realisierung flexibler Bildschirme, die sich biegen oder sogar
zusammenfalten lassen. Derzeit bilden solche Produkte allerdings noch
die Ausnahme und sind nur im Premiumsegment erhältlich. Für eine
breitere Verfügbarkeit müssen unter anderem die Herstellungskosten,
der Energieverbrauch und die Langlebigkeit der OLEDs verbessert
werden.

Eine 2012 speziell für die Verwendung in OLEDs entwickelte Materi-
alklasse, die dazu beitragen kann diese Einschränkungen zu überwin-
den, sind Materialien die „thermisch aktivierte verzögerte Fluoreszenz“
(English: thermally activated delayed fluorescence, TADF) zeigen. Diese
Materialien können im Prinzip die gesamte zugeführte elektrische Ener-
gie sehr effizient in Licht umwandeln. Allerdings können sie nur durch
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die Kombination mit anderen Materialien in sogenannten Wirt-Gast-
Systemen eine vollständige und optimal funktionierende OLED bilden.
Um jegliche Energieverluste zu vermeiden, muss das Zusammenspiel
all dieser Materialien extrem genau verstanden, optimiert und kontrol-
liert werden. Verschiedene Prozesse können die Stabilität der Exzitonen
auf den TADF-Materialien negativ beeinflussen:

1. Als Entweichen wird die unerwünschte Energieübertragung durch
Exzitontransfer auf andere (nicht-TADF) Materialien bezeichnet.

2. Dissoziation beschreibt das erneute Aufbrechen von Exzitonen in
getrennte Ladungsträger.

3. Degradation ist die irreversible Veränderung der molekularen
Struktur und der Eigenschaften der Materialien.

In Kapitel 1 der Arbeit werden zunächst die Funktionsweise und
aktuelle Herausforderungen bei der Verbesserung von TADF OLEDs
näher erläutert. Zudem wird ein Überblick über den Inhalt und die in
dieser Arbeit verwendeten Simulationsmethoden gegeben.

Kapitel 2 enthält eine detaillierte Beschreibung der für diese Arbeit re-
levanten Experimente and Analysemethoden, sowie eine Beschreibung
der zugrundeliegenden physikalischen Modelle.

In Kapitel 3 der Arbeit wird ein umfassendes Modell für das Entwei-
chen von Exzitonen während eines zeitaufgelösten Photolumineszenzex-
periments (PL) entwickelt. Die Simulationen zeigen, dass die Differenz
zwischen der Exzitonenergie des TADF-Gasts und der Exzitonenergie
des Wirts der wichtigste Materialparameter für das Entweichen ist. Die
Auswirkungen dieses Parameters auf die gemessene PL-Intensität und
die Auswirkungen auf die Wahrscheinlichkeit des Entweichens können
mit dem Modell bestimmt werden. Somit kann die minimal erforder-
liche Differenz zwischen den Exzitonenergien von Wirt und Gast für
erfolgreiche Materialsysteme bestimmt werden. Mithilfe des Modells
können in Zukunft außerdem erweiterte und verfeinerte Informationen
aus den zeitaufgelösten PL-Messdaten gewonnen werden.

In Kapitel 4 wird ein umfassendes Modell für die Dissoziation von
Exzitonen in TADF-Wirt-Gast-Systemen entwickelt, welches das Modell
für Entweichen aus dem vorherigen Kapitel ergänzt. Durch eine experi-
mentelle Studie an acht Materialkombinationen werden die Vorhersagen
beider Modelle bestätigt. Für die untersuchten Systeme werden als kri-
tische Parameter für Dissoziation die Differenz der HOMO-Energien
(höchstes mit Elektronen besetztes Molekülrbital, auf English: highest
occupied molecular orbital, HOMO) zwischen Wirt und TADF-Gast,
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die energetische Unordnung und die Exzitonenbindungsenergie des
Gasts ermittelt. Der in diesem Kapitel entwickelte Ansatz, basierend
auf vereinten Modellierungs- und experimentellen Ergebnissen, ist all-
gemein gültig und kann in Zukunft für die Charakterisierung weiterer
TADF-Wirt-Gast-Systeme angewendet werden.

Der Alterungsprozess einer OLED im Betrieb wird typischerweise
anhand von zwei Parametern gemessen: (1) Die Leuchtdichte nimmt
mit der Zeit ab, es wird also eine geringere Menge an Licht ausgesandt.
(2) Eine Spannungsverschiebung zu höheren Spannungen ist nötig,
um die gleiche Stromdichte zu erzielen, der elektrische Widerstand
nimmt also zu. Alle Anwendungen von OLEDs setzen eine bestimmte
Betriebslebensdauer der Bildschirme voraus, in welcher die ursprüngli-
che Leuchtdichte und Spannung erhalten bleiben müssen. Derzeit sind
die internen Prozesse, welche die Degradierung der Materialien aus-
lösen und die Lebensdauer von TADF-OLEDs maßgeblich bestimmen,
nicht genau bekannt. In Kapitel 5 werden daher mögliche Alterungs-
szenarien mithilfe von kinetischen Monte Carlo Simulationen (KMC)
untersucht. Die Degradierung ist dabei die Folge von Wechselwirkun-
gen zwischen Exzitonen untereinander und mit Ladungsträgern. Von
diesen Prozessen wird angenommen, dass sie die molekulare Struktur
und die Eigenschaften der Materialien in der OLED mit einer gewis-
sen Degradationswahrscheinlichkeit irreversibel verändern können. Die
Szenarien unterscheiden sich in den degradierenden Materialien und in
den angenommenen Eigenschaften der dabei zurückbleibenden Endpro-
dukte. Die Simulationen zeigen, worauf unterschiedliche Formen des
experimentell gemessenen Leuchtdichteverlusts und der Spannungsver-
schiebung zurückzuführen sein können. Durch den Vergleich mit der
experimentellen Lebensdauer einer simulierten OLED kann außerdem
die Degradationswahrscheinlichkeit bestimmt werden, mit der einzelne
Prozesse Materialveränderungen ausgelöst haben. Die in diesem Kapitel
vorgestellte Analysemethode ermöglicht systematische Untersuchungen
kritischer Prozesse, welche die Betriebslebensdauer von TADF-OLEDs
limitieren, und zeigt auf, wie diese mit Materialparametern und dem
Aufbau der OLED zusammenhängen.

Die Lebensdauersimulationen werden unter Bedingungen durchge-
führt, die den Alterungsprozess stark beschleunigen, und anschließend
in einem Nachbearbeitungsschritt in realistische Bedingungen über-
tragen. Die Beschleunigung der Alterung wird bestimmt durch die
angenommene Degradationswahrscheinlichkeit einzelner Ereignisse.
Ein höherer Wert für die Degradationswahrscheinlichkeit erlaubt zwar
schnellere Simulationen, allerdings muss der Wert stets so klein gewählt



234 deutsche zusammenfassung

werden, dass der Alterungsprozess der langsamste Prozess im gesam-
ten System bleibt (so wie im Experiment der Fall). In Kapitel 6 werden
die Auswirkungen der angenommenen Degradationswahrscheinlich-
keit auf physikalische Prozesse in der Simulation untersucht. Für die
im vorigen Kapitel untersuchte OLED werden für drei verschiedene
Stromdichten die höchsten akzeptablen Werte der Degradationswahr-
scheinlichkeit bestimmt. Diese können als Anhaltspunkt für ähnliche
OLEDs in zukünftigen Studien dienen und so zu einer Minimierung
der benötigten Simulationszeit beitragen.

Zuletzt werden in Kapitel 7 die wichtigsten Ergebnisse der voran-
gegangenen Kapitel zusammengefasst. In Kapitel 8 wird ein Ausblick
gegeben auf vielversprechende zukünftige Forschung an TADF-OLEDs
auf Grundlage der in dieser Arbeit präsentierten Ergebnisse und Me-
thoden.
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