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1 Introduction

The saddest aspect of life right now is that science gathers knowledge faster

than society gathers wisdom. Isaac Asimov

There was a time when we all thought that the exceptional situation we experienced
in March 2020 would be short-lived. Even though this situation has almost become ev-
eryday life for more than a year now, many branches experienced a renaissance, while
others like art, culture and events industry are still at a complete standstill. At this point
in time, July 2021, it can be said that especially in the business world and in the sector
of school education, the Covid-19 pandemic has brought about an unplanned surge in
digitalization overall [1]. A return to the old normal is now proving very unlikely. We are
on the direct path to the post-Covid era. The variety of offers for digital networking and
its use in digital meetings and home schooling has resulted in an enormous additional
demand for screens and devices for digital communication and teaching over the last
year. "The global display market size was valued at USD 148.4 billion in 2021 and is pro-
jected to reach USD 177.1 billion by 2026" says a report from research and markets [2].
Meanwhile, organic light-emitting diode (OLED) technology is also getting a big boost
in this forecast. Their application in displays has become indispensable and is gain-
ing more and more attention due to their potentially lower production costs compared
to conventional display technology such as the liquid crystal display (LCD). Figure 1.1
shows current and predicted sales figures for various application examples in which
OLEDs play a major role. While the use in televisions has not yet really taken hold, the
share of OLED displays in smartphones and so-called wearables is already quite large.
Here, too, the pandemic has made itself felt, as many people have turned from group
sports to individual sports due to the contact restrictions. In this niche wearables such
as smart watches and fitness trackers are becoming increasingly popular for personal
checkups of people’s health status. [3-5].

A completely new star on the horizon, however, is the use of OLEDs in transparent
display applications, for example in glasses with augmented reality (AR). This makes
it possible to project information directly into the user’s field of vision, which can be
helpful for activities that require both hands to be free [6]. In addition, current research

is in the development of tattoo-able OLEDs for use as biosensors or in antimicrobial
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Figure 1.1: The increase in unit sales (in million units) for several display application us-
ing OLED technology: Smartphone revenues (predicted values for 2019 to 2022) [3];
OLED TV (predicted values for 2020 to 2024) [4]; AR glasses (predicted values for
2021 to 2024) [6]; wearables (predicted values for 2020 to 2024) [5].

photodynamic therapy [7, 8]. The high demand for applications of OLEDs shows that
there is a general desire for this technology and that basic research of various novel
OLED materials continues to be of great importance. The currently commercialized
OLED devices are mostly based on fluorescent [9-11] and phosphorescent emitters
[12, 13]. In order to understand the possibilities of expanding the diversity of OLED
emitters through scientific research, the drawbacks of these two approaches will now

be briefly outlined.

Upon electrical operation of OLED devices, negative (electrons) and positive charge
carriers (holes) are injected at the contacts, which then form 25% radiative singlet
states and 75% non-radiative triplet states in the active layer of the device. In fluo-
rescence based devices, also denoted first generation OLEDs, the non-radiative parti-
cles are then lost for the light harvesting process, which entails a considerable loss of
efficiency. To make up for this loss, precious heavy metal atoms were incorporated
into somewhat more complex molecular structures. These generate a strong spin-
orbit coupling (SOC) between the singlet and triplet states through a heavy atom ef-
fect [14, 15]. In this way, it is possible to convert almost all of the generated excitons
into triplets, which in this case become radiant due to the strong SOC and can be used
by phosphorescence. This type of devices is attributed to the 2nd generation OLEDs.
However, the colour blue remains the problem with triplet emitters. There are no blue



triplet emitters that can maintain long-term stability in the device. The main prob-
lem for all blue emitters is the high exciton binding energy (2.5 to 3eV), which makes
it highly reactive for oxygen [16, 17]. The longevity of the triplets in phosphorescence

emitters, especially of blue emitters, is the Achilles heel of this generation.

A sustainable approach to overcome these issues succeeded with thermally acti-
vated delayed fluorescence (TADF). It is a relatively old concept, originally known as
E-type delayed fluorescence (DF) [18-21], in which a small energy gap between sin-
glet and triplet enables an inverse process and thus conversion from triplets to sin-
glets. Adachi’s group succeeded in using this concept to fabricate efficient OLEDs in
2012, which has since created a new branch of research in the OLED community [22-
25]. Here, the thermal activation of the triplets happens via the so-called reverse in-
tersystem crossing (RISC), which in the end enables an internal quantum efficiency up
to 100%. The rate of this transition depends strongly on the molecular design of the
emitter, primarily on the distance between the electron and the hole on the molecule.
More precisely, the energy gap and thus the transition rate can be adjusted by the wave
function overlap of the two particles. This directly results in an enormous task for the
research groups to find suitable new molecular structures which, on the one hand,
have an efficient TADF mechanism, are highly radiant and, on top of that, are freely

selectable in their colour through simple synthesis.

This is the starting point for the first project of this thesis. In an international col-
laboration with OLED researchers from Augsburg, Sion and Lausanne in Switzerland,
a novel deep blue TADF emitter is being investigated. Its molecular geometry has been
chosen in such a way that, in addition to the TADF property, an increased optical out-
coupling of the device is made possible by a stick-like shape. A basic characterization
of the emitter, as well as the influence of the molecular geometry on the spin-spin in-

teractions, which determine the TADF and the luminous properties, is examined.

In the further course of the work, several commercially available material systems are
examined. The main question is how exactly the RISC process works. Different causes
for the spin-flip, such as a weak SOC [26-28] and hyperfine interactions [29] are dis-
cussed and investigated on two TADF concepts. Spin-sensitive methods are applied,
which allow to manipulate the triplet states and then to query the response of the sys-
tem optically via the singlets after RISC has taken place. In detail, the linewidth of an
electroluminescence detected magnetic resonance (ELDMR) experiment is tested for
magnetic field dependence. The huge advantage of this method is the possibility to
gain knowledge on spin-dependent processes in fully processed devices under electri-

cal operation.
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In the final project, a more in-depth study is performed on a commercially available
material system to further expand the immense possibilities of ELDMR. The resonance
spectrum typically shows inhomogeneous broadening mechanisms. While in the stan-
dard ELDMR experiment the triplet states are manipulated by a single frequency in the
radio range, a clever irradiation of a second radio frequency allows to burn a hole into
the inhomogeneously broadened spectrum, which gives this method its name: hole
burning experiment. The linewidth of the hole is then determined by intrinsic relax-
ation mechanisms. In this work this method is applied for the first time on an electri-
cally driven OLED device.

However, before the results from the aforementioned projects (i) deep blue emitter
(ii) magnetic field dependence of the ELDMR linewidth and the (iii) ELDMR hole burn-
ing experiment are presented, all the necessary basics are first explained in detail and
their physical connection with OLEDs is discussed. Chapter two explains the basics of
organic semiconductors and presents the working principle of an OLED. The basics of
spin physics are then provided in the third chapter, while the fourth chapter delivers
all the important facts about the experiments, which are conducted. Finally, after the
three chapters on results (five to seven), the most important results are presented in a

resume.



2 Organic Light Emitting Diodes

Here, the basic principles of organic semiconductors and their application in organic
light emitting diodes (OLEDs) are illustrated. The fundamental physics behind these
devices like optical and electrical characteristics are explained in detail. The concept
of thermally activated delayed fluorescence (TADF), which is the main focus of this
thesis, is introduced. The chapter concludes with emphasizing different approaches
for achieving efficient OLED devices based on TADE

2.1 Organic Semiconductors

The world of organic molecules is mainly based on two distinct atoms: hydrogen and
carbon. With these two building blocks a huge variety of molecules is already available.
The smallest hydrocarbon consists of four hydrogens and one carbon atom: methane.
In addition, it is possible that heteroatoms are added, like nitrogen, oxygen or sulfur. A
more complex example is the benzene ring. In this carbon ring, the s- and p-orbitals of
the six C-atoms overlap while creating a hybrid-orbital. These atomic hybrid-orbitals
combine to molecular orbitals (MO), as described in the linear combination of atomic
orbitals (LCAO) method [30]. The neighboring atoms create a o-bond along the ring,
while the remaining p,-orbitals merge to 7-bond. In the benzene case a 7-cloud above
and below the molecular axis is formed, where the n-electrons are delocalized over sev-
eral atoms in the molecule. The two bonding types are depicted as an example in Figure
2.1a in the molecule ethen C, Hy. These o-bonds are shown in blue and the 7-bond in
red. According to the LCAO method, the total number of atomic orbitals stays the same
as for molecular orbitals. If now two atomic orbitals ¢, and ¢, are considered, the lin-
ear combination of those orbitals can be written as ¥ = c1¢, + c2¢pp. Here, ¥, is the
solution of the positive interference of two electron wavefunctions [31]. This MO pos-
sesses a bonding character (0,7, n), while the negative interference ¥_ = c;¢p, — c2¢y,
evolves anti-bonding character (7*,0*). The parameters c; and c, are positive num-
bers. Bonding orbitals lower the energy of the electrons compared to the atomic energy

level of the electrons, while anti-bonding MOs are higher in energy than the atomic
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Figure 2.1: (a) Molecular structure and schematic visualisation of the ethen molecule. The
carbon atoms exhibit three o—bonds (blue) due to the overlap of the hybridized
sp?—orbitals and one 7-bond (red) due to overlap of the p, orbitals. (b) Ener-
getic scheme of molecular orbitals (MO) formed in the ethen molecule from the
atomic orbitals of the C-atoms. The atomic orbitals hybridize into bonding and anti-
bonding orbitals. These orbitals are filled according to Hund’s rule [32]. Here, the
m-orbital is the HOMO and the anti-bonding 7 *-orbital is the LUMO. Adapted from
[31, 33].

level. The corresponding energies are derived from Schrodinger’s equation and can be

written as [31]:

_ (a+p)
a+S
E - (a—-p)
(1-9)

+

(2.1)

where a describes the Coulomb integral, § the resonance integral and S the overlap
integral [31]. An exemplary energetic scheme for ethene is shown in Figure 2.1b. The
atomic orbitals, which take part in the binding of the molecule, are the orbitals of the
two carbon atoms, the 1s, 2s p2 and p_-orbitals . Arrows indicate the occupation of the
orbitals with electrons according to the Hund’s rule [32]. Here, it is notable that the
energy of the 2sp? and p,-orbitals is lowered by the formation of the MOs. The anti-
bonding 7*- and o*-orbitals are empty. In some cases, not all orbitals are involved
in the bonding. These specific orbitals are then called non-bonding n-orbitals. Now,
of high interest for electronic transitions are the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the molecule. In
the exemplary case of ethene in Figure 2.1, the HOMO is a n-orbital. The next higher
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lying unoccupied orbital is the anti-bonding 7 *-orbital, here the LUMO. An electronic
transition between these two orbitals is denoted as a 7 — 7* transition. The energy
difference of the 7-splitting in most organic compounds is in the visible range of the
electromagnetic spectrum and therefore suitable for organic devices like organic solar

cells and light emitting diodes [34].

Optical Properties

An important electronic process in organic semiconductors is the absorption of a pho-
ton. The lowest state of energy of a molecule is called the ground state. Hence, by
absorbing a photon’s energy, an electron is lifted to a higher-lying energy state. This
creates a so-called excited state of the molecule, which is referred to as exciton [35]. In
the process of electronic excitation usually a transition between molecular orbitals is
involved. In the general case, the electron is excited from the HOMO to the LUMO. Pos-
sible transitions for valance electrons between different energetic states are illustrated
in a Jablonski-diagram (Figure 2.2). The ground state is called the Sy singlet state. Ab-
sorption of a photon usually happens from Sy to the first excited singlet state S;. There
are also transitions possible even to higher lying singlet states S,. A transition from the
singlet ground state to the singlet excited state does not involve a change of the spin
state (Spin S = 0), which is then called spin-allowed. This transition is fast and in the
picosecond to nanosecond range. A transition from the ground state to a triplet (Spin
S = 1) is first-order spin-forbidden and therefore not very likely to happen. Further
details on spin multiplicity are given in Section 3.1. A molecular system also exhibits
vibronic modes, thus resulting in vibrational sub-levels of the electronic states. In the
Jablonski-diagram the electronic states are given by the thick lines and the vibrational
levels v; by the thin lines. Radiative transitions are given by solid arrows, while non-
radiative transitions are shown as dashed arrows. After absorption of a photon from
the ground state into a higher vibronic and electronic energy state, non-radiative re-
laxation from the higher vibronic to the lowest vibronic level occurs immediately via
vibrational relaxation (VR). Energy is usually transferred to the surroundings of the
molecule. Photon emission occurs from the lowest electronic excited state, which is in
the case of a singlet state the S; state. This phenomenon is well known as Kasha’s rule
[36]. Radiative transition from the singlet state is called fluorescence. A non-radiative
transition from an excited singlet S to an excited triplet state T is possible by intersys-
tem crossing (ISC). Here, a change of the excitons total spin S is needed, which results
in a very slow transition on a microsecond time-scale. Further, the radiative transition
from a triplet state is known as phosphorescence. Again a spin-flip is necessary for this

process, which also makes the phosphorescence a very slow luminescent transition.
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Figure 2.2: Jablonski-diagram demonstrating the possible radiative and non-radiative tran-
sitions in an organic molecule. Excitation of the molecule creates a transition from
the singlet ground state Sy to the first excited singlet state S; (purple). Electronic
states are given by thick lines, while vibrational levels are shown as thin lines. The
spin-forbidden transition between singlet S; and triplet T; is known as (reverse) in-
tersystem crossing (orange). Radiative decay from singlet is denoted as fluorescence
(light blue), from triplet as phosphorescence (red). Non-radiative deactivation to the
ground state happens via vibronic relaxation (black).

Triplets can also decay non-radiatively by ISC and VR back to the singlet ground state
So. The non-radiative pendant for higher-lying singlet states is the internal conversion
(IC) between the electronic singlet states to the singlet ground state. Reverse intersys-
tem crossing (RISC) from the excited triplet to the excited singlet state builts the fun-
damental process for all materials investigated in this thesis. Impact of the RISC on the
perfomance of modern OLEDs is discussed in detail in Section 2.4. If the nuclear ge-
ometry of molecules is also considered in an absorption process, the Franck—-Condon
principle comes into play. It describes the absorption and emission of light on scale of
nuclear coordinates [37] and implies, that nuclear geometry in the molecule does not
change under optical excitation, since the movement of electrons and the time scale
of absorption is very fast compared to nuclear motion. An absorption process from
a vibrational ground state to a vibrational level of a higher electronic state exhibits a
higher probability, if the wave function overlap of the nuclear vibronic sub-levels is en-

hanced. Thus, the spectral intensity of the emission spectra correlates with the transi-



2.1 Organic Semiconductors

tion probability between the vibrational levels, resulting in the well known vibrational

substructure of an organic molecule [31].

Quantum dynamics: transitions in organic molecules

The quantum mechanical description of the aforementioned transitions provides a
more detailed insight on the transition rules between the various levels available in
Figure 2.2. The following Section is in accordance with [35]. Based on the Born-Oppen-
heimer approximation the molecular wave function ¥ may be described with three in-
dependent approximate wave functions: the electronic wave function ¥, for the elec-
tron position and the electronic orbital motion in space, x,;;, describes the nuclear
configuration and includes vibrational movements of the molecule. Furthermore, ¥

characterizes the spin wave function:
WY ~Wo-xvin-¥s 2.2)

Note that this approximation breaks down if there is non-zero coupling between ¥
and y,;p (vibronic coupling) or between ¥, and ¥; (spin-orbit coupling). Neverthe-
less, Fermi’s golden rule implies the basic principles to deduce selection rules if a par-

ticle changes its quantum state from ¥; to W [38]:
21 U HIY | ,dn 2.3)
1=t h ' ! dE '

The transition rate k; ¢ from the initial state ¥'; to final state ¥ is a measure of the
transition probability per unit time. In other words, the inverse of k; ¢+ denotes the
mean lifetime of the initial state. A better understanding of a direct measure of the life-
time is delivered, if all final states are considered by a summation of all available final
states. The matrix element responsible for the perturbation is given by H. dn/dE is the
density of states, which are available for the transition. If any desired perturbation cre-
ates a matrix element with the value zero, this perturbation cannot drive a transition
between ¥; and ¥ . The transition is called "forbidden”. To find efficient transitions,
a perturbation needs to be applied, that makes ¥; and ¥ "look alike” [35]. Here, the
operator for example that couples the wave function of the initial and the final state vi-
brational is called Py;,,. One can picture that Py, distorts the electronic part of the wave
function of ¥; into a shape that looks like ¥ ¢, which is justified by some vibration in
the molecule. Then the transition rate is proportional to the vibrational overlap of the
two involved states, the so-called Franck-Condon factor (y;|x ) (see Equation 2.4). If

now transitions between singlets and triplets and vice versa are considered, the inter-
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esting perturbation is the spin-orbit coupling (SOC), which couples the electron spin
motion with the electron orbital motion. This perturbation allows a change of the spin
wave function, which is the case for (reverse) intersystem crossing (Figure 2.2). Here,
the operator of SOC Psoc makes a pair of parallel spins (triplet) "look like” a pair of
anti-parallel spins (singlet). Together with vibrational coupling, the modified "golden

rule” can be written as [35]

kmax (¥ i Pyib |V £)? (¥ilPsoc|¥ p)?
k- = X < 1 | > (2.4)
i—f N N XilXf
if if T
N ~ RN ~ ~  vibrational overlap
vibrational coupling spin-orbit coupling Franck-Condon factor

where k4, is the maximum possible rate constant (zero-point motion), AEizf is the
energetic separation between ¥; and ¥ . If no change of spin is involved in the transi-
tion, the second term is missing in Equation 2.4. Till now, only radiationless transitions
have been considered. The interaction of electrons with the electric and magnetic field
of light is described by an energy exchange between the electromagnetic field of the
photon and the molecule. When the resonance condition AE = hv,y, is satisfied, the
oscillation of the electric field F of the photon creates a charge separation Ar. The ex-
tent of the displacement is given by the vector r. If this vector is mulitplied by a unit
electric charge e, this results in the classical dipole moment p; = er. This dipole mo-
ment is now the perturbation of interest in Equation 2.3, which acts on the electronic
part of the wave function ¥ (see Equation 2.2). The nuclei (y,;5) are not affected by
the oscillation of the electromagnetic field, as well as the spin (¥s). With the dipole mo-
ment, a measure of the transition strength can be defined. In a simple model, the os-
cillator strength f can be viewed as the ratio of the intensity of radiation or absorption
emitted by a molecule compared to the intensity of an oscillation of a single electron
bound to that molecule, which is in this case described by an classical harmonic oscil-
lator [35]. In the ideal case of a perfect harmonic oscillator f = 1, which means, every
passing photon has a maximum probability of absorption. The oscillator strength is
directly connected to the matrix element of the quantum mechanical transition dipole

moment ,uf =(¥;l erI\I’f)2

8nmev 8nmev
f:( he? )'”‘2':( 3he? )'<\Iji|er|\yf>2 2

where m, is the mass of the electron, v is the energy of the transiton (in cm™), his
the Planck’s constant and r is the length of the transition dipole (in cm). Due to the
overlap integral in this equation, it becomes clear how the radiative strength of a tran-

sition depends on the orbital nature of the involved states. Transitions with a 7 —7*-

10
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character usually exhibit an oscillator strength of 1072 to 1, while transitions with a
n—m*-character, also known charge transfer states, are in the range of 107> to 1073 [31].
The importance of charge transfer states for efficient TADF devices is highlighted in
Section 2.5, while the influence of the oscillator strength on TADF emitters is investi-

gated in the result chapter 5.

Transport Properties

Although the m-electron system stabilizes the molecule’s geometry, there is almost no
direct electronic interaction between neighboring molecules. Each molecule acts as
an isolated block in an organic amorphous crystal. These blocks solely interact via the
weak van-der-Waals forces. Thus, in contrast to inorganic crystals, where charges are
embedded in a well-formed three dimensional lattice structure, here, the transport can
not be described by collective phenomena. In disordered amorphous films, in general,
the HOMO and LUMO levels are statistically distributed due to random orientation of
the individual molecules. In more detail, Heinz Béssler described the density of states
(DOS) in amorphous solids in his Gaussian disorder model (GDM) with the following
distribution [39]

2
exp (—ﬂ) 2.6)

8le)= 202

1
V2no
where € is the mean value of the energy distribution and o, the Gaussian disorder pa-
rameter, or in other words the width of the distribution, which is usually in the order
of ~ 100meV [31]. The disordered energy landscape is shown schematically in Figure
2.3. Without any interaction with the environment, charges are localized within the
n-electron system and hence the charge carriers are trapped on the molecule. A small
electronic coupling between two neighboring molecular crystal sites allows a tunneling
process from one site to the other. In the famous Marcus theory, this tunnel probabil-
ity was first mentioned to depend on the transfer integral between the wavefunctions
of the corresponding energy states [40]. Miller and Abrahams further improved this
approach by taking into account phonon assisted hopping between energetically non-
equivalent sites. The transition rate v;; for such a phonon assisted hopping process

between two sites i, j is given by [41]

exp (—E]]C_TEL) Ej > E;
1 E; <E;

vij =Vvoexp(—2YR;j) 2.7)

where vy is the attempt-to-escape frequency, R;; is the spatial distance between the

two energy states, y is the overlap factor. The first term in the equation considers

11
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the distance dependence of v;;, while the second term is thermally activated for up-
ward hopping and equal to one for downward hopping in energy. Now, if the sys-
tem approaches the thermal equilibrium, the charges occupy the lower energetic tail
of the DOS. The density p of these charge carriers is again found to be energetically
distributed, which is considered by the density of occupied states (DOOS). The mean
energy value of the DOOS is given by E,;, = 0?/kT. So far, the mobility u can now be
derived from the Gaussian disorder model as [39]

(&)

with o the Gaussian disorder parameter, C a scaling factor and X a spatial disorder

u(T, E) = poexp -exp (2.8)

C\/?((%)Z —22)

parameter. Note that in such a disordered system an external applied electric field F
also increases the mobility in the hopping transport mechanism. The GDM does not
account for correlated hopping sites, however, it explains the basic ideas of the hopping
transport in disordered organic systems. Several more advanced models describing the
transport phenomena in organics are found in literature [42], [43], [44].

Figure 2.3: Gaussian distribution of density of states (DOS) in the LUMO of an amorphous
organic seminconductor. The energy states are randomly distributed in space. In
thermal equilibrium the lower tail of the DOS is occupied. Charge transport from
site to site is possible only by hopping transport under participation of phonons. The
downward hopping probability is equal to unity, while upward hopping is thermally
activated. Adapted from [31].

Metal-organic interfaces

If an organic device is operated electrically, it needs to be wired by metal contacts in or-
der to apply a voltage and to inject a current. At some point in the electric circuit, there
has to be a transition from the conductive metal to the organic world and therefore a
transition from the inorganic band transport to the organic hopping transport. This is

happening at the metal-organic interface. If an organic semiconductor is brought in
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2.2 Layer and Energy Structure of Organic Light Emitting Devices

contact with a metal, it is crucial to look at the difference of the Fermi level Er of the
metal and the electron affinity y.; of the organic semiconductor. Or in other words, the
work function of the metal ¢, 5 and the HOMO/LUMO of the organic. The energetic
barrier between the metal and semiconductor can be described by a Schottky-barrier.
At the interface, the Fermi levels of both materials equalize, which results in a bend-
ing of the band structure of the semiconductor. The height of the injection barrier for
electrons 6 g;p depends on the work function ¢, s of the metal and the energy of the
LUMO level and is given by 6grp = ¢u,n — LUMO with respect to the vacuum level.
For holes, the energetic barrier is given by the difference between the metal and the
HOMO energy level 6 y;p = HOMO — ¢, 7. Additionally, in most cases, an interface
dipole is formed in the organic layer due to electronic interaction of the molecules with
the metal [45],[46]. This dipole either reduces or increases the barrier of the Schottky-
contact, depending on the direction of the dipole formation. Nevertheless, the charge
carriers have to overcome the barriers 6 ;g and 6 15, before an efficient charge current
flow is possible. This is possible either by thermionic emission following the Richard-
son-Schottky equation [47]. Firstly, this phenomenon considers the thermal energy of
the charge carriers to overcome the energetic barrier. The second possibility for effi-
cient charge injection is Fowler-Nordheim tunneling, which is favored at higher electric
fields [48]. Here, the electronic band structure is bent by the external field in such a way
that the charge carriers are able to tunnel through the barrier. The tunnel-probability
for this process depends on the width of the barrier and the applied electric field. This
process is well known as field emission. Both processes are present in organic devices

and are crucial for efficient charge injection at the metal-organic interface.

2.2 Layer and Energy Structure of Organic Light

Emitting Devices

After electronic transitions and transport in disordered organic semiconductors are
introduced, the focus is now drawn to the application of these two mechanism for
light generation in devices. The emergence of light emission from organic compounds
started as the first organic electroluminescence from an antracen-single crystal was
reported by Pope et al. in 1963 [49]. His group delivered the basic knowledge about
the energetic requirements needed for charge carrier injection into organics, which is
still valid for modern devices. The first real light emitting device working as an OLED
was based on the organic compound 8-hydroxyquinoline aluminum (Alqs) reported by

Tang and van Slyke [50]. It was built of a glass substrate coated with indium-tin-oxide
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(ITO). The top electrode was an alloy or mixture of magnesium and silver. The layer of
the luminescent material between these electrodes was only 60nm thick. That was the

first step of the huge research field of light emitting organic thin-film devices.

(b)

cathode 4

electron transport layer (ETL)

e SEiB
emission layer (EML)

hole transport layer (HTL)
anode (ITO)

glass substrate

Anode! HTL | EML i ETL iCathode

Figure 2.4: (a) Schematic Layer structure of an organic light emitting diode. The organic lay-
ers are processed on a indium-tin-oxide (ITO) covered glass substrate. The emission
layer (EML) is sandwiched between the electron/hole transport layers (ETL/HTL).
The top electrode is usually a low work function ¢, c metal, e.g. aluminum. (b) The
energetic landscape of an OLED device under electrical operation with an external
voltage U,y;. The desired stages for efficient electrical operation of an OLED are (1)
charge carrier injection from the electrodes into organic layers by overcoming the
injection barriers 6 g1/ 1B, (2) transport of charge carriers by hopping transport,
(3) exciton formation in the EML and (4) radiative recombination of excitons and
light outcoupling. Modified from [34].

Layer structure

Now, the basic layer structure of a modern OLED device is shown in Figure 2.4a. For ef-
ficient light out-coupling, OLEDs are usually processed on a transparent substrate like
glass or, even for flexible devices, on plastic sheets. The anode is a thin layer of a sput-
tered material with a low work function ¢, for efficient hole injection, the ITO layer.
For the first organic layer, the hole injection layer, the energetic barrier 6 ;75 between
the work function ¢, 4 of the ITO and the HOMO of the organic material is required to
be small (Figure 2.4b). The hole injection layer often also works as a transport layer for
the injected charges. The same requirements hold for the electron injection from the

cathode into the LUMO of the electron transport layer (ETL). The barrier 6 75 between
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2.2 Layer and Energy Structure of Organic Light Emitting Devices

the work function ¢, ¢ and the LUMO of the ETL should also be kept at a minimum.
A typical metal used for the cathode is aluminum. To further reduce the workfunction,
often calcium (Ca) or lithium-flouride (LiF) layer is placed between the organics and
the cathode. If an external voltage is applied to the device, a voltage drop is generated
between the anode and the cathode and the injected charge carriers diffuse through
HTL/ETL by hopping transport. The sandwiched emission layer (EML) is filled with
electrons and holes simultaneously. Preferably, the LUMO of the HTL (or the HOMO of
the ETL) exhibits a higher (lower) energetic value to block electrons (holes) from exiting
the EML. In this case, electrons and holes are energetically confined in the EML. With
this specific energetic landscape within the device, the efficient formation of bound

excitons is ensured (Figure 2.4b).

Characteristic device parameter

In order to characterize a device after preparation, it needs to be measured by a current
response for an externally applied voltage. During a sweep of the electric current den-
sity j, the electroluminescence of the device is monitored simultaneously. The mea-
surement of the mentioned quantities leads to fundamental current-voltage— lumines-
cence characteristics, also called j-V-EL-curve. The ideal current behavior of a diode is
described by the ideal Shockley-equation, which postulates an exponential increase of

the device current with increasing external voltage [51]

<o 4] - o
with jj as the saturating current for reverse operation, V applied voltage, n the ideality
factor, kp Boltzmann factor and g elementary charge. In a real device, several effects

lead to a discrepancy from the ideal Shockley-equation. Shunt and series resistive ef-

fects lead to the "non-ideal” shockley equation [52]

—q(V_JARS)) - 1) LYo JRsA (2.10)

=i ex

] JO( p( nk,T RpA

where jR;Arepresents the voltage drop due to a series resistance, A is the active area of
the device. The last term accounts for a linear increase of the current due to a parallel

resistance.
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External quantum efficiency

The external quantum efficiency (EQE) summarizes several mechanisms, which con-
tribute to the total efficiency of an electrically driven device, starting from free charge
carriers to a photon exiting the device. In short the EQE quantifies the amount of pho-
tons leaving the devices per injected charge carrier pairs. The formula of the EQE is
given by the internal quantum efficiency (IQE) 1, times the out-coupling factor nqy¢

(34]
Next = Nint * Nout = Y Nr Neff Tout (2.11)

Here, y is the charge carrier balance factor, which is the probability of a charge carrier
to encounter its counterpart for exciton formation. In modern OLED devices with op-
timized layer thicknesses and energetic matching of the HOMO/LUMO levels for effi-
cient injection, this factor is considered to be y = 1 [53]. Further, 7, is the singlet-triplet
factor, which tells how many excitons are formed in the singlet state for photon gener-
ation in the emission layer. Usually, considering the electron/hole spin, the statistical
ratio of singlet and triplet yield is 1:3. The effective quantum efficiency 1. considers
the quantum mechanical probability of photon generation if the emission layer is em-
bedded into a micro-cavity and is depending on the Purcell factor F. A micro cavity can
either enhance or reduce the probability of radiative recombination if the wavelength
of the electric field of the light emission is in the order of the physical dimensions of
the OLED device. The effective quantum efficiency is given by
F-T'y

= 2.12
Neff F T+l ( )

with the transition rates for radiative I'; and non-radiative I'y,; recombination. If a pho-
ton is generated in the emission layer, there is only a chance smaller than one for the
photon to exit the device. The out-coupling factor 14, considers the total reflection
of a photon at the layer interfaces with different optical density n. One can show that
the out-coupling factor is approximately given by the mean refractive index n of the

organic layers as [54, 55]
1

2n?

This formula gives an estimation of the upper limit of the optical output power if one

(2.13)

TNout =

assumes values of n = 1.6 —1.8. The assumption limits the EQE for isotropic emitters in
the EML to next ~ 15 —20% if all other parameters of formula 2.11 taken with their the-
oretical maximum. However, this limit can be exceeded if the orientation of emission

of the emitters is optimized. Simulations show that n¢ can be increased by 50% by the
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(a) horizontal (b) isotropic (c) vertical
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Figure 2.5: Orientation of the transition dipoles (black arrows) in an amorphous emission
layer. The anisotropy factor 0 is a measure of the distribution of the transition dipole
moment in the emission layer. Influence of horizontal (x — y—plane) 6 = 0, isotropic
0 = 0.3 and vertical (z—direction) orientation show decreasing emission properties
(green) in z-direction.

use of horizontal dipole moments in contrast to isotopic emission [56], [57]. Here, the

Purcell factor F is replaced by the expression F(0) [58], [34]
1-6
F(H):T~(Fx+Fy)+9-Fz (2.14)

The parameter of interest is here the orientation anisotropy factor 8 of the Purcell fac-
tor E For isotropic orientation 6 = 1/3, for horizontal orientation 8 = 0 and for ver-
tical orientation 6 = 1. Here, horizontal orientation is in x — y—plane and vertical in

z—direction.

2.3 Classification of OLED Emitters

The previous sections introduced all the fundamental principles which are needed to
understand the electrical operation of an organic device. Nevertheless, the focus is
now drawn to detailed pathways and intermediate states of the involved excitons and
how these states and the transition rates between them are affected by the molecular
structure of the emitter. Figure 2.2 already demonstrated the interconversion between
excited singlet S; and excited triplet states 77 by ISC and RISC. These processes are
important to understand the emergence of the three generations of OLED emitters.

For comparison all three types of OLED emitters are shown in Figure 2.6.

* Fluorescent emitters
In fluorescent emitter based devices, only the singlet excited states S; show lu-
minescence and hence the IQE is limited to ni, = 25%, due to a singlet-triplet
ratio of 1:3. In contrast, the triplet states 77 decay non-radiatively, which is a
huge drawback regarding the EQE. In total, fluorescent emitters are limited to

Next = 5%. The rate of intersystem crossing kjsc from the S; to T; is usually is very
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(a) ' Fluorescence (b) Phosphorescence (c) TADF
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Figure 2.6: The three classes of OLED emitters. (a) Fluorescence emitter make use of sin-
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glet states only (ky) . Triplets are energetically trapped and decay non-radiatively
(knr) (b) In phosphorescence based emitter, heavy atoms enable spin-orbit cou-
pling, which allows intersystem crossing (k;sc) of singlets to low-lying triplet states
(AEst = 1-2eV). The radiative transition to ground state via phosphorescence is in a
time range of hundreds of us to several ms. (c) Emitters making use of thermally ac-
tivated delayed fluorescence (TADF) exhibit a small singlet-triplet gap (AEst = kT),
which allows the triplet-to-singlet up-conversion by reverse intersystem crossing
krisc, followed by delayed fluorescence k¢ at a microsecond time-scale. Initially
generated singlets decay via prompt fluorescence k¢ in nanosecond time-scale,
similar to (a).

low, since there is no strong driving mechanism to allow spin-forbidden singlet-

to-triplet conversion.

Phosphorescent emitters

To overcome the drawback of low IQE, heavy metal atoms have been introduced
into emitting molecules which enable a channel for singlets to undergo ISC effi-
ciently [13, 59-61]. In addition, this class of emitters enables room temperature
phosphorescence from the lower-lying triplet levels by making use of the heavy-
atom effect. This effect increases the so-called spin-orbit coupling matrix ele-
ment between the singlet and the triplets, or in other words, it allows spin-flips
in the spin-forbidden T;j to Sy transition. Thus, phosphorescent emitters can be
realized exhibiting a theoretical IQE of nijy; = 100%. The mean lifetime of radia-
tive transition to ground state via phosphorescence is in a time range of hundreds

of us to several ms.

TADF emitters

In this thesis the focus is on the third type of emitters, the so-called TADF emit-
ter. Here, the up-conversion of triplets to singlets is enhanced by efficient re-
verse intersystem crossing (RISC) [23, 62]. The subsequent emission after RISC

is called delayed fluorescence. In addition, the RISC process is thermally acti-
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vated which increases the fraction of delayed emission with rising temperature.
Hence, the electrically generated singlet S; states exhibit a typical fluorescent
lifetime of several tenth of nanoseconds which is called prompt fluorescence.
In contrast, the pathway of electrically generated triplets through RISC happens
at a microsecond time-scale. Due to efficient thermally activated delayed fluo-
rescence (TADF), an IQE of nj, = 100% is also possible with this class of OLED

emitters.

2.4 Singlet-Triplet Gap and Triplet-to-Singlet

Up-Conversion

The crucial parameter dominating the efficiency of a TADF emitter is the singlet-triplet
gap AEs7. Conventional emitters exhibit usually singlet-triplet gaps of several hundred
meV to 1 eV. The customized design of the molecule’s geometry allows to decrease this
gap down to several tenth of meV. In this case, the thermal activation of the lower-lying
triplet 7 to the higher-lying singlets S; is possible, since AEs7 = kp T and thus is in the
range of the thermal energy. The rate of the triplet-to-singlet up-conversion kgysc is
then following the Boltzmann term [62]

AEST) (2.15)

krisc ~ exp (— Ko T

in detail, the more thermal energy in the system is available, the more triplets occupy
higher vibronic levels. Hence, the triplets at higher vibronic levels being iso-energetic
to the S; vibrational ground state can undergo the transition via reverse intersystem
crossing. In this process, a change of the total spin S of the exciton from S=1to S=0
is desired (see Section 3.1). This spin-conversion involves a quantum mechanical effect
called spin-mixing. One can describe the electronic states by perturbation theory. Two
states with different spins can have the same energy, but still the transition between
these states is spin-forbidden. This is the case if only the zeroth order is considered.
The character of theses states is described as pure [35]. The first and second order
treatment according perturbation theory may include some mixed terms. In literature,
several mechanisms are discussed to be responsible for the spin mixing: the hyperfine
interaction (HFI) [29], spin—orbit-coupling (SOC) [26-28] or the Ag-mechanism [63].
In other words, there must be a magnetic interaction which acts solely on the spin of
one of the two involved charge carriers forming the exciton. All three interactions are
defined in more detail in chapter 3.

The determining factor in Equation 2.15 is the singlet-triplet gap AEsr. The aim of
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TADF emitters is to gain maximum efficiency by keeping the RISC rate kg;sc at a max-
imum, that is at a low value of AEst. To know how this value can be influenced, one

needs to have a look on the origin of the spitting [64-67]:
AEs - 7=Er—Es=2]x (2.16)

where J,, is the exchange integral between the two particles, which form the exciton.
More details on the exchange integral is given in Section 3.2.1 (Equation 3.10c). The
main parameter giving rise to the value of the integral is the spatial overlap of the or-
bital wavefunctions of the HOMO ¢ rono and the LUMO ¢ryp0. For ordinary com-
pounds, ¢ ronmo and ¢ryyo have similar shapes and locations on the molecule. Thus,
the exchange interaction /., of the involved charge carriers is high due to enormous
overlap of the wavefunctions. In contrast, the challenge of finding an efficient TADF
emitter is to create a spatial separation of the HOMO/LUMO orbitals by a smart choice
of donor and acceptor elements. Unfortunately, the oscillator strength f suffers from
the decreased electron-hole coupling and hence it is important to keep an eye on the

emission properties while tuning the triplet-to-singlet up-conversion [68, 69].

2.5 Guest-Host vs. Donor-Acceptor Approach

For efficient harvesting of the non-radiative triplet states in TADF compounds, a spa-
tial separation of the ¢ ;oo and ¢rypo wavefunction is desired. So far, two differ-
ent approaches have been made in the OLED community to fulfill this requirement.
The first one in based on the separation of the donor and acceptor group of a single
molecule (Figure 2.7a). Here, the separation is realized for example by introducing a
twist, creating large distances between electron and hole inside one molecule by donor
and acceptor units that are almost perpendicular to each other. The resulting energy
state in this case is usually denoted as a charge transfer (CT) state [23, 24, 68]. Since
it is based on a charge transition inside the emitter, this approach is well known as
intra-molecular TADE Commonly, CT-TADF emitters are embedded in a transparent
wide-band gap matrix with a ratio of 10:90 to prevent self-quenching effects between
neighboring emitter molecules.

The second TADF concept is based on the approach to completely dislocate the elec-
tron and the hole wave functions on two distinct molecule [62, 70-72]. The resulting
excitonic state is here called an exciplex (Figure 2.7b). The wavefunction of the hole
is located in the HOMO of the donor molecule, while the wavefunction of the electron

is located in the LUMO of the acceptor molecule. The concept is also referred to as

20



2.5 Guest-Host vs. Donor-Acceptor Approach

(@) intra-molecular (0) inter-molecular
TADF TADF
donor acceptor
-- LUMO
> - - LUMO
charge transfer
state (CT) - ---- exciplex
I N HOMO
matrix
\‘\:l — ]
one molecule - two different
two units molecules

Figure 2.7: The two TADF approaches: (a) charge transfer (CT) emitter: The TADF-process
takes place on only one emitter molecule consisting of perpendicular acceptor and
donor units. The concept is called intra-molecular TADF and the involved state
is a charge transfer (CT) state. Commonly, the emitter is embedded in a matrix
layer with low emitter concentration (10:90) (host-guest system). (b) exciplex-D-
A-complex: inter-molecular TADF based on a Donor-Acceptor approach with two
different molecules taking part in the emission.

inter-molecular TADE Here, the challenge is less separation of the ¢ o0 and ¢runpo
by synthesis, but more to match the right compounds with corresponding HOMO and
LUMO levels. To increase the probability of forming D:A-pairs, a co-evaporation of
both materials with a ratio of 50:50 is often used, instead of a direct two-layer interface
[70].
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3 Electron Paramagnetic

Resonance

The previous chapter introduced the fundamentals on organic light emitting diodes.
An important physical quantity, which determines the efficiency of these devices is the
spin. It is inevitable to have a closer look on the spin and its impact on the transition
processes in TADF compounds. This chapter provides a detailed background of the
underlying spin-physics and how to apply spin-sensitive methods based on electron
paramagnetic resonance (EPR) to gain new information for OLED improvement. The

spin theory is given in a nutshell in accordance with [73], [74] and [75].

3.1 The Spin

The spin S is a quantum mechanical intrinsic property of a particle referred to an an-
gular momentum. In contrast to the orbital angular momentum L, there is no classical
counterpart to the spin. Its property is to precess around the external magnetic field
vector B with a precession frequency w;, the Lamor-frequency, with the gyro-magnetic
ratio y [73]:

w,=7-B (3.1)

For a free electron the gyro-magnetic ratio is given by y = gupg/h, where g is the Landé
factor, up is the Bohr magneton and 7 the reduced Planck constant. The phenomenon,
the spin, was first discovered by Stern and Gerlach in 1922, who observed a splitting
of a beam of silver atoms in an inhomogeneous magnetic field [76]. While the spin
quantum number I of nuclei depends on the isotope, electrons always posses a spin
of S =1/2, as all fermionic particles. With respect to the direction of the external mag-
netic field B the spin can occupy 28 + 1-states. For electrons this number ends up in
two states in z-projection of the spin vector (see Figure 3.1a), the parallel alignment |1)
for the so-called spin-up state and anti-parallel alignment ||) for the spin-down state
referred to as a doublet state. These spin eigenstates are part of the total wave func-
tion of the electron V. It is the product of the electronic ¥, the vibrionic ¥ ;3 and the

spin wave function ¥, resultingin ¥ = ¥, ;¥ spin. The multiplicity of a doublet
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Figure 3.1: (a) Spin doublet with spin S = #1/2 and m; = +1/2 (b) Triplet with three-fold
multiplicity and a total spin of S = 1. The triplet sub-states are described by m; =
-1,0,+1

state is equal to 2. These two states are described by the magnetic quantum number
m;. The magnetic quantum number is determined by the spin quantum number S of
the particle

mg=-S§,(-S+1),...,(S§-1),+S. 3.2)

In systems with more than one un-paired (electron) spin, spin-spin interactions are
possible. The interaction of the spins leads to a summation of the individual spin quan-
tum numbers S = S; + S, resulting in either a singlet state or a triplet state, with a total
spin of S =0 and S = 1. If now the underlying states are described by a total wave func-
tion ¥ = W,;¥pin again, the eigenstates of the four resulting new spin states can be

written as [31]:

Singlet:  Wipins = %(Gﬁlﬁz - pras) S=0,ms=0

Triplet:  Wspin1, =102 S=1mg=+1 (3.3)
Yspinty = %(Cﬁﬁz*‘ﬁlaz) S=1;ms=0
Yspinr. =P1B2 S=1;ms=-1

Here, a and p are the spin wave functions of the one-electron states with S = 1/2 and
mg=1/2and S = —1/2 and m; = —1/2, respectively. A schematic diagram of a triplet
spin system is given in Figure 3.1b. The singlet state is denoted as S and magnetic
quantum number m; = 0, while the triplet sub-levels are called T, Ty, T- states, with

magnetic quantum numbers mg = +1, mg = 0 and mg = —1. The multipliticy of the
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singlet state is one-fold and the triplet multiplicity threefold. Another quantum me-

chanical description of the spin is done by the spin operator vector
s=1[s, (3.4)

while its components contain the Pauli matrices o;. For a spin S = 1/2 system the

components read as

Sx:_o-x Sy:_.o-y SZ:_O-Z (3.5)

with the Pauli matrices

01 1 0 0 1
10 0 -1 -1 0

The direction of the precession of a spin can be changed in an EPR experiment by ap-
plying resonant microwave radiation in perpendicular orientation to the external mag-
netic field B. For example in the picture of Figure 3.1a, the time-dependent oscillating
magnetic field of the microwave B, introduces a spin-flip from spin-down to spin up.
In the present work, spin-flips in small-molecule compounds for OLED application
are investigated. The previous chapter dealt with the formation of excitons in organic
devices. Now, since these excitons are a bound state of an electron and a hole, both
fermions, the resulting spin states are either a singlet or a triplet state. The arising

inter-spin interactions for such particles are given in the section below.

3.2 Spin-Spin Interactions

If two neighboring spins, for example an electron and a hole on two molecular sites,
form a bound state, an exciton, several interactions between these spins as well with
their surroundings are possible. All interactions have an impact on the energy of the
exciton. In general, the energy of a particle is given by the eigenvalue of the spin-
Hamilton operator 7. It consists of several contributions and can be expressed as
[73], [77], [78]:

H =+ SB- Slys, + s'Ds + sTAI - BT, + 17QI
glB ISy . gnunB Iz Q
Zeeman e~ e~ exchange dipolar hyperfine  jyclear Zeeman nuclear quadrupole

interaction interaction interaction interaction splitting interaction

(3.7)
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The first term is the electronic Zeeman interaction, which describes an energetic
splitting of spin carrying particles in an external magnetic field. The second and the
third term are based on electron-electron interactions. Exchange interaction is de-
termined by the isotropic exchange coupling parameter J, which couples two spins S,
and Sj, by their Pauli repulsion. Dipolar interaction considers the interaction of a spin
with the magnetic field of a neighboring spin. This results in an energetic splitting D
even in the absence of an external magnetic field and is also called zero-field splitting
(ZFS). The last three terms account for interactions with surrounding nuclei. Hyper-
fine interaction is the direct result of an additional net magnetic field generated by the
magnetic moment I of a nucleus in the environment of a spin S. The nuclear Zeeman
splitting and the nuclear quadrupole interaction are mentioned only for the sake of
completeness and are neglected in the present study, since these are vanishingly weak
in organics and especially at fields B< 1T.

3.2.1 Exchange

From a classical point of view, if two particles with an electric charge are in close dis-
tance, an electrostatic force or repulsion acts on both of the particles, depending on
the sign and the distance between them. Now, a typical quantum mechanical example
is the hydrogen molecule when two electrons interact with two protons. In such a sys-
tem it is not possible that the two electrons occupy the same quantum state within the
quantum system due to Pauli exclusion principle [79]. Regarding the symmetry of the
overall wave-function of these indistinguishable particles, the two-particle wave func-
tion of such a system is antisymmetric with respect to the exchange of electrons [80].
An interaction term arises which is of pure quantum mechanical nature, called the ex-
change interaction. In the spin Hamiltonian of Equation 3.7 this is taken into account
with the term:

Jxx ]xy Jxz Sb,x
Heoxch = SZ;I Sp= (Sa,x Sa,y Sa,z) ]yx ]yy ]yz Sb,y (3.8)
Jzx ]zy Jzz Sb,z

where J is the exchange coupling tensor between two spins. It includes only electronic

(Coulomb and Pauli) interactions and not the magnetic interaction of two paired spins
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Figure 3.2: Energetic splitting between singlet and triplet states. It is determined by the
strength and sign of the exchange interaction J,, here J,x < 0.

(see Section 3.2.3). The energy of singlets Es and triplets E7 in the system is then given
by [25, 64]

Es=8+C+ Jex (3.9a)
Er=8+C-Jex (3.9b)

where S is the overlap integral, C the coulomb repulsion integral, and J., the exchange

integral.
55f¢1(ra)¢>z(ra)dra (3.10a)
ff%(ra)ﬁbz(rb) i ¢1(ra)qb2(rb)dradrb (3.10b)
]ex—ff¢1(ra)¢2(rb) 2 ¢1(rb)¢2(ra)dradrb (3.10¢)

where the integral over dr; is an integral over space, ¢; the orbital wave-functions and
r; are the coordinates of the electrons. Assuming a small overlap S, we arrive at the
origin of the singlet-triplet gap AEsr combining Equation 3.9a and 3.9b [64, 66, 67]

AEst =Er—Eg=2]cx (3.11)

The direction of the energetic splitting still depends on the sign of the exchange inte-
gral J,x. In the case of the hydrogen molecule H,, the value of /., > 0, which lowers

the singlet state. Now, in the present study the underlying molecules have a more com-
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plicated orbital structure than the hydrogen molecule. Here, J,, < 0 which lowers the
triplet state (Figure 3.2). Thus, excitons in TADF compounds exhibit a small singlet-
triplet splitting, if the exchange interaction of the hole located in the HOMO ¢ ron0

and the electron in LUMO ¢ 1750 is driven by a small spatial overlap between ¢ rono
and ¢rymo [64].

3.2.2 Zeeman

The fact, that the electron spin interaction with an external magnetic field results in
splitting was first shown by Pieter Zeeman in 1897 by observing a splitting in the optical
spectra of doublet and triplet states in Cadmium [81]. It is the fundamental effect,
which makes the investigation of spin states in EPR possible. In the spin Hamiltonian

the electron Zeeman interaction (EZI) is described by
HZeeman :gNBS'E- 3.12)

with g the electronic g-tensor, pp the Bohr magneton, S the spin operator and B the
vector of the external magnetic field. The contribution to the total energy is given by

the Eigenenergies of the Zeeman-term

&s,my = Ms-LUBB. (3.13)

with the magnetic quantum number m;. In Section 3.1 it is shown, that in the case of
a triplet, ms = —1,0,+1. This results in a spitting due to EZI into three energetic sub-

levels. The Eigenenergies of the EZI for for triplets the states are:

E,+1) = (+1)gugB
& =0 (3.14)

&h,-1y =(-1)gugB

The energetic splitting with increasing magnetic field is shown in Figure 3.3

The Electronic g-tensor

The electronic environment of a spin is covered by the electron g-tensor. For a free
electron, which means no electronic interaction with the environment, the g-tensor is
isotropic and reduced to the g-factor with the value of g, = 2.00231930436153 . Now,
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Figure 3.3: Energetic splitting between triplet sub-levels following Equation 3.14. With in-

creasing magnetic field, the m; = —1 and the m; = +1 are shifted away from the
central triplet state m; = 0. The slope of the splitting is determined by the electronic
g-factor.

interaction with the environment of the spin as spin-orbit coupling leads to anisotropy

in the g-tensor. The g-tensor can be diagonalized

8xx 8xy 8xz 8x O
g: gyx gyy gyz = O gy_y 0 (315)
8zx 8zy 8zz 0 0 g

and is then fully described by its diagonal components gy, gyy, §z-- In the special case
of an exciplex triplet, it is possible that the two spins, which form the exciplex, have
different g-factors. This would be a direct result of the environment of each spin, for
example the HOMO of a donor molecule and the LUMO of acceptor molecule. In other
words, each spin’s g-factor may slightly deviate from the g-factor of a free electron g,
if the influence of its orbital environment is strong, e.g. if the spin-orbit coupling is
strong. If the two independent spins S, and Sj, possess the g-factors g, and gj, then
the difference Ag = g, — g,. From Equation 3.1, it can be derived that a difference in
the g-factors directly implies different precession frequencies w; for each spin S, and

Sp, which is referred to as the Ag-mechanism [82],[83].

3.2.3 Dipolar

In systems with more than one unpaired spin, magnetic spin-spin interactions are pos-
sible. The fundamental principle behind these interactions is the magnetic dipole-
dipole interaction between two dipoles. This interaction is independent from an exter-

nal magnetic field and since it results in an energetic splitting at zero magnetic field,

29



3 Electron Paramagnetic Resonance

it is also known as the zero-field splitting (ZFS) and shown in Figure 3.4. The splitting
results from the magnetic interaction of one unpaired spin with another unpaired spin
in close vicinity. For a particle with S = 1 the ZFS-term of the spin Hamiltonian is given

by the anisotropic zero-field splitting tensor D [73]:

Dy ny Dy, Sb,x
%ZFS = STD S = (Sa,x Sa'y Sayz) Dyx Dyy Dyz Sbyy (3.16)
sz Dzy Dzz Sb,z

If the tensor D is diagonalized, it can be expressed by the zero-field interaction param-
eters D and E:

Dy 0 0 -24E 0 0
- — D
p=(o D, 0= 0 -2-E o0 (3.17)
0 0 D 0 0 2D
Then the axial term of the tensor in z-direction is given by D
3
D= ED 2z (3.18)
while the rhombicity is included in the parameter E
1
E= - (Dyx—Dyy) (3.19)

If both values are non-zero, they are measurable in an EPR experiment and deliver a
fingerprint-feature in a typical EPR spectrum of a studied compound, which is dis-
cussed in more detail in Section 3.3. The classical magnetic dipole-dipole interaction
depends on the distance vector 7 between two magnetic dipoles. From this point of
view it is pretty obvious that the inter-spin distance dominates the interaction strength
of the ZFS tensor D. The measurement of the ZFS-parameters in an EPR is a direct
measure of the delocalization of the triplet extend r,;,. The dependence of the ZFS of
two spins S, and Sy, is given in frequency units by [84]:

Ho 8a8bHy

D/h=——

ik PP (1-3cos*0) (3.20)
ab

where p is the permeability constant, g, and g;, are the g-factors of the spins S, and
Sp, Tap the inter-spin distance and 0 is the angle between 7,;, and the external magnetic
field B.
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Figure 3.4: Energetic scheme of the zero-field splitting (ZFS) parameters D and E in triplet
states. In absence of an external magnetic field the triplet sub-levels m; = 0 and m; =
+1 are split by the value D if the system exhibits an axial symmetry. The degeneracy
of the m; = +1 is lifted if the symmetry is thombic. Then the m, = +1 are further
split by the parameter E.

3.2.4 Hyperfine

The counterpart of the electron-electron dipolar interaction is the hyperfine interac-
tion (HFI). It involves the magnetic interaction of an electron spin with surrounding
paramagnetic nuclei. Therefore, one has to take into account the magnetic nuclear
spin of a nucleus I. A first example is the nucleus of a hydrogen atom. The proton
possesses a nuclear spin of I = 1/2. A nearby electron spin can now interact with the
magnetic field generated by the nucleus. The hyperfine spin-spin interaction term in
the spin Hamiltonian is written in the same form as in the case of the electron-electron
dipolar interaction. The dipolar tensor D is replaced by the hyperfine tensor A and

additionally, a nuclear spin I appears instead of the second electron spin:
HHFI = STAI= (Sx Sy Sz) Ayx Ayy Ayz || Ly (3.21)

The hyperfine tensor can also be expressed in terms of its isotropic and anisotropic
part [73]:
A=Apl+T (3.22)
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where Ay is the isotropic hyperfine coupling constant, 1 is a unit matrix and T is the
anisotropic hyperfine matrix. The isotropic part is a direct measure of the Fermi con-
tact interaction or in other words, the value of the wave function of the electronic spin
at the nucleus [85]. The anisotropy is given by the dipolar magnetic interaction be-
tween the electron spin and the nuclear spin. Ag can also directly be calculated by the
trace of the hyperfine tensor A with Ay = ¢r(A)/3. If the electron spin is surrounded by

several nuclei, then a summation over all nuclei i is necessary:

Huri=) STA; I; (3.23)
i

In the case of a triplet system with S = 1, the hyperfine interaction with a nucleus leads
to a further splitting of the triplet sub-levels. The splitting depends on the interactions
strength given by the HFI coupling constant Ay (see Figure 3.5). The number ngyr; of
hyperfine levels from i nuclei is given by the nuclear spin I as nyp; = (2-1+1)%. The
magnetic quantum number of the nucleus m; = —1, ..., I specifies the nomenclature of

the HFI sub-levels. The m = 0 sub-level remains degenerate.

triplet sublevels number of protons (I1=1/2) i= 0 i 2 3 4 5 6 7 8
number of sublevels nhE=@+1) 0 2 4 8 16 32 64 128 265
. | | | | | | | |
—1 A A R
o =3 A
T M= Ao S O
! See i =3 | | | | | —1 —8
: i o =
§ 1 ! —1 ——f ——28
' | | 1 5 21
! —1 —4 ——i5 —56
T me=0 === — eeemeurenn- 8 —1 3 10 35
H - 1 =2 —6 —20 ——70
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Figure 3.5: Energetic scheme of the HFI of hydrogen nuclei in a triplet state. The m; = +1
triplet sub-level are further split by the parameter Ay for equivalent contribution
of three hydrogen nuclei (left). For increasing numbers of interacting nuclei, the
number of degenerate sub-levels is ruled by the binomial coefficients of the Pascal’s
triangle (right).
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3.3 The Principle of Magnetic Resonance

3.3 The Principle of Magnetic Resonance

Since now all relevant interactions have been discussed, which lead to several ener-
getic splittings, the focus is now drawn to transitions between these energy states. A
transition of a spin state between two energy states is realized by the involvement of an
electromagnetic wave, or in more detail, a photon of the same energy as the energetic
splitting of the spin state. The detailed demands and selection rules for absorption
and emission of such a photon is discussed in the following. In this work magnetic
resonance is applied only to systems with Spin S = 1 and with an exchange coupling
constant /., < 0. Therefore, the following explanations will concentrate mostly on the
principle of magnetic resonance in triplet states (S = 1). The basic principle, which
makes an EPR transition possible in the first place is the electronic Zeeman interaction
of these triplet states (Section 3.2.2). The triplet sub-level splitting due to this interac-
tion at an exemplary magnetic field of By = 225mT is in the range of several pueV. Now,
an electromagnetic wave can be absorbed between these sub-levels if its energy is iso-
energetic with the Zeeman splitting, that is, in the microwave range of the electromag-
netic spectrum. For By = 225mT the resonance frequency v,,,, = 6.3 GHz which is also
the Lamor frequency (see Equation 3.1) of the system at this magnetic field value. The

formula, describing the resonant transition frequency is the resonance condition [73]:

If this condition is obeyed, an EPR transition is possible. In common EPR experiments
usually the absorption or emission of resonant microwave radiation is detected un-
der a change of the external magnetic field By. It is also possible to keep the external
magnetic field By at a constant value and sweep the frequency of the microwave ra-
diation v,,,,. For absorption of a photon, the spin selection rules allow only changes
of the magnetic quantum number m; in the range of Am = +1, which is in the case
of a triplet, a transition between T, — T and T{ < T;. In addition, the intensity
of the EPR signal is proportional to the population difference of the triplet sub-levels.
This difference is a direct result of the equilibrium magnetic polarization. This spin-
polarization is ruled by the Maxwell-Boltzmann distribution. If two levels have the
energetic splitting AE at a given temperature 7 the population ratio of both levels is
described by [73]:

m_ exp(_ﬁ) (3.25)
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where n; and n; are the populations of the spin states and kg T is the thermal energy
of the system. At a resonant frequency of v,,,, = 6.3 GHz and an external magnetic field

of By = 225mT, this value is n;/n, = 0.99899 at room temperature.

3.3.1 Total Magnetization and Bloch-equations

When conducting EPR experiments in the lab, the studied object is always a macro-
scopic sample. This implies that the interaction of the electromagnetic microwave field
with the sample has to be described on a macroscopic scale. All spins in the sample are
treated as an ensemble of magnetic moments fi; with the total magnetization vector
M. Without an external magnetic field, the direction of M is fixed and is given by the

sum of the magnetic momenta of N individual spins y;
. 1N
M=—=Y [ (3.26)
Via

where V is the volume of the sample. If now an external magnetic field B is applied,
the individual spins precess around the magnetic field vector (Figure 3.6a). Thus, the
time-dependent magnetization dM/dt contains the net magnetization of the sample

and is given by the equation of motion

—— =y.MxB (3.27)

where y, = gup/# is the electronic gyromagnetic ratio. If the external magnetic field is

along the z-axis, then B = By and the equations of motion for each Cartesian direction

iS given by
lt ) ety 0 lt ) etVixDQ lt .

In an EPR experiment, the change of the precession of the total magnetization vector
is induced by a second magnetic field, which is oscillating in time. The amplitude is B;
and the direction is commonly perpendicular to By. Exemplary, for a circular B;-field

in x-y-direction the components are written as
B1x(t) = Bicos(wmw ) By (1) = Bysin(wmyt) Bi;=0 (3.29)

Now, for simplification, introducing a rotating coordinate frame is usefull. The refer-
ence frame is set to rotate around the z-axis with the Lamor frequency w; with z = z'.

(Figure 3.6b). In this frame the magnetization vector appears stationary to the ob-
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3.3 The Principle of Magnetic Resonance

server. If then the microwave B;-field is considered along the x’-axis in the rotating
frame, the magnetization vector M undergoes a precession about the x'-axis. The fre-
quency of this rotation is then the angular frequency w, = gugB;/h. Typical values
for the magnetic fields are for example By = 0.3T and B; = 1 uT. Thus it follows, that
w1 << wr [86]. In the experiment, in general, a sweep of the external magnetic field B
or the microwave frequency w,,,, of the B; field is considered. Then, w,,, # w results

for the non-resonant case. Due to interactions with the lattice, the spin system tends

(@) (b) (c)

lab frame rotating frame lab frame

Figure 3.6: (a) The magnetization vector M is precessing around the external magnetic field
in z-direction (By). The figure is shown in the lab-coordinate system x, y,z. (b) In
the rotating frame approximation, the magnetization vector is fixed in space, while
the coordinate system is rotating along the z-axis with an angular frequency cor-
responding to the Larmor frequency w;. (c) The microwave field B; also appears
stationary along the x’-axis in the rotating frame x’, y', z’. The magnetization vector
M undergoes a precession about the x’-axis with an angular frequency w;. (d) Nu-
tation of the magnetization vector in the lab frame with w; and w;. Adapted from
[86].

to relax to the equilibrium value of the magnetization M. The time constant for this
relaxation process is given by T, the spin-lattice-relaxation time, or also the longitu-
dinal relaxation time. The second relaxation effect is described by 7>, which accounts
for the time constant of the transversal magnetization. The decay here is due to spin-
spin relaxation and causes decoherence of the spin system. The Bloch equations in the

rotating frame are then given with relaxation times [73]:

AMy _ (@ — ) My — M (3.30a)
dt - L muw y T2 .
dMy/ My/
= (W — Wmw) My +YeB1 M, — —= (3.30b)
dat T
aM; B M., Mz M (3.30¢)
=~ §——= .30c
dt YeP1 My T
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The Bloch equations are a set of coupled linear differential equations, which can be
solved by a steady state approximation for continuous microwave field B;. The steady-
state solutions are given by [73]:

YeBi1(@WL —0muw) T22

Mo = —M° (3.31a)
* 1+ (0L - 0mw) T2 +Y2B2 T T
BT
My = +M’ Yeot2 (3.31b)
I+ —wmw) Ty +yeBi Th T2
1+ (W[ — Wmy) T2
M, = +M° L~ Tmw 2 (3.31¢)

1+ (WL —0m) T2 +Y5B2 T T

In addition, for small values of B;, which is in principle the case for low microwave
powers, the last term of the nominator, the saturation parameter, vanishes due to s =
)fﬁB% Th T, << 1. One obtains, for example, for the y-direction of the magnetization

vector M), [86]:
My (@1~ Wmw) = (M2 Bo)B1 To/ [1 + (0F — W) TZ] (3.32)

This solution is a Lorentzian function, which is, based on the assumptions made be-
fore, a proportional resonance response of an EPR experiment if a sweep of the mi-
crowave field w,,, is considered, while By and w; are kept at a fixed value. In other
words, in this simplified picture, the linewidth of the Lorentzian curve is determined by
the 1/T>. This is the case in the so-called linear regime, at low microwave power, or re-
spectively small B, -fields and no other spin-spin interaction considered. The linewidth
is a natural linewidth, or also called homogeneous if it is only ruled by the T,- deco-

herence time.

3.3.2 Linewidth Broadening Mechanisms

In the ideal case, all spins in the sample have the same spin-hamiltionion param-
eters and all spins are exposed to the same magnetic field. This picture leads to a
homogeneous linewidth. However, in amorphous solid samples, the involved spins
are randomly oriented and exposed to various interactions with other spin centers,
which both causes different resonance frequencies w;y for each spin. In this case the
linewidth is not homogeneous anymore. The spin species are not magnetically equiv-
alent and therefore the linewidth appears inhomogeneously broadenend [73, 86]. The

two possible lineshapes, the Lorentzian shape for the homogeneous case and Gaussian
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for the inhomogeneous case, are depicted in Figure 3.7. In general, the homogeneous

linewidth I' iy depends on [73]
1 2 p2 3
I'y= ?(1 +v.B1T1T)2 (3.33)
2

and is thus dependent on experimental conditions due to B;. Note, that the parameter
I'y is half the linewidth at half-maximum (HWHM). The various linewidth broadening

mechanisms are discussed in the following section.

(a) homogeneous linewidth (b) inhomogeneous linewidth

homogeneous
sub-linewidth

Lorentzian shape Gaussian shape

Figure 3.7: (a) The homogeneous linewidth exhibits a typitcal Lorentzian shape, often de-
termined by the natural linewidth of the involved state. (b) The inhomogeneous
linewidth is given by the superposition of several Lorentzian sub-resonances with a
normal distribution of resonance frequencies. The normal distribution is leading to
a Gaussian shape of the envelope linewidth. Adapted from [86].

Homogeneous Broadening

e Lifetime broadening
The first Lorentzian shaped broadening mechanism is the so-called lifetime broad-
ening. It is based on the quantum mechanical effect, that if a quantum mechan-
ical system is changing in time, it is impossible to know the exact energy. The
underlying phenomenon is the Heisenberg’s uncertainty principle of time and
energy AEAt = g [87, 88]. In other words, if a measurement of a quantum state
demands the amount of time A¢, the standard deviation AE of the energy of the
involved states exhibit a lower limit. This implies, there are no distinct energy
states. In an EPR experiment the finite lifetime results in a Lorentzian linewidth,

with the lifetime as the limiting parameter.

* Power broadening

If the system is pumped heavily by high microwave power, the intensity of the
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EPR signal is driven to saturation. In this case the linewidth is increased due to
microwave power broadening, when the last term of the nominator in equation
3.31 is not vanishingly small [89, 90]. Then the high value of the B; contributes
to the linewidth. In addition, the high microwave intensity leads to stimulated
emission of the saturated spin states, due to high density of microwave photons
in the sample. Subsequently, the lifetime of the involved spins is reduced and

thus the linewidth increased.

Inhomogeneous Broadening

38

¢ External magnetic field inhomogeneity

If the linewidth is ruled by inhomogeneous broadening, it consists of spins, which
are not magnetic equivalent. Nevertheless, the signal could also seem to be broad-
ened for magnetically equivalent spins if the external field is inhomogeneous
over the spatial extend of the sample. Then only a fraction of the total spin en-
semble is in resonance with the microwave field due to an inhomogeneous ex-
ternal magnetic field. The same fact needs to be considered for the B;-field as

well.

Dipole-dipole interactions

A high possibility of creating a shift in resonance frequency delivers the presence
of dipolar interactions. Here, a spin influences another spin in close proximity
due to its own magnetic moment. If the dipolar fields are random in direction,
this causes a normal distribution of transition frequencies, since the local fields

of each spin is slightly different [75].

Unresolved hyperfine interactions

The same argument as in the previous effect holds for the dipole-dipole interac-
tion with various paramagnetic nuclei. Each nucleus generates a splitting of the
resonance frequency. For a high number of HFI splittings the number of pos-
sible transitions increases enormously (see Figure 3.5). If the contributions are
non-equivalent, the transition frequencies are randomized and not resolved in
the EPR spectrum. The intensity of the individual sub-resonance lines is then

ruled by a Gaussian distribution [73, 89].

Strains in Spin-Hamiltonian parameters
Finally, different spin centers may exhibit structural strains from the molecu-

lar disorder in the organic sample [78]. This effect is often observed in glassy
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compounds or frozen solutions. Strain in the spin system can influence several
parameters in the Spin-Hamiltonian resulting for example in D-strain [91] or a
g-strain [92, 93]. Here, it is noteworthy, that a g-strain is connected to a line
broadening with increasing magnetic field, since the g-factor is proportional to

the slope of the Zeeman-interaction (see Section 3.2.2).

3.3.3 Simulation of Triplet Spectra

The absorption profile or in other words the magnetic resonance spectrum for exam-
ple for a EPR transition is a Lorentzian profile (Figure 3.8a). Now, if a spin-pair on
an organic molecule exhibits various spin interactions, this leads to several energetic
splittings as explained in the previous section. All these interactions produce specific
observable features in the magnetic resonance spectrum. A typical triplet spectrum of
an organic film with an exemplary ZFS of D = 100MHz is shown in Figure 3.8b. The
line shape of the absorption spectrum is more complex than a simple Lorentzian pro-
file. It consists of a superposition of several absorption lines with different molecular
orientation, also called a powder spectrum. The molecular orientation of a spin within
an organic film results in an angular dependence of the zero field splitting parameters
[73]:

D =D, (0052(9) - %) (3.34)

E=Ey-sin*@)-cos2¢) (3.35)

with 6 as the polar angle between the external magnetic field By and the orientation
of the molecular axis z and ¢ the azimuthal angle. The powder spectrum is the super-
position of spectra for all orientations. The shoulders in Figure 3.8b are determined by
2D at a polar angle of 6 = 0° and 6 = 180°, while the spikes in the spectrum are given
by a separation of D at a polar angle of 8 = 90°. This fact makes EPR a powerful tool for
studying organic triplet spectra, since interaction parameters can directly be read off
from the spectrum if the peak positions are clearly resolved. In addition to the dipolar
coupling, for some organic compounds a nearby nucleus further splits the observed
features of the line shape. An interaction with a nucleus of I =1 like a nitrogen atom
results in an additional three-fold energetic splitting of the triplet sub-levels. Figure
3.8c shows a simulation of a triplet powder spectrum with an additional isotropic hy-
perfine interaction strength of Ay = 20MHz. While in the case without any hyperfine
interaction in Figure 3.8b the dominant triplet peaks are nicely resolved, a splitting of

the peaks and the shoulders is observable in 3.8c.

39



3 Electron Paramagnetic Resonance
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Figure 3.8: Simulation of frequency swept EPR absorption spectra in a triplet spin system
S = 1. The resonant magnetic field is set to By = 225mT with a resonance frequency
of v,y = 6.3GHz and a homogeneous linewidth of I'; = 5MHz. Graph (a) exhibits
no ZES interaction (D = 0MHz) and no hyperfine interaction (A = 0MHz). The spec-
trum in (b) shows the powder spectrum of a triplet with D = 100 MHz with random
molecular orientation with respect to the magnetic field axis. (c) In addition to (b),
isotropic HFI with one nucleus of I = 1 and interaction strength Ay = 20 MHz is sim-
ulated. Simulations have been performed with the Matlab tool EasySpin [78].

3.3.4 Electroluminescence Detected Magnetic Resonance -

Theory

A standard EPR experiment is conducted by keeping the microwave radiation at a fixed
frequency v,,,, and sweeping the external magnetic field By. The observation of the
spin resonance is usually realized via detection of the intensity of microwave absorp-
tion of the investigated spin system. In this work, the focus is on light emitting com-
pounds, therefore it is desirable to detect the spin states optically. Furthermore, a
magnetic resonance study of the electroluminescence (EL) from electrically driven de-
vices is beneficial since, in particular with TADF materials, the up-conversion from
triplet states to emitting singlets can be observed. The triplet states of the investigated
systems are sensitive to the magnetic field, as explained in Section 3.2.2. The triplet
sub-levels split in an external magnetic field and resonant microwave radiation with
frequency v, is able to induce transitions between these sub-levels. The change of
triplet sub-level population can indirectly be observed by detecting the EL during a
sweep of the magnetic field. This special form of spin resonance bears the name elec-
troluminescence detected magnetic resonance (ELDMR). A detailed schematic of the
transitions involved in generating the ELDMR signal is shown in Figure 3.9. When the
spin system is electrically operated, a ratio of 1:3 for singlets to triplets is established in
equilibrium with By = 0. Then, a fraction of the triplets decays non-radiatively via k;,
while in TADF OLEDs ideally the majority of the triplet population undergoes RISC via
krrsc. Now, under resonance condition a new equilibrium state of triplet population is

generated by stimulated emission and microwave absorption. That results in a change
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Zeeman splitting

EL | 4

krisc

w— e— —>
B=0 B=0 :

AEL = change in EL by mircowave radiation

Electroluminescence detected magnetic resonance
(ELDMR)

Figure 3.9: Dominant transitions in ELDMR. Microwave radiation (red arrows) of a fixed fre-
quency is applied v, to drive transitions between triplet sub-levels T;", T{) , T . In
resonance the transition rates of reverse intersystem crossing kr;sc and triplet non-
radiative decay kj;, is slightly changed, leading to a change of electroluminescence
AEL compared to off-resonance.

of the rate constants k,, and kgssc. A change in both rates will alter the quantum
yield of the singlet state and change the intensity of the EL by the amount of AEL com-
pared to the off-resonance case. The change of the EL is defined as AEL=ELy,—ELg,
the difference between the on-resonance value EL,;, and the off-resonance EL,s. Both
parameters, ELy, and ELyg, depend on the number of excitons generated by current in-
jection. For this reason, the relative change is often specified, also denoted as ELDMR

contrast:

AEL _ ELon — ELost

(3.36)
EL ELor

3.3.5 Hole Burning Spectroscopy - Theory

If deeper insight into broadened magnetic resonance spectra is desired, it is advisable
to conduct a so-called hole burning experiment [94, 95]. The idea behind this exper-
iment is to irradiate the spin system with a second microwave frequency, denoted as
pump frequency vpump. If the systems linewidth is for example relaxation-broadened,
the entire line is influenced. In other words, the line profile is therefore compressed
compared to the undisturbed spectrum (see Figure 3.10a). If the power of vjymp is cho-

sen as high as possible, the whole line may disappear. In contrast, if the spin system
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is broadened by orientation disorder, only a fraction of the total spins is resonant to
Vpump, While the other spins have different resonant frequencies and are non-resonant
to Vpump. Only the portion of the line that comes from these spins, can also be sat-
urated. The resulting shape is a hole in the undisturbed spectrum (see Figure 3.10b).

The linewidth of the hole then corresponds to the homogeneous linewidth.

(a) relaxation-broadened (b) orientation-broadened
/ } homogeneous
sub-linewidth
_’ ‘_
Lorentzian shape Gaussian shape

Figure 3.10: (a) A relaxation broadened spectrum is compressed in a hole burning exper-
iment. (b) An orientation broadened spectrum is resulting in a hole in the inho-
mogeneously broadened spectrum (red). The hole burning spectrum (orange) is
obtained, when a single frequency is burned out of a distribution of transition fre-
quencies.
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4 Experimental Section

Since the previous two chapters explained all the fundamental theoretical details of
organic semiconductors and spin resonance, the focus is now on the realized experi-
ments. At first a short overview is given on the device fabrication, followed by the j-V-EL
characterization, device efficiency and time-resolved electroluminescence. Finally, the
setup for spin resonance experiments applied to fully working devices is introduced in
detail.

4.1 Device Fabrication

For successful fabrication of any device based on organic layers, it is crucial to apply
deposition techniques that allow precise adjustments of the thickness of the organic
layer, while maintaining the energetic impact on the molecule as low as possible to
prevent degradation of the molecule. In the past years of OLED research, the method
of choice developed for device fabrication of small molecules is the physical vapor de-
position under high vacuum (p < 1.0-10"%mbar). In contrast, polymers are commonly
solution processed by spin coating. In general, the device fabrication starts with an in-
dium tin oxide (ITO) covered glass substrate. The size of the glass substrate is usually
13mmx13mm. The huge advantage of ITO is a high transparency, while keeping the
sheet resistance at a low value of 1074 Qcm [57]. To define an active area of the device,
two contact stripes are etched into the ITO layer by photo lithography. The width of
the remaining ITO stripes is 3 mm (see Figure 4.1a). The standard cleaning procedure
is applied after lithography. The substrates are cleaned 10 minutes each in water, ace-
tone and isopropanol and finally exposed to oxygen plasma for 30s. As a next step, the
hole injection layer (HIL) is fabricated. Depending on the used compound, this layer is
either solution processed or evaporated. In the case of the standard water-based poly-
mer PEDOT:PSS the spin coating technique is applied at 3000 rotations per minute
(rpm) with a ramp time of 1s and a duration of 60s. PEDOT:PSS is highly soluble in
water, which excludes the use of toxic solvents like chlorobenzene. After spin coating
PEDOT:PSS, the substrates are annealed at 130°C to completely evaporate the remain-
ing water in the film and to fully polymerize the HIL. Subsequently, the substrate is
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(a) (b)

Figure 4.1: Fabrication of an OLED device. (a) An indium tin oxide (ITO, green) covered
glass is used as a substrate. Two stripes are etched by photolithography to define an
active area of the device. (b) The organic layers and top electrodes are evaporated
on top through a shadow mask. By selectively contacting one of the processed OLED
cells on the ITO (anode) and the aluminum stripe (cathode), the device is emitting.
Light out-coupling is generated at the bottom of the substrate.

placed into the evaporation chamber for physical vapor deposition. Here, the active
area of eight devices are formed by the evaporation of the organic material through a
shadow mask. The resulting structure is shown in Figure 4.1b. Each organic material
needed for a specific layer is filled in a crucible. The crucible is heated upon evapo-
ration of the material at around 1A/s. The evaporation rate is measured by a quartz
oscillator which is placed above the hot crucible. In order to realize co-evaporation,
two materials are placed at opposite positions in the chamber. Note, that the mea-
sured evaporation rates may differ, since both quarz oscillators may be influenced by
the second material source. The substrates are placed in a rotating substrate holder
above the organic sources. As a top electrode in this work a thin 5nm layer of Calcium
(Ca) is followed by 120nm Aluminum (Al). The evaporation rates are 0.2-0.3A/s for
Ca and 1-3A/s for Aluminum. Since the layer structure of the organic layers is not the
same in the different parts of this theses, the details on the layer structures are given in

the corresponding chapter.

4.2 Experimental Access to OLED Efficiencies

To obtain the typical OLED parameters like j-V-EL-characteristics, electroluminescence
spectrum or the EQE, which have been introduced in Section 2.2, the device needs to be
electrically operated by an external voltage source. For simultaneous measurement of
the current and electroluminescence response under a constant voltage sweep in time,

a precision semiconductor parameter analyzer (Agilent 4155C) is used. The following
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'b _ photodetector

, A
device D EL

Figure 4.2: Measurement of the j-V-characteristics and EQE. If the device is placed next to
a photodetector with a known distance rp, detector area Ap and detector efficiency
1D, then the total photon flux @, of the OLED device can be estimated by the amount
of photons passing the solid angle Q. In this approximation of the EQE, the device is
treated as a point source.

considerations are also found in [96]. The photodetector is placed in close proximity at
a known distance rp (Figure 4.2). This geometry allows the measurement of the EQE
under the following considerations: (i) the emission of the device is treated as a point
source (ii) all photons are emitted from the device into a hemisphere (iii) the detected
photon flux @ at the detector is proportional to the total amount of photons ® exiting
the device along the distance vector r in direction of the photodetector. The number of
photons is measured by the photocurrent of the photodetector Ip. Together with the
efficiency of the detector np this results in ®p = Ip/enp. The fraction of all photons
reaching the detector is given by the solid angle Q2. The solid angle can be calculated
by the area of the detector Ap and the distance between the detector and the emitting
device as Q = Ap/r?. The total photon flux of the device directly above the device is

then given by
_ Op _ I”ZID

(O =
Q  enpAp

(4.1)

An integration of the hemisphere yields an additional factor of 27 - % if a Lambert emis-
sion is assumed. The total photon flux containing all photons from all directions @y =
n®y. The EQE was introduced in Section 2.2 as the number of photons exiting the
device per injected electron. With the aforementioned geometric considerations, the

j-V-EL-measurement delivers a good estimate of the EQE by:

eDi  end nr?lp

Next = (4.2)

Iotep  Iotep  MpAploiep
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4.3 Time-Resolved Electroluminescence

The devices in this work are based on the mechanism of thermally activated triplet up-
conversion leading to delayed fluorescence (see Section 2.4). Hence, it is advisable to
examine the devices in a time-resolved manner. In addition, an evaluation of the tem-
perature dependence is also desirable. The method of choice, which combines both re-
quirements, is here temperature-dependent transient EL. This technique combines the
possibilities of observing the temporal course of the electroluminescence while succes-
sively increasing the temperature. This makes it possible to visualize the thermal acti-
vation of the delayed fluorescence directly in the device. The geometric arrangement
from Section 4.2 can be used for this measurement. A photo detector is placed next
to the device at a known distance rp. Now, instead of a parameter analyzer, a pulsed
voltage source is used to generate a rectangular voltage signal of Az = 1 ms duration
and V,, = 10V amplitude (see Figure 4.3). The intensity of the Electroluminescence is
measured by the photodetector (Hamamatsu S2281) and recorded with a digitizer card
(GaGe CompuScope), which works as an oscilloscope. The digitizer card is triggered
directly by the voltage pulse generator to start the measurement at the onset of the

voltage at t = t,,. After switching on, the device is gradually filled with charge carriers
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Figure 4.3: (a) Measurement of temperature-dependent transient electroluminescence
(trEL). A pulsed voltage of duration At = 1ms is applied. The integral electrolu-
minescence is measured via a photodetector. The lifetimes decrease with increas-
ing temperature. (b) Ideal bi-exponential decay of a TADF system (red curve). The
prompt component (dark blue curve) is shown with a time constant of 7, =ns and
the delayed component (light blue curve) with Tapr = s according to Equation 4.3

and the emission increases. After an almost constant current flow is reached, the EL
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saturates (see Fgiure 4.3,a dark red curve). The pulse duration Az, must be adjusted
so that the EL reaches a plateau before the device is switched off at ¢ = #,¢. The de-
cay of the electroluminescence after the switch-off process is the important part for
TADF systems. Singlet states usually decay via prompt fluorescence after a few hun-
dred nanoseconds. Whereas the time constant for the afterglow due to the delayed
fluorescence is in the microsecond range. Ideally, both the prompt and delayed com-

ponent are described by an exponential decay [64]

t
I(t)=A-exp (—T—
pr

+ B-exp (— ) (4.3)

TTADF
where A, B are the magnitudes of the prompt and delayed component, 7,; and Ttapr
are the the respective lifetimes. Figure 4.3 shows the theoretical course of an ideal time
decay of a TADF system after excitation with 7, =ns and 7tapr = ps. To examine the
temperature response of a TADF device, the trEL measurement is conducted at several
temperatures. Therefore, the device is in thermal contact with a copper block, which
is mounted onto a Peltier element cooler (Peltron PRG H100). Here, the temperature
can be controlled within a temperature range of 244K - 309K. To prevent influences
from ambient light and oxygen quenching, the measurements are done under constant

nitrogen flow in a blackened box.

4.4 Magnetic Resonance in Organic

Semiconductor Devices

In the following, the experimental realization of spin resonance on organic semicon-
ductor devices is presented. The experimental components required for this are an
electromagnet to generate the magnetic By-field, a microwave stripline to guide the
microwaves to the sample and a sample holder to attach and contact the sample. Fi-
nally, it still needs the components for the electrical operation of the OLED and optical

detection.

Magnetic Field

In order to apply a magnetic field of values between for example up to 1T for EPR, typi-
cally electro-magnetic coils are used. Here, a high current in the coils of several tens of
amperes is generating the magnetic field perpendicular to the coil plane. In this work,
a modified Bruker Spectrometer (Bruker ESP300) is used for By. A sketch of the coils
is shown in Figure 4.4. The magnet is designed so that the magnetic field is as homo-
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sample holder

—'_ liquid nitrogen
nitrogen flow cryostat-------1 0

__ magnetic
field coil

Figure 4.4: The generation of the magnetic field By (red arrows) via a modified Bruker Spec-
trometer. The sample (green) is placed in a nitrogen flow cryostat(blue), fitting be-
tween the magnetic field coils(black). The magnetic field By is homogeneous over
the sample volume.

geneous as possible in the area between the pairs of coils. For a magnetic field sweep,
a successive current ramp is run in each case, which then enables a semi-continuous
sweep of the magnetic field. Between the two magnetic field coils, a nitrogen flow cryo-
stat (Oxford) is mounted to allow temperature dependent measurements of ELDMR.

The temperature is monitored by a temperature Controller (Lakeshore 335).

Microwave Stripline

In a standard EPR experiment the microwaves coupling into the sample is usually gen-
erated by a microwave cavity. There, a maximum of the magnetic B;-field is formed
directly at the sample by standing waves at a resonant frequency of the cavity. Unfor-
tunately, the resonance properties of the cavity are severely influenced when studying
devices in the center of the cavity. In addition, the limited space in the cavity requires
a special minimalist design of the devices, so that standard OLEDs cannot be used. In
order to maintain comparability with standard OLED devices, an alternative concept
for microwave coupling is applied in this work. The microwaves are guided into a so-
called non-resonant stripline, which, simply put, is a thin conducting metal stripe on
a dielectric substrate with a conducting bottom side (Figure 4.5). The electromagnetic
wave is traveling in the dielectric layer between the stripe on the top and the backside
contact. The magnetic B, -field is circled around the metal strip. If an OLED device is
placed on top of the stripline, the B;-field is directly coupled into the device. By apply-
ing this method, a major advantage is having access to a broadband frequency range,
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3
Q ~_~ Stripline

~
backside
contact

™ dielectric layer

Figure 4.5: The concept of microwave coupling: a non-resonant stripline, consisting of a
metal stripe on top and a backside contact. The dielectric layer confines the electric
field inbetween the top and the bottom contact. The magnetic B;-field is circular
around the top electrode. OLED devices are placed on top of the stripline in order to
generate sufficient values of B, -field in the sample.

instead of being fixed to one resonance frequency like in the case of a resonant cavity.
This allows multi-frequency studies at any desired resonance position. The frequency

range of the setup is optimized up to a resonant frequency of v,,,, = 40 GHz.

4.4.1 Electroluminescence Detected Magnetic Resonance -

Setup

While the theory of ELDMR was introduced earlier in Section 3.3.4, the focus is now
on the experimental details of this advanced version of electron spin resonance. The
method is primarily intended to analyse fully processed devices. This results in the
necessity to centre these devices in the centre of the magnetic field coils (Figure 4.4)
and still allow for electrical contacting in the cryostat. This task is performed by a
sample holder, which forms a unit together with the microwave stripline (Figure 4.5)
and holds the sample in place. A general overview of the whole setup is shown in
Figure 4.6. The metal stripe of the stripline also functions as the cathode contact for
the OLED sample, as the glass substrate is attached upside down, with the aluminium
contacts of the device touching the stripline. The anode contact is realized by flexible
pins, which are pressing against the ITO surface of the device. To operate the device a
source measure unit (SMU, Keithley 237) is connected to the stripline and the pins. If
not stated otherwise, the SMU delivers a constant current. A microwave signal gener-

ator (Anritsu MG3694C) can be used to apply microwave radiation from 8 MHz up to
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Figure 4.6: Sketch of the ELDMR setup. (a) The stripline is placed into a cryostat (red dotted)
between two magnet coils, which generate the By-field (red circles). The B;-field is
depicted by the red arrows above the stripline. OLEDs on the stripline are operated
by a source-measure unit (SMU). The electroluminescence is detected by the ampli-
fied photo-current of a photo diode (I/U-amplifier). Lock-In-detection of this signal
is realized by chopping the microwaves at a TTL-frequency of ~ 1kHz. (b) Sketch of
the orientation of the By-field versus the B; -field.

40GHz, operating at a maximum output power of 20dBm. To increase the B;-field at
the sample, the microwaves are amplified by a 3W-amplifier. To decouple the DC cur-
rent from the microwave components, a DC-block is inserted between the stripline and
the amplifier. The electroluminescence is detected by a photo detector (Hamamatsu Si
photodiode S2387-66R), followed by a current/voltage amplifier (Femto DLPCA-200).
The amplified signal is measured by a lock-in amplifier (Signal Recovery Model 7265).
The lock-in amplifier is locked by a TTL-pulse at a modulation frequency of around
vmod = 1kHz, which is given by a pulse generator (Keithley3390). The spin system is
modulated by the same pulse generator by chopping the microwave generator at the
same frequency vpoq via on-off-modulation. During an ELDMR measurement, usually
a fixed frequency is chosen, while the magnetic By-field is swept across the resonance

position. With the stripline setup, it is also possible to perform mircowave sweeps at
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a fixed magnetic field, which is then called frequency swept ELDMR. This is a huge
advantage compared to the cavity method and an important step on the way to hole

burning spectroscopy, which is explained in the next section.

4.4.2 Hole Burning Spectroscopy - Setup

Only minor changes need to be done to the aforementioned ELDMR setup for hole
burning spectroscopy. The idea of this measurement technique is introduced in sec-
tion 3.3.5. A second microwave generator (Windfreak V1) is used as pump source, in
order to pump the spin system at a specific microwave frequency vpump. Since the
pump generator is supposed to drive certain spin transitions into saturation, it is ad-
vantageous, also to use a microwave amplifier for the second microwave generator. A
high power combiner is attached to both outputs of the microwave amplifiers, to feed

both microwave fields into the stripline. There are two possible detection methods

probe frequency pump frequency
szeep Vpump
MW Generator  |6.0GHz MW Generator  |6.3GHz
1 2
9 © X
3W Amplifier 3W Amplifier
reference D
to lock-in combiner
N\
ﬁ DC Block
to stripline

Figure 4.7: Sketch of the extension of the setup for hole burning spectroscopy. A second
microwave generator is attached to the microwave axis by a high power combiner.
This generator works as a pump frequency generator vpump, which pumps the in-
vestigated spin system during a sweep of the first generator.

available, depending on which microwave generator is modulated. In the first method,
a ELDMR frequency sweep is performed, by on-off-modulation of the sweep genera-
tor. This experiment is expected to detect the ELDMR spectrum, except the transition,
which is saturated by vpump. The second method is supposed to detect the saturated
transiton directly by on-off-modulation of the pump generator. In other words, this

method direcly probes the hole spectrum, which is caused be the pump frequency.
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5 Getting the Right Twist: a novel deep blue emitter

Abstract

Here, a novel deep blue emitter SBABz4, 4,4'-(10H,10'H-9,9’-spirobi[acridine]-10,10’-
diyl)-dibenzonitrile, for use in organic light emitting diodes (OLEDs) is investigated.
The molecular design of the emitter enables thermally activated delayed fluorescence
(TADF), which we examine by temperature dependent time-resolved Electrolumines-
cence (trEL) and Photoluminescence (trPL). We show that the dihedral angle between
donor and acceptor strongly affects the oscillator strength of the charge transfer state
alongside the singlet-triplet gap. The angular dependence of the singlet-triplet gap is
calculated by time-dependent density functional theory (TD-DFT). A gap of 15meV is
calculated for the relaxed ground-state configuration of SBABz4 with a dihedral angle
between the donor and acceptor moieties of 86°. Surprisingly, an experimentally ob-
tained energy gap of 72 + 5meV can only be explained by torsion angles in the range
of 70 — 75°. Molecular dynamics (MD) simulations showed that SBABz4 evaporated at
high temperature acquires a distribution of torsion angles, which immediately leads to
the experimentally obtained energy gap. Moreover, the emitter orientation anisotropy
in a host matrix shows an 80% ratio of horizontally oriented dipoles, which is highly de-
sirable for efficient light outcoupling. Understanding intramolecular donor-acceptor
geometry in evaporated films is crucial for OLED applications, because it affects oscil-
lator strength and TADF efficiency.

5.1 Introduction

Fluorescence-based organic light-emitting diodes (OLEDs) are known to reach a max-
imum internal quantum efficiency (IQE) 1y of 25% due to spin-statistics, while the
incorporation of heavy metal atoms in emitting molecules enables the phosphores-
cence IQE of 100% due to efficient spin-orbit coupling [9-11, 13]. The molecules based
on TADF can harvest nonradiative triplets via reverse intersystem crossing (RISC) and
can also yield nj,c of 100% [97-101]. Intuitively, one has to minimize the singlet-triplet
energy gap to enhance the triplet-to-singlet up-conversion [23, 62]. This condition is
commonly fulfilled by separating electron and hole wave functions onto different moi-
eties, so that their overlap is reduced. Large separation of electron and hole is realized
in the molecules comprised of donor and acceptor units that are almost perpendicu-
lar to each other. The dihedral angle 6 between donor and acceptor determines the
exchange energy and hence AEgy. Actually, one has to find a compromise for 0, be-
cause 0 = 90° means perfectly separated e-h wave functions and, consequently, zero

singlet-triplet gap, but, at the same time, the oscillator strength f for radiative transi-
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Figure 5.1: (a) Structural formula of SBABz4. The molecule consists of two acridine donors
(D) linked by a spiro-bridge (x) and two benzonitrile acceptor units. (b) A sketch of
the linear A-DxD-A structure. The spirobridge leads to the perpendicular arrange-
ment of the donor groups. The orbital overlap between donor and acceptor groups
is decreased due to perpendicular conformation between donor and acceptor units.

tions from the excited CT state to the ground state vanishes [69]. 6 can be calculated
theoretically, but the optimum value for 6 is hard to predict a priori. The calculated di-
hedral angle 0 for an isolated molecule in its relaxed configuration can differ from the
real value in a thin-film device prepared by thermal evaporation. Therefore, the experi-
mentally measured activation energies can deviate substantially from the theoretically
predicted values. Thus, the relation between experimentally found activation energies
and AEgt is not evident. However, MD can reveal distribution of dihedral angles in
evaporated films of TADF emitters, thereby delivering activation energies comparable
to experimental values. To make use of the increased IQE, the light outcoupling should
be optimized, too. The light outcoupling in OLEDs with isotropic emitters can be quan-
tified by the outcoupling factor noy = 1/ (2n2), where n is the refractive index of the
emitting layer of the device [55]. The molecular orientation in evaporated amorphous
films for OLEDs is in most cases random. This leads to an isotropic light-emission that
limits EQE of OLEDs. However, recent studies have shown that sticklike emitters tend
to selforient themselves within the film [102-104]. The resulting anisotropic emission
improves the light-outcoupling, which results in the higher theoretical limit and exper-
imental values for EQE. Optimizing the light extraction of OLEDs is, therefore, a highly
relevant aspect. In this work, we demonstrate an increased horizontal orientation of
the transition dipole moment in a film of a deep blue TADF emitter. The emitter can
harvest the nonradiative triplets and also yield an i, close to 100%. In addition to
that, we performed optical simulations on the OLED stack with a dipole model based
on the scattering matrix-transfer-formalism to calculate the maximum possible EQE
in dependence of the film thicknesses in the OLED device. However, we were able to
reveal the actual distribution of dihedral angles in the evaporated film of TADF emit-
ters using MD. The resulting theoretical values for activation energies show excellent

agreement with experiment. The deep blue emitting molecule studied here consists
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of two donor (D) and two acceptor (A) moieties. The central core consists of two acri-
dine donors linked by a spiro-bridge (x). Together with the two linearly attached ben-
zonitrile acceptors, an A-DxD-A compound is realized. The molecular structure 4,4'--
(10H,10"H-9,9'-spirobi[acridine]-10,10’-diyl) -dibenzonitrile (SBABz4) is shown in Fig-
ure 5.1a. The spiro bridge leads to orthogonal arrangement of acridine [105, 106]. The
H atoms of the acceptor force the dihedral angle between the benzonitrile and acridine
to open up [107]. This nearly perpendicular conformation between the donor and ac-
ceptor decreases the orbital overlap of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), which will result in the desired
small singlet-triplet gap. Moreover, the spiro-connection was reported to rigidify the
molecular structure and, eventually, to stabilize the planarized acridine conformation
with the perpendicular arrangement of D-A pair; thus this twisted conformation favors
emission via TADF channel [108]. With a full theoretical description of the transition
rates of the three-level model system for the excited charge transfer states, we are able
to describe the rate of the reverse intersystem crossing kgisc of SBABz4 by two experi-
mentally available observables, the TADF efficiency, ¢rapr, and the lifetime of the de-

layed fluorescence Ttapr.

5.2 Deep Blue Emitter and Transition Dipole

Moment

The theoretical calculations on the molecule were performed by our collaboration part-
ner at Ecole Polytechnique Fédérale de Lausanne (EPFL) by the group of Prof. Clé-
mence Corminboeuf. The ground-state geometry of SBABz4 was calculated by uti-
lizing density functional theory (DFT), explained in detail in the theoretical Section
5.7. In ground-state geometry, donor (acridine) and acceptor (benzonitrile) moieties
are nearly orthogonal to each other (~ 86°). The Kohn-Sham HOMO and LUMO are
shown in Figure 5.2. There is a clear spatial separation between HOMO and LUMO. Be-
cause the molecule is a composition of two donor and two acceptor units, there are two
nearly degenerate HOMOs and LUMOs. The natural transition orbitals (NTOs) demon-
strate the charge transfer character of the low-lying excited states of SBABz4 molecule.
We also derived the energy of the locally excited triplet state of the donor, and it lies
energetically above the degenerate excited singlet charge-transfer S1, S2 (CT) states.
More theoretical details on SBABz4 are described in the appendix of this chapter in
Section 5.7.
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(a) LUMO

Figure 5.2: Kohn—-Sham LUMO (a) and HOMO (b) of SBABz4 of the ground-state geometry
of SBABz4. Density functional theory (DFT) calculations have been performed by
the group of Prof. Clémence Corminboeuf from Ecole Polytechnique Fédérale de
Lausanne (EPFL). By comparing both figures, the spatial separation between HOMO
and LUMO is recognizable, as well as the narrow orbital overlap at the A-D linkage.

Orientation of transition dipole moment

To determine the orientation of the transition dipole moment, angular-dependent PL
spectrometry as proposed by Frischeisen et al. was performed on a 20 nm thick film
of SBABz4:DPEPO (10:90) coevaporated on a glass substrate [109]. The measurements
have been conducted by the group of Prof. Wolfgang Briitting at University of Augs-
burg. As shown in Figure 5.3a, the measurement reveals a fraction of 80% of the emit-
ting dipoles lying within the substrate plane. This result confirms the horizontal orien-
tation of the sticklike SBABz4 molecule as expected. The fraction of horizontal dipoles

has a major impact on the device performance as explained in Section 2.2. [34].

5.3 OLED Characteristics

To study the theoretical limit for the performance of the presented devices in more de-
tail, the Augsburg group also performed optical simulations based on the plane wave

decomposition as described by Barnes et al. and Penninck et al. and as described by
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Figure 5.3: (a) Angle-resolved PL intensity of coevaporated 10 wt %SBABz4:DPEPO at a
wavelength of 450 nm (squares). The fit (red trace) reveals a fraction of 80% of hor-
izontal dipoles in the film. Note that all emission wavelengths were taken into ac-
count in the analysis, but only that for 450 nm is shown here. (b) Simulation of the
maximum possible EQE (color-coded on the right) in dependence of the transport
layer thicknesses. The marked values (open symbols) reveal that the realized device
structure (star symbol) is very close to the theoretical optimum (diamond symbol).
Angle-resolved PL and EQE calculations heve been performed by the group of Prof.
Briitting at Universitiy of Augsburg

the scattering matrix formalism [110-112]. The software allows for the calculation of
the maximum possible EQE in dependence of the film thickness and refractive index in
the stack layout assuming balanced charge carrier injection and a singlet-triplet ratio
of unity. To optimize the OLED layer stack, simulations for the EQE in dependence of
the NPB (hole transport layer) thickness and the TPBi (electron transport layer) thick-
ness between 5 and 100 nm were performed (Figure 5.3b). The transport layers were
chosen as they are adjustable with the least influence on the electrical properties of the
device. Note that the Purcell effect modifying the intrinsic quantum efficiency of the
emitter and the predominantly horizontal emitter orientation are taken into account
in the simulation. The optimum device structure in the studied ranges was identified
at layer thicknesses of 41 and 5 nm of TPBi and NPB, respectively, yielding a possible
EQE of 11.6%. The simulation shows no local maximum with respect to the NPB layer,
because of relatively high thicknesses of ITO and PEDOT:PSS in the stack. For exper-
imental reasons, we chose slightly different thicknesses (50 nm of TPBi and 20 nm of
NPB) that predict the maximum possible efficiency of 10.0%, which is still very close to
the optimum value.

We fabricated OLEDs with a 20 nm thick emitting layer of 10 wt % SBABz4 doped in
a matrix of bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO). The normalized
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Figure 5.4: (a) Normalized PL and EL spectra of SBABz4. PL was measured on a film
with 5wt% SBABz4:DPEPO, while the EL was detected from a fully processed OLED
device.(b) CIE-color coordinates (0.16, 0.09). (c) Schematic device stack of 10 wt
%SBABz4:DPEPO-based OLED. (d) Shows a photograph of the operating device.

photoluminescence (PL) and electroluminescence (EL) spectra are shown in Figure
5.4a and demonstrate deep blue emission, which is represented by the Commission
Internationale de I'Eclairage (CIE) color coordinates (0.16, 0.09) of PL (Figure 5.4b).
The optimized layer structure of the device is PEDOT:PSS (40 nm)/NPB (20 nm)/mCP
(10 nm)/10 wt %SBABz4:DPEPO/DPEPO (10 nm)/TPBi (50 nm)/Ca (5 nm)/Al (120 nm)
(Figure 5.4c). NPB and TPBi serve as hole and electron transport layers (PEDOT:PSS =
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), NPB = N,N’-di(1-naphthyl)-
N,N’-diphenyl-(1,1’-biphenyl)- 4,4’-diamine, mCP = 1,3-bis(N-carbazolyl)benzene, and
TPBi = 2,2',2""v-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)). The mCP and
DPEPO neat layers are used as electron, hole, and exciton blocking layers, respectively.
[24, 113, 114]. For the emission layer, a coevaporated layer of 10% SBABz4:DPEPO is
included, where SBABz4 is a dopant in a DPEPO matrix. The emission of a device un-
der electrical operation is shown in the photograph of Figure 5.4d. The emission from
the SBABz4:DPEPO device is featureless and consistent with the PL spectrum of a pure
SBABz4 film [115]. Emission from the DPEPO matrix is not observed, neither in PL nor
in EL.
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5 Getting the Right Twist: a novel deep blue emitter

Device Optimization

A major task on the way to efficient OLED devices is reducing leakage current. In other
words, charge carriers need to be confined in the emission layer instead of passing
through the device without taking part in the emission. For example, by introducing
an electron blocking layer between emission layer and hole transport layer (see mcP-
layer in Figure 5.4c). Equivalently, to block holes, the hole blocking layer needs to be
inserted between the emission layer and electron transport layer (see DPEPO-layer in
Figure 5.4c). To highlight the importance of reducing leakage, we analyzed the j — V-
characteristics of devices with and without blocking layers by Shockley evaluation (see
Equation 2.9 & 2.10). The results of the analysis in Figure 5.5a are summarized in Table
5.1. For small currents, the ohmic behavior of the parallel resistance can be evaluated
by a linear dependence between current and voltage. The ohmic linear regime is de-

picted with the grey dashed lines.
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Figure 5.5: (a) j — V—characteristic of an SBABz4 device with and without blocking layer.
Both devices are analyzed in terms of Shockley equation. The black dashed lines
correspond to ideal Shockley equation (see Equation 2.9) in order to extract values
for jp. By fitting the linear j — V-regimes, the parallel (Rp, grey) and series resistance
(Rs, green) are evaluated. (b) By introducing blocking layers, a total increase of the
EQE from 7nex¢ = 0.5% to 1ext = 6.8 % can be achieved.

The blocking layers increase the parallel resistance from R;, = 0.08 MQ to R, = 1.45 MQ.
Series resistance is dominating j—V —curves at higher voltages leading to an increase of
Rs =7Qcm? to Rg = 1.6-kQcm?, with an active area of A = 0.03cm?. The parameter j is
defined by the intersection of the ideal Shockley equation with the current axis. j, de-
creased by three orders of magnitude from jy = 5-10">mAcm™ to jo = 3-10"8mAcm2.

Together, all parameters point to decreased leakage currents in the device with block-

60



5.4 Time-Resolved Electroluminescence

ing layers. The EQE is defined as the number of photons per injected electron. If
leakage currents are reduced, a severe increase in EQE is realized from nex = 0.5% to
Next = 6.8 %. Comparing this value with the theoretically predicted 10%, we clearly see

potential for future device optimization.

EQE /% Rp/MQ Rg/Qcm™? jo/mAcm™2

no blocking layer 0.5 0.08 7.0-10° 5-107°

with blocking layer 6.8 1.45 1.6-10° 3-1078

Table 5.1: Shockley analysis of j-V-characteristics shown in Figure 5.5

5.4 Time-Resolved Electroluminescence

Figure 5.6a and b show the time-resolved measurements of SBABz4:DPEPO for PL and
EL. The transient curves contain prompt and delayed components, as was shown re-
cently [115]. We extracted the average decay time of the transients from the stretched
exponential fits (dotted lines). Note that in the case of transient EL the device is turned
on at —1ms and turned off at 0ms for trEL measurements (Figure 5.6b, inset). At these
switching points, a crosstalk between current leads and detector was unavoidable. This
causes oscillating spikes but does not affect the delayed emission after 107°s. With in-
creasing temperature, the delayed component shows a faster decay for both PL (Figure
5.6a) and EL (Figure 5.6b). To evaluate the temperature activation of the reverse in-
tersystem crossing, we can assume a three-level system consisting of an excited CT
singlet (CT') and triplet (CT®) state, as well as a ground state (Sy) (Figure 5.6c). The
populations of the CT! and CT? states are denoted as n(t) and m(t), respectively. The
transition rate constants k are marked with solid arrows, while the dashed lines indi-
cate nonradiative loss mechanisms to the ground state (q). In this scheme, the rate
constant of reverse intersystem crossing is marked as kgrisc. Now we can express the

rate equations for n, m:

an

T —(kp+ q10+ krsc) - n+ krrsc-m (5.1a)
dm
i —kisc-n+ (kpp+qso + krisc) - m (5.1b)

In the following, we detail the theoretical considerations necessary to solve these rate

equations and express kgisc in terms of measurable quantities.
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Figure 5.6: (a) Time-resolved Photoluminescence (trPL) and (b) time-resolved Electrolumi-
nescence (trEL)-transients. A double stretched exponential fit is applied to extract
the temperature dependence of krisc. The inset shows the trEL transients in lin-lin-
scale. (c) Rate model for a three-level system of SBABz4. The dashed lines indicate
loss mechanisms to the ground state.

Excursus: Solving Rate Equations for trEL

The subsequent formalism is in accordance with [115], where the rate equation have
been solved in the case of Photoluminescence. For PL, the initial values of the rate
equations would be ny = Npy, and my = 0, where Npy, is the total number of optically
excited excitons. In contrast, for EL the starting parameters are given as ny = 0.25 Ny,
and mg = 0.75 Ng1, where Ng is the total number of electrically generated excitons. We
can set up a system of equations, where the coefficients of Equation 5.1 are written in

a 2 x2 matrix A in the following:

A=

b k k k
a ) _ ( Ft 10+ K1sc RISC (5.2)

c d| kisc kpn + qs0 + krisc
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5.4 Time-Resolved Electroluminescence

To derive the general solution of the differential Equation 5.1, one needs to find the

eigenvalues 1; of A:

/11,2:%(a+di\/(a+d)2—4(ad—bc)):%(a,+di€) (5.3)

where

&=+/(a+d)?—4(ad - bc) (5.4)

Now, together with A, » and the initial conditions for Electroluminescence at £, = 0 we

can give the exact solution of the rate Equations 5.1:

n(r) = % [(no (A1 —d) — bmg) - e M + (ng(d — A) + bmg) - e‘*zf] (5.52)

m(t) = % [(mo(d —Ag) —cng) - e M+ (my(Ay — d) + cng) - e‘ﬁzf] (5.5b)

From measurable quantities to kgysc
We need to define a quantity, which is measurable externally and coupled to the afore-
mentioned equation system. Therefore, the rate of photon emission v,;, from the sin-

glet level n can be used. It can be defined as

Avem
=kpn(t 5.6
ar rn(t) (5.6)
and hence
X dVem o0
o dt 0

In a time-resolved experiment like trEL, v,,, is connected with the initial populations
no and my in the EQE of EL, which is defined as the ratio between the number of pho-

tons emitted by the device and the total number of charge carriers (see Section 2.2):

Vem

=—" 5.8
Nege Fap— (5.8)

If Equation 5.7 and 5.5 are combined and inserted in 7)¢4¢, we obtain

_ kr 1 no(A1—d) —bmy + I’lo(d—lz)-i—bl?lo) (5.9)
Teqe = no +mo ¢ M Ao '
and hence: P ) ] ]
F
= Z(nnd h|—-— 5.10
Nege n0+m0£(n° + my )(;L2 M) (5.10)
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5 Getting the Right Twist: a novel deep blue emitter

Which can be splitted into prompt component

kp lno(/h—d)—bmo

= 5.11
Nege,pr o+ 1110 € 1 ( )
and delayed component
kF 1 I’lo(d—/lg)+bn7,()
= = 5.12
Nege, TADF o+ 1Mo & 1 ( )
The ratio between prompt and delayed components results in
A —d)—mob A
Nege,pr _ no(Ay —d) —my ) 2 (5.13)
Tege, TADF M no(d —A2) + bmyg

For Electroluminescence, the inital parameters are ny = 0.25- Ny, and mgy = 0.75- N,
with Ng, being the total number of electrically generated excitons on the SBABz4 mole-

cule:
Nege,pr A2 0.25(A; —d)—0.75b

Nege, TADF B A1 0.25(d — A3) +0.75b

(5.14)

Now we can apply several approximations based on Photoluminescence quantum yield
(PLQY) measurements shown in [115] in order to reduce the complexity of Equation

5.14 and deduce a formalism to evaluate kgisc:
*qi10=0 only radiative decay from singlet, since the prompt PL

component is temperature-independent

okpn=0 phosphorescence is not observed at room temperature

e kg = kisc rate of radiative decay from the singlet is close to ISC rate,
since the triplet is effectively populated

* krISC = q30 rate of RISC is in the order of triplet non-radiative rate,
since both processes are observed

e kp > krisc rate of singlet radiative decay significantly exceeds RISC,

since the observed prompt decay is way faster than TADF

which directly leads to the following relationships in Equation 5.14:

bc
M—d=Ai=a and d—xlg:; (5.15)
and ) 1
AL X (5.16)
neqe,TADF kRISC 34+ F+II§1(;C
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5.5 Arrhenius Evaluation

Finally, by assuming kgisc ~ exp (—AExr/kpT), we can express RISC rate by the TADF
efficiency neqe, tapr and the decay time of the delayed emission Tapr = 1/, through

M eqe, TADF

_E
In(kpisc) :ln( ) +C = k—]’f + G (5.17)

TTADF b

where C; and C; are temperature-independent constants.

Combing Theory and Experiment of trEL
Teqe TADF is evaluated by integrating the delayed part of the transient over time. The re-
sulting area is proportional to the number of detected photons. The decay time Ttapr

can be extracted from the double stretched exponential fit with a = 0.5 [31]

a

A

I(l‘):A-exp(—[i ) (5.18)

Tpr

+B-exp(—

TTADF

With Equation 5.17, we are able to determine the activation energy E,4 from trPL and
trEL. Note that Equation 5.17 takes into account only phonon-assisted nonradiative
decay of triplets (denoted with gsp), which is valid for the contactless trPL measure-
ment. However, additional nonradiative processes, such as exciton-charge quenching,
can take place in complete devices. The trEL data show a clear hint for nonradiative
exciton-charge recombination. The rapid decrease of intensity at 309 K (orange arrow
above the red curve in Figure 5.6b) is at 107> s. There, the intensity of the transient is
lower as compared to other temperatures. At higher temperatures, more charges are
available because of a higher current density. Note that the measurements are taken
at constant voltage, while the current density is increasing with temperature. Alto-
gether, because of exciton-charge-quenching, Equation 5.17 underestimates kgisc val-

ues found from trEL at high concentration of free charges, that is, at high temperatures.

5.5 Arrhenius Evaluation

The Arrhenius plot for RISC derived from temperature dependent trPL and trEL is
shown in Figure 5.7. A linear behavior is observed for trPL from 295 to 340K. The ac-
tivation energy according to Equation 5.17 is (72 + 5) meV. This temperature activation
is also valid for the EL of the device. The term In(kgisc) is increasing with temperature
from 244 to 264K. With higher temperature, the device is suffering from loss mech-
anisms mentioned above, which are also temperature activated. Because of the en-

hanced losses at elevated temperatures (> 264 K), the trEL shows a decrease for In(kgisc).
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5 Getting the Right Twist: a novel deep blue emitter

These losses are absent in trPL, which leads to the assumption that the emission layer
itself is not affected by these losses. In contrast to the experimentally determined ac-
tivation energy, TD-DFT computations for the ground-state conformation of SBABz4
(¢ = 86°) predict a value of AEgT = 15meV. If the dihedral angle is deviating from this
conformation, the orbital overlap between HOMO and LUMO is increasing. Because
the exchange integral J¢ is linked to the singlet-triplet gap AEst = Es — E7 = 2] (see
Equation 3.11), the gap between the singlet Es and triplet E7 energy increases as well
[25, 64]. Figure 5.8a shows the calculated singlet-triplet gap AEgt in dependence of the
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I I I
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£
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Figure 5.7: Arrhenius plot of kgisc for trPL and trEL data. An activation energy for RISC
AEa = (72 £ 5)meV can be evaluated.

dihedral angle (red curve). The experimental value is marked in orange. This indicates
that the conformation of SBABz4 in an evaporated layer is different from the relaxed
molecule in vacuum. Hot evaporation (T= 468K) of SBABz4 with DPEPO matrix sup-
plies the necessary energy to twist the acceptor in the film (Figure 5.9a). To gain more
insight into the influence of the evaporation on the dihedral angle, the collaboration
partners of EPFL performed MD simulations [116, 117]. In the calculations, a film of
SBABz4:DPEPO with the ratio of 1:9 is generated, with 1000 molecules in total. The
system is then equilibrated at 300K (Figure 5.8b). After equilibrium is reached, 1000
snapshots of the film are averaged to obtain a statistical distribution of the torsion an-
gles between D and A in all SBABz4 molecules. For each molecule in the deposited
film, TD-DFT computations are performed to extract a distribution of values for AEgr.

To include the dielectric effect, we adopt an implicit solvent model in TDDFT com-
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(b) MD simulation of evaporation at 400K:
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Figure 5.8: (a) Computed singlet-triplet gap AEst (red trace) for SBABz4 in dependence of
the dihedral angle 8 between A and D (with the other A-D dihedral angle kept fixed
at 90°). TD-DFT calculations for a relaxed molecule predict a dihedral angle 6 = 86°.
Experimental value for AEgt (orange); average AEgst obtained from MD simulations
(blue). (b) MD simulation mimicking the evaporation process for a film of 10 mol
% of SBABz4 (orange space-filling models) in DPEPO (gray sticklike models). For
each molecule in the deposited film, TD-DFT calculations are performed to extract
a mean AEgt and the distribution of 6. (c) Probability density of 0 averaging 1000
MD simulation snapshots (performed by the group of EPFL).

putations with the dielectric constant ¢y = 3. The mean AEgt value, which takes into
account all simulated SBABz4 molecules, is 91 + 6meV (blue region in Figure 5.8a). The
probability density of the dihedral angle in Figure 5.8c also indicates two local max-
ima at 6; = 70° and O, = 110°. These maxima of the angle distribution coincide with
the experimental value obtained from trPL and trEL (marked with orange arrows) and
with the theoretical value obtained from MD simulations (marked with blue arrows).
Combining the experimental value with MD simulation, we conclude that the dihe-

dral angle of the molecule in an evaporated film is different from the relaxed value of
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Figure 5.9: (a) Relative energy of SBABz4 with different dihedral angles (benzene-acridine)
in constrained-relaxation dihedral scan (b) The oscillator strength f and singlet-
triplet gap AEgst for each molecule from MD simulation (black dots). f is larger
for molecules with twisted donor-acceptor conformation and hence larger singlet-
triplet gap. The red line is a guide to the eye. (Calculations have been performed by
the group of EPFL)

© = 86°. The actually dominant dihedral angles in the evaporated film have an impact
on the oscillator strength f. Figure 5.9b shows f and singlet-triplet gap AEst for each
molecule obtained from MD simulation. SBABz4 in the relaxed conformation shows
only weak emission properties. The favored conformation in the film is substantial to
reach efficient emission, while the increased singlet-triplet gap also constricts the effi-
ciency of the RISC process of SBABz4. The observation that the trEL and trPL traces in
Figure 5.6a,b can only be fitted by stretched exponential functions and not by ordinary
exponentials is a direct result of the distribution of dihedral angles and thus singlet-
triplet gaps and oscillator strengths. We expect that earlier (later) emitting molecules
have larger (smaller) AEgt and larger (smaller) f.

5.6 Conclusion

In this work, we presented a novel sticklike molecule SBABz4 with A-DxD-A struc-
ture for deep blue emitting OLED applications. It enables TADF under optical and
electrical excitation. In a coevaporated SBABz4:DPEPO film, the horizontal orienta-
tion of the emission transition dipole moment was found to be 80%, which is essen-
tial for enhanced light outcoupling. A detailed analysis of the underlying rate equa-
tions for temperature-dependent transient PL and EL revealed an activation energy
of AEst = 72 £ 5meV. The OLED device layer stack was optimized for maximum EQE

by optical modeling of the transport layer thicknesses, which was reproduced experi-
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mentally. By implementing advanced molecular dynamics and TD-DFT simulations,
we recreated the OLED coevaporation process and explained the experimental results
by the actual molecular conformation in the coevaporated thin film. We can thus link
the activation energy to a mean dihedral angle of 6 = 70 — 75° between the donor and
acceptor units, which deviates decisively from 0 = 86° for a relaxed molecule in vac-
uum. The later would offer a lower AEgsr, but would also result in a vanishing oscillator
strength f for radiative transitions. Thus, the optimal emitter design and deposition
for the next-generation OLEDs requires finding a balance between the low activation

energy for efficient TADF and sufficient oscillator strength for high total emission.

5.7 Additional Theoretical Details

The ground state geometry of SBABz4 is optimized utilizing density functional theory
(DFT) with B3LYP density functional, D3B] dispersion correction and 6-31G(d,p) basis
set [118-120]. For the description of excited states, we employ linear-response time-
dependent density functional theory with Tamm-Dancoff approximation (TDA/TD-
DFT) along with the state-of-the-art y-tuned LCBLYP functional with 6-31G(d,p) basis
set to compute the excitation energies and oscillator strengths [121]. The range sepa-
ration parameter y was tuned to minimize the difference between minus highest oc-
cupied molecular orbital (HOMO) energy and vertical ionization potential. The value

of y is 0.165 Bohr~! for SBABz4. All computations are done in gas phase.

5.8 Additional Experimental Details

PL Measurements. The PL samples were evaporated on glass substrates with a weight
ratio of 10:90 (SBABz4:DPEPO,20 nm). Time-resolved and steady-state PL were de-
tected with a calibrated fluorescence spectrometer (Edinburgh Instruments FLS980).
Three excitation sources were used: continuous broad-spectrum xenon lamp Xel, mi-
crosecond xenon flash lamp pF920, and an 80 ps pulsed UV diode laser EPL with 375nm.
Temperature was controlled in a cryostat (Janis ST-100) under active vacuum with p <

10> mbar.
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6 Magnetic Field Dependence of Spin Resonance Linewidth in TADF based OLEDs

Abstract

Here, we present a spin sensitive study of organic light emitting diodes (OLEDs) based
on thermally activated delayed fluorescence (TADF). We analyze the singlet-to-triplet
up-conversion via reverse intersystem crossing (RISC) with multi-frequency electro-
luminescence detected magnetic resonance (ELDMR). The idea behind these experi-
ments is that the static magnetic field applied to devices under test modifies only the
energy levels of triplet states due to Zeeman splitting, thus changing the emission rates.
We observed that resonant microwave radiation, applied to TADF based OLEDs by a
stripline, led to a change in Electroluminescence. In detail, we shine light on the differ-
ence between inter- and intra-molecular TADF systems by applying a broad range of
resonance frequencies. With this method, we gain knowledge about the magnetic field
dependence of the linewidth of the ELDMR signal. Surprisingly, by evaluating the reso-
nance linewidth for various TADF compounds, we obtain different results with respect

to a driving force of RISC, the so-called Ag—mechanism.

6.1 Introduction

A physical quantity, which describes the interaction of a spin system with its environ-
ment is the electronic g-tensor [73, 75]. If the spin environment is complex and espe-
cially different in spatial directions, the diagonal components of the tensor gy, g, and
gyy have not the same value. This particular phenomenon is then called g-anisotropy.
Furthermore, if a spin system is considered, in which the total spin S is composed of
two individual spins S = s; + s2, the g-factor of both individual spins s; can be differ-
ent. This important effect is based on two interacting spins with two distinct g-factors.
The difference is defined as Ag = g» — g1 and named the Ag-mechanism. If the pre-
cession of one of the charge carriers is faster, it is possible that a change of the mul-
tiplicity of the total spin takes places due to rephrasing of the spin vector along the
magnetic field axis [63]. In short, the predominantly spin-forbidden conversion from
triplet state (total Spin S = 1) to singlet singlet (total Spin S = 0) and vice versa is more
favorable. The deviation of the g-factor from the value of a free electron g, can be
caused by effects of spin-orbit coupling (SOC) [73, 75], an effect which is highly dis-
cussed in the community of modern organic light emitting diodes (OLEDs) for being
the adjusting screw in efficiency limitations. In these OLED devices, which are based
on thermally activated delayed fluorescence (TADF), such an efficiency limiting pro-
cess is the thermal up-conversion of triplets to singlets, the reverse intersystem cross-

ing (RISC) [23, 62]. The singlet yield due to up-conversion is limited by the RISC rate
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krisc. Now, SOC can heavily affect krisc of TADF OLEDs via the Ag-mechanism [63].
However, to generate a non-vanishing influence on the (R)ISC-rate kgisc, the radiation-
less spin-flip transition from singlet to triplet state should involve a change of orbital-
character. This well-known phenomenon can be found in literature, described as the
El-Sayed rule [122, 123]. In detail, a transition from a L(nn*)-state to 3(nm*)-state is
said to be very fast, while the transitions between the same orbital type are relatively
slow, e.g a transition from !(z7n*) to 3(n7n*). Here n stands for a n-type orbital and
7 for a m-orbital (see Section 2.1). In the second case, the spin-orbit matrix element
(!CT| Hso [3CT) = 0 [122, 123]. In some TADF compounds a spin-vibronic coupling
leads to non-vanishing SOC matrix element, when a vibrationally assisted intersys-
tem crossing is introduced [124, 125]. However, in this work, the inter-molecular (D:A)
TADF systems m-MTDATA:BPhen and m-MTDATA:3TPYMB are investigated (Figure
6.1a, b), which are well studied in literature [62, 63, 72, 126]. The emission of these sys-
tems originates from a so-called exciplex, where the hole and the electron are located
separately on two different molecules. The examination of exciplex-based systems of-
fers the advantage of replacing one unit, e.g. the acceptor, without changing the other,
e.g. the donor. In addition, an intra-molecular TADF emitter, DMAC-DPS, is studied
[24, 97, 100, 101, 114, 127].

Here, the triplet to singlet up-conversion of the TADF emitters is analyzed by an ad-
vanced magnetic resonance technique over a broad range of magnet field. The results
give an insight into the importance of electronic g-factor of the emitting species and
provide experimental proof of SOC-contributions to the RISC process. We analyze the
magnetic field dependent linewidth of multi-frequency ELDMR to deduce a value for

Ag, the g-factor difference responsible for the Ag-mechanism.

6.2 Materials and Devices

In this work we investigate OLEDs based on two different approaches: inter-molecular
and intra-molecular TADF systems. The molecular structure of the inter-molecular
TADF compounds are shown in Figure 6.1a and b. The exciplex (D:A) TADF systems use
the same molecule as an acceptor. From this fact it is obvious how simple it is to change
the acceptor without having to change the whole device structure. The device structure
is depicted in Figure 6.1c. For both material system we applied layer thicknesses of
PEDOT:PSS (40 nm) / Donor (30 nm) / Donor:Acceptor (1:1) (70 nm) / Acceptor (30
nm) / Ca (5 nm) / Al (120 nm). The molecule based on the intra-molecular approach

DMAC:DPS is shown in Figure Figure 6.1d. It is based on three units, namely, two donor
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Figure 6.1: Molecular structures of the investigated TADF materials. (a) Two acceptor
molecules: 3TPYMB and BPhen (b) Donor molecule m-MTDATA (c) Exemplary de-
vice structure for inter-molecular TADF OLEDs with mixed Donor:Acceptor layer
with a ratio of 1:1. (d) TADF emitter with (D-A-D) structure, DMAC-DPS. (e) Device
structure of the intra-molecular-based OLED. Here, the exciton is extended upon
donor and acceptor units of the emitter molecule, resulting in a charge transfer state
(CD).

(D) units consisting of 9,9-dimethyl-9,10-dihydroacridine and one acceptor (A) unit as
diphenylsulphone.
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Figure 6.2: (a) Normalized Electroluminescence (EL) of the three TADF based devices
(b) DMAC-DPS is a sky-blue charge transfer emitter. (c) m-MTDATA:3TPYMB and
(d) m-MTDATA:BPhen are based on the exciplex approach and emit in the green
spectral region.
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The three units are linked as a D-A-D-structure with perpendicular dihedral angles
between them [24]. This special design leads to a vanishing overlap between the high-
est occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), which is desired for small singlet-triplet gaps AEst to enhance the RISC pro-
cess. The emissive excited state of such a D-A-D is called a charge transfer state (CT)
and is spread solely on a single molecule. The device structure is PEDOT:PSS (40 nm) /
NPB (30 nm) / DMAC:DPS (30 nm) / TPBi (50 nm) / Ca (5 nm) / Al (120 nm) as shown
in Figure 6.1e. In contrast, the D:A systems extend over two molecules and the emis-
sive state is called an exciplex state. If an external voltage is applied, charge carriers are
injected into the cathode (electrons) and anode (holes). After passing the transport lay-
ers by hopping transport, the carriers form excitons with a triplet-to-singlet ratio of 3:1
in the emission layer. Due to the thermally activated triplet-to-singlet up-conversion,
the emission of TADF systems is broadened compared to pure fluorescence emitter
based devices. The EL of all three devices is shown in Figure 6.2a. The emission of both
exciplexes is in the green spectral region. In contrast, the emission of the CT-emitter
DMAC:DPS is sky-blue. Fotographs of the emitting devices are depicted in Figure 6.2b-
d.

6.3 Magnetic Field Dependance of Spin Resonance
Linewidth

One way to identify influences of the g-factor on TADF based triplet-to-singlet up-
conversion, is to apply spin-sensitive methods, in our case an advanced version of
electron spin resonance, ELDMR [128-131]. This technique provides access to mea-
sure spin-transitions in a fully processed device and detect them optically via a pho-
todetector. A detailed description of the ELDMR can be found in Section 4.4.1. A huge
advantage of this technique is, that the detection is solely sensitive to states, which are
involved in the emissive pathway. Hence, the triplet populations, which are sensitive to
a magnetic field due to Zeeman interaction, are manipulated by resonant microwave
radiation. The resonance condition between the microwave and the Zeeman splitting
is written as [73]:

hvmw = gupBoAms (6.1)

where h is Planck’s constant, vy, is the microwave frequency, g is the g-factor of the
exciplex spin, up is the Bohr magneton, By the external magnetic field and Am; is the
change of the magnetic spin quantum number m;. ELDMR detects only the specific

triplet states, which did undergo RISC to the emissive singlet state. The measurement
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of ELDMR on TADF systems has been reported previously [129-131]. Now, we de-
veloped a setup to measure OLED devices on a broad range of resonance positions
from By ~ 30mT to ~ 1.4T, which corresponds to a microwave frequency range of
vmw = 1GHz to 39GHz. If two different g-factors of charge carriers, which form the
exciplex, are considered, for example g; for electron and g» for hole, then the differ-
ence in resonance position AB of the charge carriers is linearly increasing when the
resonance position is changed to higher microwave frequencies vy,. From equation
6.1, we can calculate the difference of two g-factors Ag = g»—g; and how it is connected

to the difference of the magnetic field resonance positions AB [132]:

(6.2)

AB:( Ag )hvmw

8182 UB

If an ELDMR experiment is measured at low frequencies vy, the influence of Ag is
negligible. The linewidth of the resonance is then primarily broadened by hyperfine
and dipolar interactions [133]. With increasing resonance position to higher frequency
bands, the magnetic field dependence of the linewidth is dominated by the Ag- mech-
anism. In this work, we detect the electroluminescence of TADF devices and apply
multi-frequency ELDMR. From the magnetic field dependence of the ELDMR broad-
ening, we are able to extract a value of Ag for the three different material systems in-
troduced above. A representative measurement with the donor:acceptor device based
on m-MTDATA:BPhen is shown in Figure 6.3a. The resonance frequency of this mea-
surement is v, = 1GHz. A Gaussian fit is applied to the experimental data to eval-
uate the full width at half maximum (FWHM) of the spectrum. The FWHM at 1 GHz
of m-MTDATA:BPhen is found to be FWHM= 2.3mT. As an exemplary overview, all
multifrequency-ELDMR curves from m-MTDATA:BPhen are shown together on one
magnetic field axis up to By = 1.4 T in Figure 6.3b. Since the microwave transmission
properties of the microwave stripline is slightly frequency dependent due to standing
waves in the microwave transmission line, the intensity of each spectrum can not be
evaluated. All further ELDMR spectra are normalized to compare the linewidth at dif-
ferent resonance frequencies. To compare the magnetic field spectra taken at low field
(vmw = 1GHz) and high field (v, = 38 GHz), we subtracted the resonant magnetic
field position By and generated a new axis B — By. This plot is shown in Figure 6.4a. The
red and the yellow curve compare the two measurements from m-MTDATA:BPhen. As
can easily be seen, the two curves have both the same shape and the same linewidth.
In this case, there is no broadening of the linewidth observable for this exciplex system,
since both Gaussian fits show a linewidth of FWHM= 2.3 mT. Now, if only the acceptor
is changed from BPhen to 3TPYMB, the situation is completely different. At first we
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Figure 6.3: (a) Exemplary ELDMR spectrum (red curve) of the intermolecular TADF sys-
tem m-MTDATA:BPhen at v, = 1GHz. The spectrum is evaluated by a Gaussian
fit (black curve), to extract the full width at half maximum FWHM= 2.3mT. (b) The

multi-frequency ELDMR measurements of m-MTDATA:BPhen at various resonant
frequencies from vy, = 1 GHz to 38 GHz.
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have to note that the linewidth at v,y = 1 GHz has increased from FWHM= 2.3mT in
m-MTDATA:BPhen to FWHM= 3.7mT in m-MTDATA:3TPYMB. Secondly, if the reso-
nance position is increased to v, = 38 GHz, the total linewidth of this exciplex sys-
tem clearly shows a significant linewidth broadening with increasing magnetic field
By from FWHM= 3.7mT to FWHM= 4.4 mT. Remarkably, in both cases an exciplex is
the emitting species, but it looks like the spin resonance behavior in ELDMR mea-
surement is not equal. This contradiction will be discussed later. As a third test de-
vice, the intramolecular TADF emitter DMAC-DPS was examined. The ELDMR re-
sults differ from the two exciplex devices. The resonance curve here is represented
by a Lorentzian instead of a Gaussian shape (light blue curve in Figure 6.4a). With
a value of FWHM= 1.3mT, the linewidth is smaller compared to both exciplex sys-
tems. The increase of the linewidth as shown for m-MTDATA:3TPYMB is also observ-
able for DMAC-DPS. The linewidth is rising from FWHM= 1.3mT at v, = 1GHz to
FWHM= 2.3 mT at v, = 38 GHz. If all measurements are evaluated, the fit parameter
of the FWHM linwidth can be plotted versus the resonant magnetic field By to show
the dependence of the ELDMR-linewidth. Figure 6.4b now shows clear signs, that m-
MTDATA:BPhen shows no magnetic field dependent broadening in the investigated B-
field range. In contrast, m-MTDATA:3TPYMB and DMAC:DPS show severe broadening
from v = 1GHz to 39 GHz. For all measurements the devices have been placed in a
cryostat under constant nitrogen flow at 220K to minimize degradation effects. Also, to
prevent power broadening during ELDMR sweep, the microwave power did not exceed
Ppw = 100mW. A more in-depth analysis of the multifrequency-ELDMR broadening

regard to the Ag-mechanism is provided in the following section.

6.4 Evaluation of Ag

To properly extract spin parameters like a value of Ag from a magnetic resonance spec-
trum, Stoll et al. developed a Matlab software toolbox called EasySpin [78]. The soft-
ware allows spectral simulation and analysis of EPR data by finding the resonance fields
of a given spin system by solving the spin Hamiltonian (See Section 3.2). The simula-
tion of cw EPR spectra of disordered systems in EasySpin are done by the simulation

function pepper. The following starting parameters must be specified in advance:
e Sys.S=[1/2 1/2]; % specifies the system as two spin s = 1/2 carrying particle.

e Sys.g=[2.002; 2.005] ; % sets the g-factors of each spin s = 1/2 particles. Here,
Ag=3x1073.

* Sys0.D=[D]; % sets the dipolar interaction to the value given for D in MHz.
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Figure 6.4: : (a) ELDMR spectra of three different material systems: m-MTDATA:3TPYMB
(green), m-MTDATA:BPhen (red/orange) and DMAC-DPS (blue). The magnetic field
axis is shifted by the resonant magnetic field By to compare low and high frequen-
cies. The resonance of the Donor:Acceptor systems are represented with Gaussian
fits, the resonance of the CT-resonance is fitted with a Lorentzian. (b) Magnetic
field dependence of the ELDMR-linewidth. While m-MDATA:3PYMB and DMAC-
DPS show a significant line-broadening with increasing magnetic field, the linewidth
of m-MTDATA:BPhen shows no sign of magnetic field dependent broadening in the
investigated range from v, = 1 GHz to 39 GHz.

* Sys0.A=[A]; % sets the hyperfine interaction to the value given for A in MHz.

e Sys0.1w=[2.3 0]; % sets the value for the Gaussian linewidth to 2.3 mT. In con-
trast, for a Lorentzian linewidth, the second value in the brackets needs to be
defined instead.

The parameter of interest here is the difference of the two g-factor values. The influ-
ence of Ag is visualized more pronounced in the first derivative spectrum. There, the
distance between the magnetic field positions of the maximum and minimum peak
increases, when going from low to high microwave frequencies (see Figure 6.5a and b).
A EasySpin simulation is shown for v,y = 1GHz in Figure 6.5b (i). A splitting of the
g-factors was exemplary set to Ag = 3 x 1073, where g; = g, and g, = g. + Ag and g
is the g-factor of a free electron. Since the interest in this work is only on the g-factor,
the values for dipolar D and hyperfine A interactions are set to zero and taken into ac-
count by a phenomenological fixed linewidth (see above for Sys0. 1w). If the spectrum
is compared to the case in (ii) and (iii), where the resonance position is v, = 15GHz

and 39 GHz, a clear shift of the peaks is visible. The dashed line is a guide to the eye at
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g = 8. When moving to even higher D-Band frequencies, at vy, = 120GHz, the EPR

line shows a clear splitting. However, this frequency is not accessible in the used setup.

Global fitting of multi-frequency ELDMR

Besides simulations, EasySpin also provides the option of data evaluation by least-
square fits. In this fit procedure, each of the spin parameters, which have been ex-
plained above, can be used as a fit parameter or a fixed parameter. To keep the fit as
simple as possible, D and A are set to zero and treated as a fixed linewidth again, since
no magnetic field dependence of these parameters is expected in the examined field
range. In addition two g-factors are taken as the second and third fit parameter. To go
one step further, we chose three exemplary spectra with different frequency of the data
set shown in Figure 6.4 and applied a so-called global fit. With this method, all three
spectra are fitted at once, or in other words, simultaneously. Global fits should be ap-
plied, when datasets "share” a certain parameter. Note that for all spectra, the center
of the spectrum was shifted to the resonant magnetic field of the free electron g-factor,
since the real g-factor is not known in the experiment and we are not able to assign
separate values to the electron and hole. Nevertheless, only the difference in g-factors
is desired.

The global fits are shown in Figure 6.5c-e. As shown earlier, the exciplex system m-
MTDATA:BPhen shows no FWHM broadening with increasing resonance frequency
vmw- From this fact, it is obvious that the global fit for this material system outputs
a vanishingly small value for Ag. The black arrows are a guide to the eye and indicate
the low value of Ag = 5.3 x 10”7, The Gaussian linewidth for all three measurements
is FWHM= 2.3mT. In contrast, again by only changing the electron acceptor, the ex-
ciplex system m-MTDATA:3TPYMB shows a Ag = 2.4 x 1073 at a Gaussian linewidth
of FWHM= 3.7mT (Figure 6.5d). A closer look to the low and high peaks indicates a
shift with increasing resonance frequency. With such high value of Ag, a clear splitting
of the line would be observed for m-MTDATA:3TPYMB like seen in Figure 6.5b (iv), if
the total linewidth of the spectrum would show the same underlying linewidth as m-
MTDATA:BPhen. But another different field-independent broadening mechanism is
apparently more dominant in m-MTDATA:3TPYMB compared to m-MTDATA:BPhen.
The total increase of the linewidth at v,y = 1 GHz from 3TPYMB to BPhen may be due
to the increased number of nuclei leading to a higher influence of hyperfine centers on
the total linewidth. Those hyperfine centers could be the higher number of nitrogen
and hydrogen atoms in 3STPYMB compared to BPhen. Nevertheless, with the present
study, only magnetic field dependence of the linewidth is examined. For further study
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Figure 6.5: (a) Energetic splitting of triplet states via Zeeman interaction. Three exemplary
resonance positions (low, mid and high frequency v,,) are chosen to evaluate the
magnetic field dependence of the linewidth due to Ag by a global fit from ELDMR
measurements. (b) Exemplary EPR simulations for (i) vimw = 1 GHz (ii) 15GHz (iii)
39GHz and (iv) 120GHz for Ag = 3 x 1073 at g-factor g = g, (c) A global fit is per-
formed simultaneously to the first derivative of all ELDMR spectra of each material
system to deduce a value of Ag. The black arrows are a guide to the eye. Van-
ishing influence was found for m-MTDATA:BPhen with Ag = 5.3 x 1077, (d) m-
MTDATA:3TPYMB exhibts Ag = 2.4 x 1073, (e) DMAC:DPS shows g-factor difference
of Ag=1.5x1073,
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a two-microwave field experiment can be conducted, a so-called hole-burning experi-

ment. It delivers insight into inhomogeneously broadened spectra [94, 95].

6.5 Discussion

The effect of SOC becomes relevant when there are interactions of similar magnitude
in the vicinity or when nearly degenerate states exist. Both cases may be the cause
of the SOC induced spinflips in TADF molecules. The results of this study underline
these arguments by the existence of Ag — a spin-orbit induced line broadening param-
eter [133]. Nevertheless, it co-exists with non-zero hyperfine effects, which also allow
triplet-to-singlet up-conversion. This finding is derived from the field-independent
linewidth fraction, which we attribute to hyperfine splitting. Here, we cannot deduce
a value of the hyperfine splitting parameter, but give an upper estimate of the total hy-
perfine influence on the ELDMR linewidth. In absence of Ag in m-MTDATA:BPhen the
FWHM-= 2.3mT, which should originate from unresolved hyperfine interactions super-
imposed with dipolar couplings, both, from the exciplexes with its surrounding nuclei,
or in the later case, with neighboring electron/hole spins. For m-MTDATA:3TPYMB
the field independent linewidth fraction was found to be FWHM= 3.7mT. In general,
for spin relaxation to occur, there must be a coupling between the mechanical mo-
tion of the molecules, such as vibrations, and the magnetic moment of the spins. The
type of this coupling and its strength determines the relaxation times and therefore the
strength in spin-flip rate. Our results point towards the manifold of TADF emitters. Ev-
ery material combination, be it donor:acceptor compounds or CT-TADF emitter, con-
tributes to the success of a spin-flip with its own native environment, sometimes more
SOC dominated, sometimes more driven by fluctuating HFI fields. The great discrep-
ancy in the line shapes particularly emphasises that fact. For further studies, it might
be usefull to explore even higher magnetic field values, to fully dissolve the g-values of
all materials. Similarly, the application of pulsed EPR can also provide information as

to which of the two processes may be more dominant.

6.6 Conclusion

In conclusion, we probed three state-of-the-art TADF material combinations by their
magnetic field dependent resonance linewidth. The resonance lines have been stud-
ied intensively in a broad range in microwave frequency from 1 to 40 GHz and simu-
lated with the help of the Matlab tool EasySpin. The donor-acceptor compounds m-
MTDATA:BPhen and m-MTDATA:3TPYMB both show severe differences despite their
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molecular similarity. m-MTDATA:BPhen exhibits no field-dependent broadening due
tolow Ag = 5.3 x 107 and a lower hyperfine influence than m-MTDATA:3TPYMB. This
material combinations shows the highest overall linewidth and the strongest broaden-
ing due to Ag = 2.4 x 1073, In general, we can summarize that the hyperfine fraction of
the linewidth is diminished in CT-TADF emitters compared to exciplex based devices.
This type of emitter seem also to be driven by strong SOC effects with Ag = 1.5 x 1073,
The result highly encourages the diversity of TADF systems and underline that general
statements on the working principle of the RISC driving mechanism have to be made

carefully and always considered distinctively for each material combination.
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7 Long-lived Spin-polarized Intermolecular Exciplex States in Thermally Activated
Delayed Fluorescence-based Organic Light-emitting Diodes

Abstract

We investigate spin-spin interactions in organic light-emitting diodes (OLEDs) and
show them to have a strong influence on thermally activated delayed fluorescence
(TADF), which takes place via intermediate charge-separated exciplex states. Due to
the disordered nature of the donor: acceptor blends, the recombining spin pairs are
spatially non-uniformly distributed, resulting in a non-coherent electroluminescence
(EL) response to the resonantly induced spin flips and a broad signal. We find that
with the two-frequency ELDMR technique, being essentially spectral hole-burning, it
is possible to significantly reduce the spectral linewidth by a factor of 5000, i.e. from
62MHz to 12kHz. With the hole burning method applied to electroluminescence de-
vices for the first time, we gain access to the dipolar and hyperfine interactions with
the complex environment of TADF material. By probing narrow spectral “holes”, we
are now able to achieve a much more detailed understanding of the spin-spin interac-
tions of the exciplex excited state responsible for the EL emission. By decoupling them
from the heterogeneous nuclear environment, we unveil the homogeneous linewidth,
which is limited by a spin dephasing time of at least 30 ns. Finally, we observe coher-
ent population oscillations (CPO) — the phenomenon known for two-level quantum
systems oscillating at the beat frequency between the pump and probe. We extract
an upper limit of the spin relaxation time of 50us which is longer than the reverse in-
tersystem crossing time constant that limits the quantum efficiency of the OLED. As
a result, it is plausible that TADF OLEDs exhibit a high spin polarization of involved

triplet exciplexes in operating conditions at room temperature.

7.1 Introduction

The technological development of organic light-emitting diodes (OLEDs) has under-
gone a remarkable development and the market share of OLED displays in television
and smart device applications is growing significantly. Initially started with fluorescen-
ce-based emitters with a maximum internal quantum efficiency (IQE) of 25% [9-11],
phosphorescent molecular emitters with enhanced spin-orbit coupling (SOC) enabled
much higher device efficiencies through singlet-to-triplet intersystem crossing (ISC)
[13]. In order to achieve 100% IQE with molecular systems which do not contain heavy
elements, the concept of TADE originally known as E-type delayed fluorescence (DF)
[18-21] has been successfully employed in devices and substantially impacted OLED
development over the last decade [22-25]. In the TADF or E-type DF process, the
first excited singlet state is populated by a thermally activated transition from the first
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excited triplet state. The mechanism for harvesting nonradiative triplet states is de-
scribed as reverse intersystem crossing (RISC). [97, 99-101, 134]. Upon injection of
electrons and holes from the contacts in the active layer, which consists of donor and
acceptor molecules, intermolecular exciplex states are formed.

In general, such Coulomb-bound quasiparticles can be either in the singlet (spin-0)
or triplet (spin-1) state, where the latter should be accurately described by the spin
Hamiltonian and, very importantly, can also be selectively controlled, e.g. by an exter-
nal magnetic field or electron paramagnetic resonance (EPR), to track the population
transfer to singlet manifold. Of two possible spin orientations of the exciplex state, EPR
can selectively influence (flip) only the spin-1 state, while the effect of the latter is ob-
served in a change of a radiative spin-0 exciplex state recombination. The missing puz-
zle piece is the connection between these two spin states, as RISC is a first-order spin-
forbidden process [124, 135]. However, it can be thermally activated, i.e. as a result of
electron-phonon interactions or through the admixture of other spin states, which, for
example, enhance spin-orbit coupling, through a Ag-mechanism [63, 82, 83, 136], or
due to hyperfine interaction with magnetic nuclei (protons, nitrogen etc.) [29].

In a spin resonance experiment, microwaves with a properly chosen energy (frequency)
flip the spin orientation and connect the m; = +1 and m; = 0 substates of a triplet ex-
ciplex, which in turn facilitates population transfer to an emissive spin-0 exciplex final
state. However, the underlying spin physics is quite complex as the spin-spin interac-
tions in such electron-hole pairs depend strongly on the molecular environment, as
well as on the details of how these excited states are created, e.g. optically excited or
by injection from electrodes [129-131]. The strength of the spin-spin interaction deter-
mines the energy gap between the states m; = £1 and m; = 0, the so-called zero-field
splitting (ZFS), and in practice is determined by a spatial distance. As expected, the
radii of the e-h pairs in the disordered organic systems have a very broad distribution.
Hence, the sought-after spectroscopic precision of the EPR method for manipulating
spin states compromises by the fact that the excited spin-pairs (charge transfer states,
exciplexes) are broadly distributed in a heterogeneous mixture of molecules, which
leads to inhomogeneously broadened envelopes instead of discrete resonance tran-
sitions (spin flips) and makes it difficult to access the parameters of the spin Hamil-
tonian. Here we analyze the role of spin-spin interactions in the light emission of a
fully processed OLED using EPR, while tracking the integral electroluminescence (EL)
upon injection of a constant current. Most importantly, we were able to disentangle
the complexity associated with a broad distribution of spin pairs and propose an orig-
inal technique to select the fractions of e-h pairs and reconstruct the details of the in-

homogeneously broadened ELDMR envelope in this way. For this purpose, a second
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microwave source is used in the hole-burning experiment, which pumps and saturates
the spin system at a fixed frequency during the probe frequency sweep. Remarkably,
this pump-probe method not only allows the separation and addressing of the individ-
ual spin packets in the inhomogeneously broadened ELDMR spectrum, but also the
observation of coherent population oscillations (CPO), which are observed as spikes
with a very narrow linewidth [137-148]. The hole-burning effect is discussed in a pic-
ture of the decoupling of the triplet exciplex spin state from the heterogeneous molecu-
lar environment, while the CPO is discussed in a picture of a two-level quantum system

oscillating with the beat frequency between pump and probe.

7.2 Materials and Spin Physics

The results presented in this work were obtained on OLEDs based on the donor:accep-
tor system m-MTDATA:BPhen in a device configuration PEDOT:PSS (40 nm) / m-MT-
DATA (30 nm) / m-MTDATA: BPhen (70 nm, 1 : 1 ratio) / BPhen (30 nm) / Ca (5 nm)
/ Al (120 nm), as shown in Figure 7.1a, with the pure m-MTDATA and BPhen layers
as hole and electron transport layers, poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) as hole injection layer and a mixed layer of m-MTDATA and
BPhen as emission layer. A typical j-V-EL curve is shown in Figure 7.1b. The photolumi-
nescence (PL) spectra of the pure materials are shown in Figure 7.1c. The EL spectrum
of the device made from the mixed layer is clearly red-shifted and much broader com-
pared to the emission spectra of the pristine molecules. The former is due to the forma-
tion of a bound exciplex state at the interface of the two molecules, with the electron
localized at the lowest unoccupied molecular orbital (LUMO) of the acceptor BPhen
and the hole localized at the highest occupied molecular orbital (HOMO) of the donor
m-MTDATA, as schematically shown in the inset of Figure 7.1c [22, 149-151]. The much
larger width is probably due to the broad energetic distribution of the emitting states,

which we address below.

The electron and the hole both possess a spin of s = 1/2. If these particles form a
bound exciton, charge-transfer state or an exciplex, the total spin will be either S =0
or S = 1. The Hamilton operator, which was introduced in Section 3.2, describing the

triplet state is according to [77]:

H=- SyJS, +gusSB- S'DS + STAI 7.1
aJSp + gHs . (7.1)
e~e” exchange _Zeeman _dipolar  hyperfine
interaction  interaction interaction interaction
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Figure 7.1: (a) Schematic of the m-MTDATA:BPhen OLED architecture. (b) j-V-EL character-
istics of a typical m-MTDATA:BPHen device (c) Photoluminescence spectra of pure
materials (left axis, dashed lines) and electroluminescence spectrum of an OLED de-
vice (right axis, solid orange line). The inset shows the scheme of a bound exciplex
state formed at the donor:acceptor interface.

The first interaction term describes the exchange interaction of the two spins S, Sy,
through the orbital overlap of their wave functions, where the exchange integral J de-
termines the energy gap AEst between singlet and triplet energy levels. The second
term is the electron-Zeeman interaction with the static external magnetic field B, g is
the Landé factor, up is the Bohr magneton, S is the spin operator. The third and fourth
terms describe dipolar spin-spin interactions: the electron-spin zero-field interaction
(ZFS) and the electron-nucleus hyperfine interaction (HFI), with their respective ten-
sors D for the ZFS and A for the HFI. Quadrupole interaction and nuclear Zeeman split-
ting are neglected in this work. A schematic representation of ZFS and HFI is shown in
Figure 7.2b. The triplet states m; = 0 and m; = +1 are split by the ZFS parameter D. Its
magnitude in frequency units is given by the distance r,; between the two interacting
spins [84]:

2
p=_HotB 8a8b 5 20 1) (7.2)
Amh rib
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Figure 7.2: (a) Electroluminescence detected magnetic resonance spectrum (orange line) of
the m-MTDATA:BPhen OLED in the magnetic field of B = 225mT and the Gaussian
fit (black line) with a linewidth of FWHM = 62MHz. (b) Triplet sublevels with zero-
field splitting D may exhibit broadening. The sublevels split in an external magnetic
field, resulting in an inhomogeneous lineshape under resonant microwave irradia-
tion with frequency Vsweep-

where g, and g; are the Landé factors for spins a and b, 0 is the angle between the
direction of the magnetic field and the radius vector connecting the two spins. The
hyperfine term is given by the interaction of the exciplex triplet with the effective mag-
netic field of the surrounding magnetic nuclei. This leads to a further splitting of the
triplet electronic energy sublevels, where each nucleus contributes with Ap; and the
HFI term in Equation 7.1 should be extended by the summation over all nuclei. The
total number Ny, of HFI-sublevels for i non-equivalent nuclei is then given by Nyt =
(2I +1)!. For i equivalent nuclei several HFI-levels degenerate and the total number
decreases to Neq = (2i - I +1) [73]. Further general details on Hyperfine interaction are

given in Section 3.2.4.

In conventional EPR, the external magnetic field is swept at a fixed microwave fre-
quency, resulting in microwave absorption and spin-flip in the sample if the resonance
criteria are met. In our work, we study the change in EL under magnetic resonance
conditions instead of microwave absorption and this is then called ELDMR. The fully
processed OLED is coupled to a stripline circuit that serves as an antenna and gener-
ates microwaves that enable frequency sweep at a fixed magnetic field. The relative
strength of the effect is evaluated by the ELDMR contrast AEL/EL. A detailed descrip-
tion of the ELDMR can be found in Section 4.4.1. In previous publications [129, 130] the
singlet-triplet energy gap AEst = 58 meV was estimated for the MTDATA:BPhen blend,
which is by far the largest energy contribution among the spin-spin interaction terms
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in Equation 7.1. An example ELDMR spectrum of an m-MTDATA:BPhen OLED device
at T =220K and at B = 225mT is shown in Figure 7.2a, with the microwave frequency
Vsweep varied from 6.15GHz to 6.45GHz at B = 225mT. The spectrum exhibits a fea-
tureless shape, which can be fitted with Gaussian with a full width at half maximum of
FWHMinhomo = 62 MHz. This indicates that the ELDMR spectrum is inhomogeneously
broadened. The working hypothesis that we verify in the following is that we are deal-
ing with an ensemble of triplet states with different spin-spin interaction parameters
and thus transition frequencies, showing up themselves as a featureless envelope, as
schematically shown in 7.2b. With knowledge of the details of the broadening of the
ELDMR spectrum, e.g., due to the distribution of the spin-spin interaction, the broad-
ening of the EL spectrum can also be better understood and potentially eliminated

once it is assigned to a controllable structural or morphological parameter.

7.3 Hole Burning Measurements

To explore the origin of spectral broadening, we apply a two-frequency ELDMR tech-
nique realized by introducing a second frequency (Vpump) fixed within the ELDMR
spectrum while simultaneously sweeping the frequency Vveyeep during the measure-
ment, as schematically shown in Figure 7.3. As illustrated in Figure 7.3a, the dip occurs
when the pump microwave field excites transitions between triplet spin sub-levels,
and when the power is sufficiently high, it saturates them. The width of the dip is
associated to the energetic span of the energy sub-levels in the energy diagram (Fig-
ure 7.3a). In Figure 7.3b, a continuous wave (cw) ELDMR spectrum is shown (orange
curve). Applying a second microwave frequency results in a sharp dip at the position
of the applied pump frequency of vpymp = 6.3 GHz (Figure 7.3b, blue curve). This
so-called "hole-burning" technique is widely used in optical absorption and fluores-
cence spectroscopy, as well as in spin resonance, but it has never been reported in
electroluminescence-detected spin resonance [137-148]. Details on the experiment

are given in Section 4.4.2 and 3.3.5 of this thesis.

Characterizing the Hole

To unveil the shape of the "spectral hole" in Figure 7.3b, we subtract the ELDMR spectra
recorded with one and two microwave frequencies. (blue shaded region). The result-
ing spectrum has a distinct shape (Figure 7.3c), with a broad signal and a narrow spike
on top. The latter is assigned to the so-called coherent population oscillations (CPO),
whose origin will be discussed in detail later. The broad spectrum can be perfectly

fitted by the sum of Gaussian and Lorentz functions with respective contributions of
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Figure 7.3: Schematic diagram of a hole-burning experiment and the resonant transitions
between energetically broadened triplet sublevels with simultaneous applying of a
variable (orange arrows) and fixed microwave frequency (blue arrows). (b) ELDMR
spectrum (orange) and hole burning (HB) spectrum (blue) of m-MTDATA:BPhen for
the frequency sweep of Vsweep = £150MHz and vpymp = 6.3GHz. The sweep fre-
quency Vsweep is modulated “on-off” for lock-in detection and the pump frequency
Vpump i$ kept in continuous wave (cw) mode. (c) The directly measured hole spec-
trum by modulating the fixed frequency (pump) instead of the swept frequency
(probe), as in (b). The signal consists of a broad Gaussian peak (FWHMgauss =
55MHz), a narrower Lorentzian peak (FWHM; = 22MHz), and a very narrow spike
in the center (FWHMgpie = 12kHz). The fitting curve (dashed black) is a superposi-
tion of a Gaussian (dashed orange) and a Lorentzian (dashed blue) contributions.

FWHMGgGauss = 55MHz and FWHM]| o, = 22 MHz, represented by the dashed lines in Fig-

ure 7.3c. The Gaussian (55 MHz) background is also known for other spin systems, e.g.

color center in diamonds [144], where the exact origin is unclear but possibly results

from spin diffusion. This occurs through overlap of individual spin packets (Figure

7.3a) and leads to an inhomogeneous broadening. Therefore, we subtract this contri-

bution to focus on the Lorentzian (22 MHz) spectrum with the homogeneous linewidth

determined by a characteristic spin dephasing time f4epn, discussed in Section 7.4.

Note that the "hole" spectral shape is independent of which of the two frequencies

is on/off modulated, Vsyeep OF Vpump, but since the pump frequency directly saturates

a particular transition in the triplet sub-ensemble, we have used it in Figure 7.3c and

in the following.
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Figure 7.4: Spectral analysis of the hole by varying the pump frequency vpymp. (a) Color
map of the hole spectrum as a function of vsyeep and vpump for on-off-modulation of
Vsweep and (b) Vpump. The fitmap in (b) is the sum of the lower two maps. The Gaus-
sian fit is centered at Vsweep = 6.30 GHz. The Lorentzian fit is shifting with vpump, as
shown schematically at the bottom. (c) and (d) are hole contributions as function of

Vpump-

We recorded hole burning spectra at a variety of pump frequencies. The measured

data can be visualized by a 2D-map, with the x-axis as Vsyeep and the y-axis vpymp in
a frequency range from 6.250 GHz to 6.350 GHz. With this method, we can compare
holes at the edge of the spectrum (e.g. at vpump = 3.282 GHz) with holes at the cen-
ter of the ELDMR spectrum (vpump = 6.300 GHz). In literature it was shown for systems
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Figure 7.5: (a) Analysis of the fit parameter from the fits shown in Figure 7.4. FWHM for
Gauss and Lorentz contributions as a function of vpump. (b) Reconstruction of the
ELDMR signal from the Lorentzian and Gaussian contributions. The sum of all fits
has the same linewidth as the ELDMR spectrum FWHMg,,;,, = 62 MHz.

with a high ZFS value of several GHz [148], that symmetric holes appear at the opposite
side of the spectrum. This indicates that the underlying observed resonant states are
coupled by a large D value via the m; = 0 triplet state. In other words, a hole burning ex-
periment at the m; = 0 to m; = +1 transition directly affects the intensity of the m; =0
to mg = —1 transition. Remarkably, this behaviour is not observed in the present ma-
terial system. No symmetric holes are visible in the 2D maps in Figure 7.4a and c. The
two 2D-maps show, that the hole can be moved through the ELDMR spectrum, with-
out causing any holes on the opposite side. Figure 7.4a and b compare the two possible
modulation modes, on-off-modulation of vsyeep and vpump. Next to the maps exem-
plary vertical cuts are shown in Figure 7.4c and d for three different pump frequencies
Vpump- We can show, that all spectra of Figure 7.4b are composed of a Gaussian and
Lorentzian contribution. The 2D-map of the fits is shown next to the "measurement" in
Figure 7.4b, the Gaussian and Lorentzian contributions are given below. The red area in
the map indicates that the Gaussian contribution to the hole spectrum always exhibits
the same center-frequency of 6.3 GHz. The Lorentzian contribution is directly moving
with the pump frequency position vpump of the hole. However, the width of the Gaus-
sian background (55MHz) is slightly less than the total measured ELDMR linewidth,
which is 62MHz, which could indicate a different origin. To verify this, we evaluated
the two contributions separately and used them to reconstruct the experimental EL-
DMR spectrum. The individual linewidths for Gaussian and Lorentzian contributions
are shown in Figure 7.5a. While the FWHMj,; remains constant at 22 MHz and does
not change with vpymp, the FWHMgayss varies between 50 and 62 MHz in the applied
range of pump frequencies. As shown in Figure 7.5b, we can perfectly reconstruct the
ELDMR spectrum by summing all contributions in the pump frequency range studied.

This illustrates that the inhomogeneous broadening of the ELDMR spectrum can be
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due to the broad distribution of triplet exciplex states with different spin-spin interac-
tions on the one hand, but possibly also to the spectral spin diffusion of the overlapping

spin packets. These broadening mechanisms are discussed in Section 7.6.

Microwave Power Dependence of the Hole

When investigating broadening mechanisms, it is inevitable to discuss influences of
the microwave power on the overall linewidth of the resonance signal. A power series

of the hole burning experiment is shown in Figure 7.6a. In the case of sweep modula-
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Figure 7.6: Microwave power dependence of hole burning with on/off modulation of Vsyeep
with a sweep power of Psyeep ~ 1 W. (a) The observation of a prominent hole in the
ELDMR spectrum is given at the full available pump power of Py, ~ 3 W. The power
can be decreased by an adjustable attenuator. At 1% of the maximum power, the hole
is completely vanishing. (b) A zoomed-in measurement of the hole at 6.300 GHz.

tion, by decreasing microwave power of a maximum Ppymp ~3 W to 0.03 W, the hole
burning spectrum approaches the ELDMR spectrum. A detailed view is given in the
zoomed-in measurement in Figure 7.6b. Again, to spectroscopically analyze the influ-
ence of the microwave power, it is more expressive to detect the EL via modulation of
the pump frequency. The power series of the pump modulated experiment is shown in
Figure 7.7a. The direct observation of the hole allows to apply again a fit composed of
Gaussian and Lorentzian and extract the width and the fit area of the hole. The fit area
is shown in Figure 7.7b. The intensity of a magnetic resonance experiment is expected
to increase proportional to vP until the spin system is driven to saturation [73]. Both

the Gaussian and the Lorentzian fraction of the hole burning signal increase linearly
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Figure 7.7: Microwave Power dependence of the hole-spectrum with on/off modulation of
Vpump- (@) Hole spectra for varying pump powers. (b) The hole intensity is propor-
tional to the square root of the microwave power of the pump generator. There is
no saturation of the intensity visible. (c) There is no change in the linewidth of the
hole spectrum with increasing microwave power of vpump, which excludes power
broadening.

with v/P and do not show any signs of saturation. This experimental fact states that
even under very high intensity of microwave pump power Pyump ~ 3 W, the hole burn-
ing experiment is not able to saturate the triplet sub-resonance completely. If we want
to deduce the linewidth limiting processes from the hole burning experiment, we must
exclude any influence on the linewidth by microwave radiation. A detailed look on Fig-
ure 7.7c shows that the linewidths of both, the Lorentzian and the Gaussian fraction,

show no change under variation of the pump power over two orders of magnitude.

7.4 Coherent Population Oscillations

In the above-mentioned hole burning experiment, we apply two microwave-fields. From
a classical point of view, when two electromagnetic waves with close frequencies in-
terfere, a beating oscillation of the intensity occurs with a beating frequency vpeat =
[Vsweep = Vpump|l, Where vpey is the detuning between pump and probe frequencies. It
is an analogue to acoustics, where a beating between two frequencies is expressed by
a modulation in loudness. We can visualize the microwave beating with the help of

an oscilloscope. Due to technical limitations in time resolution, we exemplarily chose
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microwaves in the MHz range, to visualize the microwave beating. The two microwave
sources have been merged together by a microwave combiner and connected directly
to the oscilloscope. The beatings are shown for three different beating frequencies in

Figure 7.8.
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Figure 7.8: Exemplary measurements of microwave beating. The beating frequency is given
by Vbeat = |v1 — v2|. To visualize the microwave beating with an oscilloscope, the
frequencies have been chosen in the MHz range: v; = 100.00MHz and (a) v, =
100.01MHz (b) v, = 100.10 MHz (c) v, = 100.50 MHz.

However, here, we make use of the microwave beating to produce a modulation of
the brightness of the OLED. While the application of a single microwave resonance fre-
quency tends to equilibrate the population of spin sublevels, the simultaneous appli-
cation of two frequencies can cause the triplet population to oscillate, especially when
the beat frequency is in the range of or lower than the inverse spin relaxation time of
the spin system. The effect is therefore called coherent population oscillation (CPO)
and has been reported for various inorganic spin systems in the past [144, 152-154].
In a lock-in detected ELDMR experiment, as in this work, these oscillations are time-
averaged, but this leads to the beat frequency vpeac-dependent depth of the burned
spectral hole. If the lifetime of the spin state is controlled by a transverse dephas-
ing time fgeph and a longitudinal relaxation time frelay, these time constants will de-
termine the eigenfrequencies of the spin state, and in the case of a forced oscillation
with the variable beat frequency, the "hole" depth will be affected. In a continuous-
wave (cw) detuning scan, the beating microwave power is varied in beating frequency

from several Hz to MHz, and we observe such a very narrow spike on the top of the
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hole, as shown in Figure 7.9a. Such CPOs are also known from laser spectroscopy when
two electromagnetic waves are simultaneously applied to a two-level system As dis-
cussed above, the hole-homogeneous linewidth FWHM,, = 22 MHz allows to estimate

the lower limit for the dephasing time

tdeph = m > 30ns (7.3)
while the width of the spike corresponds to the longitudinal relaxation rate. The de-
phasing time agrees well with the dephasing times estimated from pulsed Rabi experi-
ments measured on similar OLED systems [155, 156]. When switching from frequency
space to experimental time, we can assume a simple decay model. The net magneti-
zation of a sub-ensemble of S = 1 states formed at ) = 0, decays exponentially with
dephasing time constants fgeph and fejax. In the external magnetic field, the triplets
also undergo precession with Larmor frequency v; = w;/2n. Together we can write for

the intensity of the net magnetization of a sub-ensemble:

-
A-exp( )+B-exp( )
tdeph Irelax

With intensities A and B. The fast Fourier transform (FFT) of this equation is shown in

I(r) = -sin(wr - t) (7.4)

Figure 7.9b. The fast decay of f4epn results in a broad line, while the FFT of the long
decay with f;cjax reproduces the narrow spike. By zooming in the peak in Figure 7.9c &
d, it turns out that the shape of the spike is more complex and cannot be perfectly fitted
with a single Lorentzian function (Figure 7.9c). Due to inhomogeneous broadening of
the involved triplet levels, several frequency contributions are possible here, but the
issue cannot be fully elucidated. More details are given in Section 7.5. Nevertheless,
the narrowest line is well resolved. The frequency obtained from the Lorentzian fit
in Figure 7.9d is FWHM,¢|ox = 12kHz. Additionally, the modulation sidebands of the
on-off-modulation with vy,0q = 911 Hz of vump appear in Figure 7.9d which rules out
the possibility that on-off modulation effects are responsible for the multi-Lorentzian
contributions to CPO in the kHz to MHz range. To simulate this system, the model of
Mrozek et al. is modified and applied for the present material system in Section 7.5
[144]. From the narrowest width we can estimate an upper limit of the spin relaxation

time at a temperature of 220K:

2
L, =—————<50us 7.5
relax AFWHM, 1o H (7.5)

It seems quite counterintuitive to observe population oscillations with a decay time

shorter than the RISC time constant, being a slow process that connects triplet and
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Figure 7.9: Coherent Population Oscillations (CPO) (a) Lorentz fraction of the hole spec-
trum with CPO spike. We subtracted the Gaussian background from Figure 7.3c for
clarity. (b) FFT of the decay model. The FWHM is limited by transversal dephas-
ing time #4epn and longitudinal relaxation time frejax (€) Zoomed-in measurement of
the hole spectrum. The spike can be described with by one Lorentzian, which re-
sults from CPO between triplet levels due to microwave beating between vgyeep and
Vpump-

singlet states. According to [130] it is in the range of 30 — 200 ns, therefore the thermal-
ization time of a spin ensemble will be faster than the thermal activation (RISC). This
is also supported by the fact that no Rabi oscillations were observed in a pulsed EDMR
experiment [155]. However, in a hole-burning experiment, the spin system is driven
continuously with an externally forced modulation at the beat frequency. In general, it
can be concluded that the spin resonance hole burning experiment in some way sam-
ples the temporal behavior of the spin system with the beat frequency vpeat.
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7.5 Simulation of Coherent Population Oscillations

To simulate the spike in the hole burning spectrum Mrozek et al. [144] applied a rate-
equation model on a two-level quantum system, of which populations oscillates at the
beat frequency vpeq: between the pump vpump and sweep Vsweep frequency. In our case
the quantum system is more complex. Since the exciplex triplet state is observed via
ELDMR, we expect a three level system with a small zero-field splitting D. We adapted
the model of Mrozek et al. and expanded it to a three level system. Let us denote the
triplet population n? of the i-th triplet state in a quasi equilibrium state under contin-
uous microwave radiation p(t) = po, without external driven oscillation. Whereas, the
time-dependent populations of the triplet states under a oscillating microwave field
p(t) ~ cos(2mvpeytt) are given as p;(t). The change in time of the triplet population
is given by p;. Additionally, the relaxation rates of these levels to recover equilibrium
state are considered as y;. An oscillating microwave field p(¢) drives transitions be-
tween the triplet states at the beat frequency vpeye. In the experiment, the net direction
of a transition (absorption vs emission) between the sublevels depends on the sign of
the population difference of the sublevels. Thus, we can define the rate equation of

each triplet sub-level as

P+ =—Y+(ps—nd) = p(1)(ps — po) (7.6a)
po =— Yo (po—ng) + p(D)(p+ — po) — p(H)(po—p-) (7.6b)
p. =—7v. (p-—n% +p(6)(po—p-) (7.6¢)

where the time dependent microwave field p(f) is given by [144]

YZ

N IY cos[(wo +Aw)t + @] } - Po (7.7)
eat

p(6) = {1 +F
where py is the pump rate of the system, Aw = 27 Vpey is the detuning between the
pump and the probe frequency. F is a contrast ratio between the pump and the probe
L 4+ L4 L Figure 7.10 shows a simulation of

ZRRETIER
rate Equations 7.6 with the relaxation rates y, = 2MHz, yo = 10kHz, y_ = 220kHz (see

powers. The value y is calculated by 71/ =

Figure 7.11b). This set of rates is found to match the envelope of the experimental data.
The pump rate is given in units of a Rabi-frequency py = 222 Hz and ratio between the
pump and the probe F = 2. For high values of Av, the second term in Equation 7.7 van-
ishes, p(t) approaches a constant value and the triplet system approaches the equi-
librium. Since in the present study the hole burning signal was detected via lock-in
amplification, the oscillations can not be detected directly. The lock-in detector aver-

ages over several phases ¢ of the oscillation (see Equation 7.7). A direct observation of
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7.5 Simulation of Coherent Population Oscillations
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Figure 7.10: Simulation of the Coherent Population Oscillations from equation 7.6. (a)-(c)
Simulation of the triplet populations. (d)-(f) zoomed-in populations. (g) and (h)
population difference Ap; = (p+ — po) between the m; = 0 and the m; = +1 and the
difference Ap, = (po — p-) of the m = 0 and the m; = —1. The envelope depends on
the relaxation rates of the triplet sublevels.

the oscillation with an oscilloscope like done by Mrozek et al. [144] was not achievable
due to low signal to noise ratio. The relative change of PL, in other words the ODMR
contrast APL/PL in this particular Nitrogen-vacancy (NV~) color center in diamond is
more than one magnitude stronger than the ELDMR contrast observed for the present
TADF based OLED device. Nevertheless, to mimic the averaging effect of the lock-in
detector, we calculated the sum of the simulated population differences and applied a
low pass filter. The applied model is shown in comparison with the experimental data
in Figure 7.11a. It is notable, that one frequency contribution alone can not explain
the whole CPO peak. Several line contributions are conceivable, since due to the in-
homogeneity of the spin system also non-resonant triplets take part in the oscillations.
Likewise, a Gaussian broadening of the states is directly observed in the hole spectrum

by the Gaussian fraction in Figure 7.3b.
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Figure 7.11: (a) Comparison of the CPO simulation and the measurement on a 1 MHz broad
detuning sweep. (b) The beating MW fields result in an oscillation of the microwave
power. The time dependent power p(t) creates a forced oscillation of the triplet pop-
ulations. The oscillation frequency of each sublevel is limited by the relaxation rate
of each level.

7.6 Broadening Mechanisms: Dipolar and

Hyperfine Interactions

After discussing the homogeneous linewidth and CPOs as they are revealed by hole
burning, we now focus on broadening mechanisms thatlead to the full spectral linewidth
of ELDMR. In Section 7.3 we ruled out line broadening effects by high microwave power.
In addition, Section 6.4 in Chapter 6 described the influence of Ag on the ELDMR
linewidth. Due to a low Ag = 5.3 x 10~/ we conclude negligible small influence of Ag
on the ELDMR experiment for m-MTDATA:BPHEN. Now, the contribution of dipolar
interaction within triplet spin states and then hyperfine interactions with surrounding

nuclei are discussed with respect to their influence on the ELDMR linewidth.

Dipolar Interactions

Magnetic resonance spectra of a spin triplet (S=1, D > 0) ensemble with random orien-
tation show broad spectra of two peaks with two shoulders — so-called powder patterns
(see Section 3.3) [73, 157]. The spectral separation of the peak positions is D and the
shoulder positions are separated by 2D. We exemplarily simulated triplet spectra for
varying D values in Figure 7.12a. We now compare them to the ELDMR spectrum in
Figure 7.2a. The spectrum is inhomogeneously broadened to an extent that no peaks
and shoulders can be discerned to directly determine the dipolar interaction. Thus, we
now derive two different approaches to extract an estimate of the dipolar interaction
D.

First, we assume that for a spin triplet with D > 0, the total linewidth of the ELDMR
spectrum cannot be narrower than the triplet shoulder separation of 2D. Since no obvi-
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ous shoulders are discernible, we use 2xFWHM as an upper limit for 2D or D < 62 MHz.
Second, we estimate D by analyzing the fitted hole burning spectra from Figure 7.4b.
The intensity of the Lorentzian fits of the hole spectra are plotted in Figure 7.12b. Two
overlapping broadened peaks can be discerned. We assume the following model to
simulate this spectrum. The main peaks of a triplet powder pattern have a spectral
separation of D with additional shoulders with separation 2D. Line broadening can
wash out this structure and hide the triplet powder pattern underneath the inhomo-
geneously broadened Gaussian ELDMR signal. We use EasySpin to simulate a triplet
powder pattern with D =50 MHz without broadening (black trace), with FWHM =5MHz
broadening (dark grey) and the homogeneous hole linewidth of FWHM,, = 22 MHz. Re-
markably, the experimental intensities can be reproduced extremely well with the latter
and including simulation uncertainties we derive D = 50 + 5MHz for the ZFS. Instead
of only delivering an upper limit, this method offers a more direct and precise estimate
of D by disentangling inhomogeneously broadened spectra. From the strength of ZFS

it is possible to deduce a mean separation distance between electron-hole as [84]

re_plnm] = v/78.05/D[MHz] nm =~ 1.1 — 1.2nm (7.8)

The estimated distance is in the expected range for donor:acceptor based exciplexes. In
comparison, charge-transfer states (CT) in organic photovoltaic exhibits ZFS < 5MHz
resulting in r,_;, > 2 nm [158]. Moreover, TADF-CT emitter show less delocalization
than exciplexes and ZFS is at least an order of magnitude higher (D > 500MHz, r,_j <
1nm) [29, 124].

Hyperfine Interactions with 'H and N

To estimate the hyperfine coupling, we need to consider paramagnetic nuclei that can
interact with the exciplex state. For m-MTDATA:BPhen this includes 'H protons with a
nuclear spin of I = 1/2 and N nitrogen nuclei with I = 1. We can ignore *C and other
paramagnetic isotopes due to their low abundance. The phenyl rings and the methyl
groups of the donor molecule m-MTDATA contribute with iz = 48 protons, while the
acceptor BPhen adds iy = 16. Furthermore, m-MTDATA and BPhen contain iy = 4 and
iy = 2 nitrogen nuclei, respectively (see Figure 7.1a).

The isotropic hyperfine coupling constant A depends on the overlap of the electronic
wavefunction and such nuclei, the so-called Fermi contact interaction [85]. In organic
molecular systems, excited spin states such as charge carriers or triplet excitons and
exciplexes delocalize over extended molecules or along polymer chains. Wider delocal-

ization includes more interacting nuclei but decreases the average coupling constant
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Figure 7.12: (a) Simulation of a triplet spectrum with different values of the dipolar inter-
action parameter D. The value for D is varied from 0MHz to 140 MHz. The peaks
are separated by D, while the lower-intensity shoulders are separated by 2D. (b) The
intensity of the Lorentzian fits of Figure 7.4b (blue diamonds) exhibits two maxima.
The data can be simulated (grey line) with a triplet powder pattern with a ZFS of
D = 50MHz (peak-to-peak separation) if a homogeneous linewidth of FWHM,, =
22MHz is assumed. For comparison: the same triplet powder pattern is simulated
with FWHM= 5MHz and FWHM= 0MHz (grey spectra).

A. We discuss literature examples for 'H and *N HFI and compare them to the pre-

sented exciplex system to restrict the range of possible values for A.

Electron-proton hyperfine interactions have been shown to influence the linewidth
of electron spin resonance experiments for various material systems [159-162]. Inves-
tigations of charge-separated states in polymer:fullerene bulk-heterojunctions consid-
ering 'H protons along the side of polymer chains revealed upper limits for Az ;4 in
the range of 2 —3MHz [160] or 4 — 5MHz for different polymers [161]. For exciplexes
in a donor:acceptor TADF system 5.5MHz have been determined as an upper limit
for Ay, max [156]. These moderately small upper limits for HFI constants are caused
by the negligible electronic wavefunction overlap with protons that are located at the
edges of molecules and are not part of the conjugated electron system. Furthermore,
as these are upper limits, average values for Ay will be even lower in these systems.
Meanwhile, the molecular extent of these systems is approximately comparable to m-
MTDATA:BPhen, which would be an argument to expect Ay of similar magnitude.
The HFI with N nuclei directly incorporated within the conjugated system can be
much larger. For a donor-bridge-acceptor molecule with triplet biradical character and

two equivalent nitrogen nuclei, Ay = 20MHz was reported [163]. Further examples

104



7.6 Broadening Mechanisms: Dipolar and Hyperfine Interactions
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Figure 7.13: (a) Energy diagram of for a triplet exciplex including all relevant spin-spin in-
teractions (not to scale). In absence of a magnetic field B, only the ZFI D = 50+5MHz
between the m = 0 and the m; = +1— states is present. At a resonant magnetic field
of B =225mT the m; = +1 level further split into an upper and a lower triplet level
by the Zeeman interaction of 6.3 GHz. These levels possess a hyperfine structure de-
pending on the number and interaction strength of surrounding magnetic nuclei.
Transition rules allow only Am = +1 changes while maintain Am; = 0. Hyperfine
levels overlap due to finite resonance widths. Note, that a hole burning experiment
saturates multiple HFI levels, but not all at once.

for strong Ay HFI are the triphenylamine-derivative cation with Ay = 25MHz [164]
or the trioxytriphenylamine cation with Ay = 25MHz [165]. The exciplex triplets dis-
cussed in this work have a wider wavefunction delocalization interacting with up to
iy = 6 nitrogen nuclei per exciplex. Therefore, smaller values for Ay are to be expected
(An < 25MHz), but the dominating HFI with the exciplex remains HFI with 14N, The
number of N nuclei iy = 6 leads to neq = 13 HFI-levels if equivalent contribution of
all 1N is assumed. With this assumption, we can derive an upper limit of the interac-
tion strength, by dividing the FWHMEpmr by the number of possible splittings. For
Neq = 13 HFI-levels, we expect 2 - iy = 12 splittings with magnitude Ay (Figure 7.13).

We obtain an upper limit for the Ay by the following assumptions:

* Considering only Ay and ignoring Ay, the width of the inhomogeneously broad-

ened spectrum is dominated by D and Ay
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For n.4 = 13 HFI-levels, we expect 2-i = 12 splittings with magnitude Ay (Figure
7.13)

Compare the difference of the lowest and highest frequency transitions in Figure
7.12

lowest frequency is given by: gupB+D+) AnyI =gupB+ D +6AyN

highest frequency is given by: gugB—D —-) Ayl =gupB—D—-6ApN

difference of the two: 2D + 12ApN

shoulder-to-shoulder powder pattern linewidth corresponds to ~ 2x FWHMgr pmr

Together we estimate the HFI strength by the maximum shoulder position and the
difference between the highest and lowest transition frequency to
_2-FWHMgipmg —2-D

Ay < = 2MHz (7.9)
2in

The interaction with one *N-nucleus results in An,i=1 < 12MHz, while for six L\ S
atoms Ay ;-¢ < 2MHz (Figure 7.13, right). Together with the assumption from the
literature, with the hole burning and ELDMR results we can give an upper limit of
An < 12MHz for the exciplex hyperfine interaction. For further verification of this es-

timation, we apply an EasySpin simulation in the following.

Simulation of Line Broadening due to Hyperfine Interactions

As a next step, we include hyperfine interactions into EasySpin simulations to explain
the Gaussian broadening of the ELDMR spectrum and describe it by unresolved hyper-
fine interactions. The number of nuclei interacting with an m-MTDATA:BPhen exciplex
will be determined by the *N nuclei (i = 6), directly incorporated into the conjugated
system, and the surrounding protons 1H (i = 64). As mentioned earlier, we expect that
the 1* N predominates the linewidth. In the following we thus discuss an example that
considers only the influence of the nitrogen. Slightly different parameters would still
yield the same result: a distribution of electron-nuclei interactions leads to Gaussian
lineshapes with unresolved hyperfine interactions. In Figure 7.13 we discussed that a
hole burning experiment excites only a subset of all available triplet levels. Exemplary,
here we assume a mean interaction of three nitrogen nuclei and omit the influence of
the protons. Further, a distribution of Ay due to disorder in the organic film is to be

expected. The dihedral angles of the phenyl rings of the donor and acceptor molecules
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Figure 7.14: EasySpin simulation of a triplet sub-ensemble with interaction of three nuclei.
(a) Schematic configuration of three nitrogen nuclei interacting equivalently with
the exciplex. The disorder in an organic film suggests a distribution of Ay values
due to variations in the dihedral angles of phenyl groups. (b) 2D-map of several HFI
simulated spectra with HFI strengths varying from 0 MHz to 30 MHz. (c) Exemplary
HFI spectra with varying HFI strengths Ay (d) Weighting function for Ay (e) By sum-
mation of all spectra from Figure (b) with weighted intensity for Ay, a mean value of
Apn =2 MHz was found to explain the line shape of the hole spectrum.

vary, which results in a change of geometry that can break the conjugation and pre-
vent wavefunction delocalization over the full molecule. This again changes the spin
density of the exciplex at the spatial coordinates of the nuclei and HFI strength Ap.
Here, we calculate the triplet spectra for an exciplex interacting with three nuclei (Fig-
ure 7.14) with a variation of Ay from 0 MHz to 30 MHz. The homogeneous linewidth
is fixed to FWHM,, = 22 MHz. Exemplary spectra are shown in Figure 7.14b and c. The
intensity is weighted with a distribution with Ay = 2 MHz and An rwym = 20 MHz.
The distribution is shown in Figure 7.14d. The summation of the weighted spectra is
shown in Figure 7.14e black curve. Maximum values up to 30 MHz are needed to ex-

plain the broad shoulders of the hole spectrum. If the mean value of the distribution is
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shifted to higher values, discrete hyperfine shoulders form in the simulation in Figure
7.14e. Since these features are not observed in the hole spectrum, we conclude that our

estimation of Ay <2MHz is appropriate.

7.7 Discussion

Finally, in order to relate the evaluated relaxation time back to the spin states which are
responsible for the operation of the OLED device, the consequences of a long f;ejax of
the exciplex triplet states will now be discussed. We start with injecting charge carri-
ers into the device which are in principle not spin-correlated. The exciplex singlet and
triplets are formed spin-statistically with a 1:3 ratio. The singlets decay within nanosec-
onds after an electron and a hole meet at the donor:acceptor interface with total spin
S =0. The exciplex triplets need to undergo RISC in order to emit a photon. The obser-
vation of a long spin relaxation time f,« in the electrically driven OLED devices and
thus high spin polarization in the triplet sublevels clearly indicates that the RISC rates
of the mg = 0 and m, = £1 triplets must be different.

The RISC timescale of 30 — 220ns of the present material system is much shorter than
the spin relaxation fejax < 50 us [130]. This means, that the spin-polarization is not
quickly equalized and present even in the electrically driven device. Comparing the
observed time constant with other organic devices, their f¢]5«-time is in the same order
of magnitude with 30 us, measured by electrically and optically detected magnetic res-
onance (EDMR, ODMR) [166-169]. The much larger ZFS of D = (50+5) MHz decouples
the electron spin system from the nuclear environment, which results in a long spin re-
laxation time. It is also worth mentioning that this decoupling takes place even without
an external magnetic field, since ZFS outperform HFI. It is also interesting to compare
the RISC time constants of other TADF systems. The time constants for donor:acceptor
exciplex molecular TADF materials were reported around 0.5us - 30us, which is in all
cases shorter than the here observed f,ax [22, 115, 170-176]. In this case, a strong
spin polarization between the m = 0 and m; = +1 levels can be expected for all TADF
systems with long #¢1ax. This has far-reaching consequences for OLED efficiency, espe-
cially at high current densities in the efficiency roll-off range, where long-lived triplet
sates cause triplet-triplet annihilation [24, 97, 171]. Fast spin relaxation is desirable
for future TADF systems, which can be achieved, for example, by increasing spin-orbit
coupling.

On the other hand, the short spin dephasing time fgepn > 30ns most likely has no in-
fluence on the operation of the OLED. The coupling of nitrogen and protons is known

to be the reason for rapid loss of phase coherence [177] with short #gepn. The fact that
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the spin dephasing constant is quite shorter than the RISC rate suggests that f4epn does
not affect the RISC process of the exciplex ensemble in a TADF OLED.

7.8 Conclusion

To conclude, for the first time we showed ELDMR hole burning spectroscopy in a model
donor-acceptor system m-MTDATA:BPhen that enables TADF in OLEDs. The two mi-
crowave double-resonance technique delivers insight into the highly inhomogeneously-
broadened triplet states in an electrically driven OLED device by analysing the spectral
hole. We found that the homogeneous linewidth of FWHM,, = 22 MHz of these triplet
states is limited due to spin dephasing with a characteristic time constant of gepn > 30
ns. Coherent population oscillations are found to cause a sub-natural spike on top of
the hole spectrum of FWHM,,;,, = 12kHz, from which we estimate a spin-relaxation
time fe1ax < 50 us. Remarkably, a Gaussian background was observed in the hole spec-
trum, which is presumably due to a zero-field interaction of the underlying exciplex
states of D = 50 + 5MHz, indicating exciplex states of 1.1nm - 1.2nm extent. Unre-
solved hyperfine interactions with surrounding nitrogen and hydrogen nuclei are of a
magnitude of Ay, Ay < 2MHz. Ultimately, spectral overlap of the spin packages causes
decoherence and shortening of #gepnh, while maintaining z-magnetization. The long
frelax (<50 us) > fpisc (30 - 200ns) means that the OLED spin system will be highly spin-

polarized even when operated at ambient temperatures.
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8 Summary

Spin states build the relevant basis for the working principle of organic light-emitting
diodes (OLEDs). The direct investigation of these states under electrical operation has
rather been a white spot in the literature. In this work, the goal was to contribute to
fill this gap and to investigate the involvement of spin states in the fundamental pro-
cesses in organic semiconductors. The variety of materials studied in this work stems
from the recent approach of using molecules whose emissive states can be thermally
activated to enhance OLED efficiency. The so-called thermally activated delayed flu-
orescence (TADF) enables an energetic up-conversion from dark triplet states to lu-
minous singlet states. The spin-spin interactions responsible for this mechanism are
investigated in this work by using methods based on the spin-sensitive electron para-
magnetic resonance (EPR). In particular, this method has been applied in an advanced
manner to electrically driven OLEDs. The paramagnetic resonance has been detected
by electroluminescence, which gives the method its name: Electroluminescence de-

tected magnetic resonance (ELDMR).

An entry into the first experimental study of this thesis was provided by the investiga-
tion of the novel deep blue TADF emitter SBABz4, whose emission properties strongly
depend on the geometrical arrangement of its molecular units. SBABz4 was designed
and synthesized by collaborators at the Ecole Polytechnique Fédérale de Lausanne
(EPFL), Switzerland. The peculiarity of the design was the stick-like geometry of the
molecule, which significantly influences the out-coupling efficiency from the OLED
device. The horizontal orientation of the emission transition dipole moment was found
by collaboration partners from Augsburg to be 80%. This thesis showed that the pro-
cess of reverse intersystem crossing (RISC) strongly depends on the emitters dihedral
angle 6 between its donor and acceptor unit. The spin-spin interaction that sets the
energy gap AEgst between singlet and triplet thus strongly depends on this angle. The-
oretical simulations of the collaboration partners showed that a perfect tuning between
maximum angle (6 ~ 90°) for efficient up-conversion and minimum angle for efficient
emission properties (0 ~ 0°), i.e. oscillator strength f, is necessary. The energy gap
between singlet and triplet was determined to be AEst = 72 + 5meV by transient elec-

troluminescence and transient photoluminescence. Activation energy could be linked
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to a mean dihedral angle of 6 = 70 — 75° between the donor and acceptor units, which
deviates decisively from 8 = 86° for a relaxed molecule in vacuum. The work highlights
the importance of balancing a small energy gap for efficient TADF with sufficient oscil-

lator strength for future design concepts for upcoming OLED generations.

To generate a deeper physical understanding of commercially available TADF mole-
cules, the magnetic resonance based method ELDMR was applied in a second study.
The underlying physics of the thermal up-conversion of the triplets to singlets still
raises open questions in the literature. At this point of the thesis, the magnetic field
dependence of the linewidth of the ELDMR spectra was evaluated. The information
from this allows conclusions to be drawn about mechanisms involved in the RISC pro-
cess. The Ag-mechanism could be identified as a companion in RISC process. A value
for the g-factor difference Ag between electron and hole was obtained for the following
material combinations: While for m-MTDATA:BPHEN no broadening was observed
due to low Ag = 5.3 x 10~7, m-MTDATA:3TPYMB (Ag =24 x 1073) and DMAC-DPS
(Ag = 1.5 x 10~%) show strong hints of spin-orbit-coupling effects contributing to RISC.
The results underline the great diversity of TADF emitters and emphasize that gener-
alized statements on the working principle of the RISC driving mechanism have to be

made carefully.

In a final study, we investigated the ELDMR linewidth of the TADF material m-MT-
DATA:BPHEN in more detail to get to the bottom of the origin of the inhomogeneity
of the ELDMR spectrums width FWHMyhomo = 62 MHz. A method that was particu-
larly well suited for this purpose was the double-resonance experiment of spectral mi-
crowave hole burning. In this advanced EPR method, an irradiating pump microwave
frequency saturated individual EPR transitions, which then no longer participated in
the probe frequency detected ELDMR. The saturation of these states generated a spec-
tral hole in the ELDMR spectrum, from the shape of which further properties could be
drawn about the TADF material. The innermost of the hole is limited by the spin relax-
ation times of the underlying exciplex state. The hole was found to consist on the one
hand of a broad homogeneous line of FWHM}, = 22MHz, and on the other hand of a
spectral peak with a sub-natural line width of FWHM,¢jox = 12kHz. The latter has its
origin in beating effects in the OLED spin system due to an oscillating microwave field,
which is created by beating of the two microwave radiations of the pump and the probe
frequency. The homogeneous linewidth delivered a lower limit to a transversal dephas-
ing time Zqepn > 30ns, while the peak linewidth could be referred to as an upper limit
of the longitudinal relaxation time f¢ox < 50 us. With the aid of spectral microwave

hole burning, the spin-spin interactions in this particular TADF system could be fur-
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ther deciphered, leading to a deeper understanding of the broadening mechanisms of
the triplet-sublevels.

Ultimately, this work demonstrates the inevitability of understanding spin-spin in-
teractions in organic light-emitting diodes if their physically relevant processes are to
be fully understood. While the new deep blue emitter has enabled further research
expertise to be gained at the key weak point of display applications, namely the blue
OLED emitters themselves, the spin-sensitive methods applied to the commercial emit-
ters contributed to the fundamental understanding of OLED knowledge in general. Al-
together, this information provides a small piece of the puzzle to the larger understand-
ing of how the triplet-to-singlet up-conversion is accomplished in TADF based OLEDs

and may be considered as a guideline to improve the next-generation OLED materials.
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Zusammenfassung

Spin-Zustdnde bilden die entscheidende Grundlage fiir das Funktionsprinzip moder-
ner organischer Leuchtdioden (OLEDs). Ihre direkte Untersuchung im elektrischen Be-
trieb war bisher eher ein weiller Fleck in der Literatur. In dieser Arbeit war es das Ziel,
dazu beizutragen, diese Liicke zu schliefen und die Beteiligung dieser Spin-Zustidnde
an den fundamentalen Prozessen in organischen Halbleitern zu untersuchen. Die Viel-
falt der in dieser Arbeit untersuchten Materialien resultiert aus dem neueren Ansatz,
Molekiile zur Steigerung der OLED-Effizienz einzusetzen, deren optische Zusténde ther-
misch aktiviert sind. Die sogenannte thermisch aktivierte verzégerte Fluoreszenz (TADF)
ermoglicht eine energetische Aufwirtskonversion von dunklen Triplett-Zustidnden zu
leuchtenden Singulett-Zustdnden. Die fiir diesen Mechanismus verantwortlichen Spin-
Spin-Wechselwirkungen werden im Rahmen der Arbeit mit Methoden untersucht, die
auf der spinsensitiven Elektron Paramagnetische Resonanz (EPR) basieren. Insbeson-
dere wurde diese Methode schrittweise auf elektrisch betriebene OLEDs angewendet
und die magnetische Resonanz durch Elektrolumineszenz nachgewiesen, was der Me-
thode ihren Namen verleiht: Elektrolumineszenz detektierte magnetische Resonanz.
Der Einfiithrung in die erste experimentelle Studie dieser Arbeit erfolgte mit der Un-
tersuchung des neuartigen tiefblauen TADF-Emitter SBABz4, dessen Emissionseigen-
schaften stark von der geometrischen Anordnung seiner molekularen Einheiten ab-
hingen. Das Molekiil wurde von Mitarbeitern der Ecole Polytechnique Fédérale de
Lausanne (EPFL) in der Schweiz entworfen und synthetisiert. Die Besonderheit des
Designs ist die stibchenférmige Geometrie des Molekiils, die die Auskopplungseffizi-
enz aus dem OLED-Bauelement maligeblich beeinflusst. Die horizontale Orientierung
des Emissionsiibergangs-Dipolmoments wurde von Kooperationspartnern aus Augs-
burg zu 80 % bestimmt.

Die vorliegende Arbeit zeigte, dass der untersuchte Prozess der umgekehrten Inter-
kombination (engl.: reverse intersystem crossing, RISC) stark vom Flachenwinkel 6 des
Emitters zwischen seiner Donor- und Akzeptoreinheit abhédngt. Die Spin-Spin-Wechsel-
wirkung, welche die Energieliicke A Est zwischen Singulett und Triplett einstellt, hdngt
also stark von diesem Winkel ab. Theoretische Simulationen der Kollaborationspart-
ner zeigten, dass eine perfekte Abstimmung zwischen maximalem Winkel (6 ~ 90°) fiir
effiziente Aufwiértskonversion und minimalem Winkel fiir effiziente Emissionseigen-
schaften (6 ~ 0°), d. h. Oszillatorstdrke f, notwendig ist. Die Energieliicke zwischen
Singulett und Triplett wurde durch transiente Elektrolumineszenz und transiente Pho-
tolumineszenz zu AEst = 72 + 5meV bestimmt. Die Aktivierungsenergie konnte mit

einem mittleren Flachenwinkel von 6 = 70 — 75° zwischen den Donor- und Akzeptor-
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einheiten verkniipft werden, der entscheidend von 6 = 86° fiir ein entspanntes Mole-
kiil im Vakuum abweicht. Die Arbeit unterstreicht die Bedeutung der Balance zwischen
einer kleinen Energieliicke fiir effiziente TADF und ausreichender Oszillatorstérke fiir
zukiinftige Designkonzepte kommender OLED-Generationen.

Um ein weitergehendes physikalisches Verstdndnis tiber kommerziell erhéltliche TADF-
Molekiile zu generieren, wurde in einer weiteren Studie die auf magnetischer Resonanz
basierende Methode ELDMR angewendet. Die zugrunde liegende Physik der thermi-
schen Aufwiértskonversion der Tripletts zu Singulett wirft in der Literatur noch offe-
ne Fragen auf. An dieser Stelle der Arbeit wurde die Magnetfeldabhédngigkeit der Li-
nienbreite der ELDMR-Spektren ausgewertet. Die daraus gewonnenen Informationen
lassen Riickschliisse auf die am RISC-Prozess beteiligten Mechanismen zu. Der Ag-
Mechanismus konnte als ein Begleiter im RISC-Prozess identifiziert werden. Fiir die
folgenden Materialkombinationen wurde ein Wert fiir die g-Faktor-Differenz Ag zwi-
schen Elektron und Loch ermittelt: Wahrend fiir m-MTDATA:BPHEN aufgrund des nied-
rigen Ag = 5,3 x 10~/ keine Verbreiterung beobachtet wurde, zeigen m-MTDATA:3T-
PYMB (Ag = 2,4 x 107%) und DMAC-DPS (Ag = 1,5 x 1073) starke Hinweise auf Spin-
Bahn-Kopplungseffekte, die zu RISC beitragen.

In einer letzten Studie wurde die ELDMR-Linienbreite des TADF-Materials m-MTDATA:
BPHEN genauer untersucht, um dem Ursprung der Inhomogenitdt der ELDMR- Spek-
tren mit einer Breite FWHMyhomo = 62 MHz auf den Grund zu gehen. Eine Methode,
die sich fiir diesen Zweck besonders gut eignete, ist das Doppelresonanz-Experiment
des spektralen Mikrowellen-Lochbrennens. Bei dieser besonderen EPR-Methode wur-
den einzelne EPR-Uberginge durch eine eingestrahlte Pump-Mikrowellenfrequenz ge-
sdttigt, die dann durch eine Sondenfrequenz nicht mehr an der eigentlichen magne-
tischen Resonanz teilnahmen. Die Sittigung dieser Zustidnde erzeugte ein spektrales
Loch im ELDMR-Spektrum, aus dessen Form weitere Eigenschaften tiber das TADF-
Material abgeleitet werden konnten. Das Innerste des Lochs wird durch die Spin-Re-
laxationszeiten des zugrunde liegenden Exciplex-Zustands begrenzt. Es wurde fest-
gestellt, dass das Loch einerseits aus einer breiten homogenen Linie mit FWHMy, =
22MHz und andererseits aus einem spektralen Peak mit einer sub-natiirlichen Linien-
breite von FWHM,¢15x = 12kHz besteht. Letztere hat ihren Ursprung in Schwebungs-
effekten im OLED-Spin-System aufgrund eines oszillierenden Mikrowellenfeldes, wel-
ches durch Schwebung der beiden Mikrowellenfelder der Pump- und der Sondenfre-
quenz entsteht. Die homogene Linienbreite lieferte eine untere Grenze fiir eine trans-
versale Dephasierungszeit Zqepn > 30ns, wihrend die Spike-Linienbreite auf eine obere
Grenze der longitudinalen Relaxationszeit t]5x < 50 ps bezogen werden kénnte.
Mithilfe des spektralen Mikrowellenlochbrennens konnten die Spin-Spin-Wechselwirk-
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8 Summary

ungen in diesem speziellen TADF-System weiter entschliisselt werden, was zu einem
tieferen Verstdndnis der Verbreiterungsmechanismen der Triplett-Sublevels fiihrte.
Letztendlich hebt diese Arbeit die Bedeutung von Spin-Spin-Wechselwirkungen in
organischen Leuchtdioden hervor, wenn deren physikalisch relevante Prozesse voll-
stdndig verstanden werden sollen. Wahrend mit dem neuen tiefblauen Emitter weite-
res Wissen iiber die Achillesferse der Displayanwendungen gewonnen wurde, ndmlich
blauen OLED-Emitter selbst, trugen die auf kommerzielle Emitter angewendeten Spin-
sensitiven Methoden zum grundlegenden Verstidndnis des allgemeinen OLED-Wissens
bei. Diese Informationen liefern ein kleines Puzzlestiick zum groeren Bild, wie die
Triplett-zu-Singulett Aufwirtskonversion in TADF-basierten OLEDs erreicht wird. Sie
konnen als Leitfaden zur Verbesserung der OLED-Materialien der ndchsten Generati-

on betrachtet werden.
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