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1 Introduction

Je suis de ceux qui pensent que la science est d’une grande beauté. Un sci-

entifique dans son laboratoire est non seulement un technicien: il est aussi

un enfant placé devant des phénomènes naturels qui l’impressionnent comme

des contes de fées.

Marie Curie, 1933

Marie Curie is one of the most famous physicists and is best known for her ground-

breaking research in the field of radioactivity. [1] In addition, the discoveries made in

her laboratory also laid the foundation for research in another field: Electrolumines-

cence (EL). In 1936, EL was first investigated by Georges Destriau in Marie Curie’s lab-

oratory in Paris on zinc sulfide (ZnS) phosphor powder. [2] About 27 years later, in 1963,

EL was also observed for the first time in organic materials by Pope et al. [3] For this

purpose, they applied over 400V to an anthracene single crystal using a small silver

electrode in order to investigate this effect. [3] With these findings, the foundation was

laid for organic electronics, which is even nowadays still a topic of high interest both

in academic research and in technology. Today, the range of applications for organic

electronics is broad, reaching from light-emitting diodes over photovoltaics to field-

effect transistors. [4–6] The rapid progress in their performance in recent years has led

to the commercialization of optoelectronic devices, in particular organic light-emitting

diodes (OLEDs) have become indispensable in modern display technology. Given its

promising chemical and mechanical advantages for potential applications, organic op-

toelectronics remain a highly interesting research topic, leading to the emergence of

the present thesis. The two main areas of optoelectronics explored are thereby OLEDs

and organic photovoltaics (OPV), both combining semiconductor electronics with op-

tics by the interconversion of electric current and light.

The first OLED was built in 1987 by the group of Tank and VanSlyke based on tris(8-

hydroxyquinoline)aluminum (ALq3) with an external quantum efficiency of 1%. [7] Us-

ing vapor-deposited organic thin films between electrodes of indium tin oxide (ITO)

and manganese:silver (Mg:Ag), their work came remarkably close to modern OLEDs.

Three years later, in 1990, Burroughes et al. developed the first solution-processed

polymer-based OLED, employing poly(p-phenylene-vinylene) (PPV), which laid the

foundation for a rapidly growing research field. [8] These research works provided the

basis for the so-called first generation of OLEDs, using fluorescent emitters and achiev-



1 Introduction

ing a maximum internal quantum efficiency of 25% through the radiative recombina-

tion of singlet excitons. The second generation of OLEDs was introduced in 1998 by

Baldo et. al. by presenting the first phosphorescent OLED, capable of achieving an

internal quantum efficiency of 100%. [9] This family of OLEDs employs heavy metal

atoms to enhance the spin-orbit coupling that drives radiative phosphorescent emis-

sion in organic materials. Although they perform well in terms of brightness and effi-

ciency, resulting in their current application in commercial technology, the necessity

of heavy metal atoms has always been a significant drawback. This concern was finally

overcome by the development of OLEDs based on thermally activated delayed fluores-

cence (TADF) by Endo et al.. [10] These TADF OLEDs introduced the third generation

and gained great scientific success by achieving high efficiencies in the absence of the

source-limited rare metal complexes. Research on this type of OLEDs has expanded

considerably in terms of materials, donor/acceptor types, emission color and purity,

and still remains the major area of current OLED research.

In parallel, OPV research has also made remarkable progress. Starting from 1986,

C. W. Tang reported the first bilayer device based on copper phthalocyanine and a

perylenetetracarboxylic acid derivative, which exhibited an power conversion efficiency

of 1%. [11] A subsequent major step was made by the observation of ultrafast elec-

tron transfer after photoexcitation at the interface between conjugated polymers and

fullerenes. [12] This finding could be directly incorporated into the work of Yu et al. in

1995, who allowed the efficiency of dissociation of polymer excitons at the interface to

be increased remarkably by the introduction of the bulk heterojunction (BHJ). [13] For

this purpose, they used a bulk mixing of polymer donor and fullerene acceptor with

phase-separated domains sized to match the exciton diffusion length. The success of

these BHJ further emerged with the simultaneous development of [6,6]-phenyl-C61-

butyric acid methyl ester (PC60BM) [14], whose side chains provide higher solubility

while also exhibiting better electron transport than its fullerene predecessor C60, and

remains still of interest in current OPV research. For more than two decades, fullerenes

were the state-of-the-art acceptors until they were outperformed by non-fullerene ac-

ceptors (NFAs). The great success of NFAs is based not only on better absorption in

the visible and near-infrared (NIR) wavelength regions their energy-level tunability, but

also on outstanding improvements in the development of new polymer donors. [15–17]

Several NFAs have exceeded each other’ maximum efficiencies, among three are dis-

cussed in the scope of this thesis, leading to an efficiency record of currently 19%. [18]

Given the similarities in fundamentals and research goals, an increasing number of

groups have combined the research areas of OLEDs and OPV. There have also been

first ideas to combine both topics in one device to minimize non-radiative loss, e.g.,

8



solar cells based on OLED materials or utilizing TADF emitters as acceptors in OPV

devices. [19] The general research goals are similar for both optoelectronic topics, es-

pecially in the area of performance and stability. In particular, efficiency lags strongly

behind current commercially employed devices, whereby the origins of loss processes

for both device types are similar. One major impact in this context are triplet states,

as they are able to cause annihilation effects, provide non-radiative loss channels and

reduce stability by interaction with oxygen. [20–22] The aim of this work is to identify and

study the triplet states, their kinetics and their contribution to loss pathways utilizing

different spin-sensitive techniques. In addition to purely optical techniques, the para-

magnetic property of triplet states is exploited by applying methods based on the prin-

ciple of electron paramagnetic resonance (EPR). The combination of EPR with optical

detection leads to optically detected magnetic resonance (ODMR), while the combina-

tion of all-optical and magnetic resonance techniques allows a deeper understanding

of the important processes in optoelectronic materials and devices. First, the theoret-

ical background about organic semiconductors (ch. 2) and EPR (ch. 3) as well as an

introduction into the material systems and experimental techniques (ch. 4) are given.

Subsequently, the results of this thesis (ch. 5 - 8) are divided into four topics as follows:

Kinetic Modeling of Transient Electroluminescence reveals Efficiency-Limiting

Process in Exciplex-Based TADF OLEDs

(published in J. Phys. Chem. C [23])

Chapter 5 characterizes the excited state kinetics of donor:acceptor based OLEDs by

the use of transient EL (trEL), providing a foundation for identifying considerable

loss processes in these types of OLEDs. By developing and applying a suitable kinetic

model, the impact of efficiency-limiting processes associated with triplet states can be

quantified.

Detecting Triplet States in Optoelectronic Materials and Devices by Transient

ODMR

(published in Mater. Horiz. [24])

Chapter 6 continues by gaining a deeper understanding of the role of triplet states not

only in the already introduced OLED devices but also in OPV systems. For this pur-

pose, it introduces a newly developed method of transient ODMR (trODMR), whose

advantages are presented in the application of thin films, emitting photoluminescence

(transient photoluminescence detected magnetic resonance, trPLDMR) and devices

emitting EL (transient electroluminescence detected magnetic resonance, trELDMR).

9
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Triplet States and their Generation Pathways in (Non-) Halogenated PBDB-T:Y-

Series

(under review. Preprint available [25])

Chapter 7 continues the study on OPV materials by investigating the role of triplet

states, their associated kinetics and pathways in state-of-the-art donor and acceptor

combinations. In particular, the three spin-sensitive techniques PLDMR, transient

EPR (trEPR), and transient absorption (TA) help to provide a comprehensive picture

of the excited states processes and the eventual dependence on different material

combinations.

Experimental Framework for Probing Triplet Recombination Pathways in Or-

ganic Solar Cells

(published in Adv. Energy Mater. [26])

Chapter 8 completes the studies of the previous chapters by the investigation of

fullerene-based systems. It additionally presents the strengths and limitations of

the three spin-sensitive techniques with a focus on triplet research, whereby the

combination proves to be very valuable for the future research goal of triplet loss

prevention.

10



2 Organic Semiconductors

Organic materials consist mainly of carbon and hydrogen atoms with some het-

eroatoms such as sulfur, oxygen or nitrogen. Thereby, they possess semiconductor

properties as absorption and emission in the ultraviolet (UV), visible or near-infrared

(NIR) wavelength range and conductivities suitable for semiconducting devices, e.g.,

organic light-emitting diodes (OLEDs), organic photovoltaics (OPVs) or organic field-

effect transistors (OFETs). The following chapter provides fundamentals of organic

semiconductors, including the formation of molecular orbitals, electron configura-

tions, excited states and their transitions (ch. 2.1), followed by quantum-mechanical

analysis of the most important transition rates (ch. 2.2). In addition, ch. 2.3 addresses

functionalities of the optoelectronic materials and devices important for this theses,

i.e., principles of OLED and OPV operation.

The information in this chapter is based, unless otherwise noted, on textbooks by A.

Köhler and H. Bässler [27], W. Tress [28] and W. Brütting [29] and reviews by M. J. Griffith

et. al. [30], C. Deibel et al. [31], and W. Brütting et al. [32]

2.1 Fundamentals of Organic Semiconductors

2.1.1 Molecular Orbitals

An essential requirement for electrical conductivity is the presence of delocalized elec-

trons, which is realized in organic materials by conjugated π-systems, the origin of

which is explained in the following. A single carbon atom in the ground state with

six electrons has an electronic configuration of 1s2 2s2 2p2: The two s orbitals in the

first and second shells are fully occupied, with the two remaining electrons residing in

the degenerate 2p orbitals 2px, 2py and 2pz. When attempting to bond with adjacent

atoms, the 2s and 2p orbitals can hybridize into more energetically favorable config-

urations by maximizing the spatial separation of the electrons, resulting in more pos-

sible covalent bonds. Depending on the 2p orbitals involved, the mixing leads to sp3,

sp2, or sp hybrid orbitals. To understand the semiconducting properties in conjugated

organic systems, we have to examine the sp2 hybridization as in the example of ethene.

In this molecule, three sp2 orbitals are formed by mixing the 2s orbitals and two 2p or-

bitals, e.g., 2px and 2py. The hybridized orbitals are aligned in a plane (x y-plane) in an
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Figure 2.1: Schematic formation of molecular orbitals. Top: Schematics of sp2 hybridiza-
tion of two carbon atoms to yield ethene. The sp2 orbitals form σ-bonds whereas the pair-
ing of the electrons in the pz orbitals results in a π-bond. Bottom: Starting from π and π∗

orbitals for ethene, the extension of carbon atoms leads to longer π-conjugated chains, re-
sulting in the formation of a HOMO and LUMO π-band. Adapted from [30]

approximately equilateral triangle, with the remaining, non-hybridized, 2pz orbitals

oriented perpendicularly to the plane. The electrons in the three sp2 orbitals of the

carbon atoms can form σ-bonds with neighboring atoms. Figure 2.1 (top) shows the

example of ethene, where two σ-bonds are formed with hydrogen and one with the

second carbon atom. The pairing of electrons in the 2pz orbitals forms a π-orbital or

π-bond with spatial probability density above and below the molecular axis. [27,30]

Molecular orbitals can be derived by the linear combination of atomic orbitals (LCAO)

theory. Thereby, bonding and antibonding molecular orbitals with different energies

can be obtained, with the energy difference depending on the resonance interaction.

For instance, as can be found in ethene, the 2sp2 hybrid orbitals have a large charge

overlap along the internuclear axis, leading to bonding σ and antibonding σ∗-orbitals

with a large energy splitting. In contrast, the interaction of the pz orbitals occurs over

larger distances, resulting in a smaller splitting between the bonding π- and antibond-

ing π∗-orbital. In organic molecules, this splitting is often in the energy range of the

UV, visible or NIR spectrum. Considering the number of valence electrons in ethene,

the π-orbital represents the highest occupied molecular orbital (HOMO), while the π∗-

orbital is empty in the ground state and is called the lowest unoccupied molecular or-

bital (LUMO). In molecules with an increasing number of carbon atoms, the number

ofπ- andπ∗-orbitals increases. The resulting closely spaced energy levels form a band-
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like structure, as shown in Figure 2.1 (below). In analogy to inorganic semiconductors,

the HOMO corresponds to the valence band, while the LUMO is the analog to the con-

duction band. The linear superposition of the overlapping pz orbitals forms a single

molecular π-orbital with delocalized electron density across the conjugated π-system,

determining the electronic properties of OSCs. [27,30]

2.1.2 Electron Con�guration

When addressing the fundamentals in organic semiconductors, typically three fields

are relevant: orbitals (e.g., HOMO, LUMO), electron configuration, and electronic states

(e.g., singlet/triplet states). Having clarified the formation of molecular orbitals when

several atoms are combined, we can now address the occupation of these orbitals. The

electron configuration describes the filling of the orbitals by means of energy min-

imization. The so-called Aufbau principle thereby describes the occupation of the

states with the lowest energy first. For degenerate orbitals, Hund’s rule specifies the

most stable molecular configuration when the orbitals are initially occupied by a sin-

gle electron. [28]

For an illustrative purpose, a molecule with fourπ-electrons can be considered. Elec-

trons are fermions and posses a spin angular momentum with spin quantum number

S = 1/2, occupying a spin-up or spin-down state (detailed explanation in ch. 3.1: Elec-

tron Spin States). This additional quantum number can be considered, in terms of the

Pauli principle, as an additional degree of freedom that an electron can adopt. Ac-

cordingly, in the absence of degenerate energy levels, all electrons exist in pairs in the

lowest possible orbitals. The molecule then has the lowest possible energy, i.e., it is in

the ground state. [28,33]

If an electron is removed (or added), a half-filled molecular orbital is created and

the molecule becomes a radical cation (or anion). This electronic state is referred to

as spin-doublet (ch. 3.1) because it can exhibit two states depending on the spin con-

figuration. As molecules strive to reach closed-shell formation, i.e., completely filled

shells, this configuration is usually chemical reactive. An alternative approach to de-

viate from the stable ground state, with constant number of electrons, is realized by

raising an electron from the π-orbital (i.e., HOMO) to the π*-orbital (i.e., LUMO). For

instance, this excitation can be achieved upon light absorption in the UV, visible or NIR

wavelength ranges, matching the HOMO - LUMO difference in many organic semicon-

ductors. Since the molecule is no longer in the lowest energy state, it is called an ex-

cited state, which will relax back into the ground state with a certain transition rate,

discussed in the next sections. [27,28]
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Figure 2.2: Electron configuration describing singlet, doublet, and triplet states. Top: elec-
tron configuration of S0 with fully occupied HOMO, doublet D0 with half-filled HOMO and
excited states S1 and T1 with one electron in HOMO and one in LUMO. Arrows indicates
the orientation of the electron spin (without phase). Bottom: Relative orientation of two
spin angular momenta of the electrons with magnetic field in z-direction. Singlet states:
antiparallel and 180° out of phase, triplet state: parallel or 180° in phase. Quantum me-
chanical derivation in ch. 3.1.

In contrast to the radical case, this excitation results in the creation of two half-filled

orbitals. As each electron possesses two possible spin configurations, there are four

possible eigenstates of the two particle system. The quantum mechanical derivation

of these spin states will be discussed in ch. 3.1. In short, they can form one singlet state

(spin quantum number S = 0) or one of three triplet states (spin quantum number

S = 1). Semiclassically described, singlet states (S0, S1) are two-particle systems with

antiparallel spin (180° out of phase) in the π/π∗-orbital, while the spin configuration in

triplet states (e.g., T1) is parallel or in phase, as shown in Figure 2.2. The spin quantum

number MS is thereby the projection of the spin angular momentum along the z-axis,

see ch. 3.1. [27,28,34]

2.1.3 Jablonski Diagram

If the energies required to transfer a molecule to an excited state are drawn with respect

to the ground state, the corresponding representation is called a Jablonski diagram.

Figure 2.3 shows the Jablonski diagram for a valence electron of a molecule including

the most important transition pathways between the electronic states. As all orbitals

up to the HOMO are occupied in the ground state by paired electrons, the ground state

14
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Figure 2.3: Jablonski diagram with ground state S0 and excited singlet states S1, S2 and
triplet states T1, T2 (thick lines) with their respective vibrational levels (thin lines). Tran-
sitions between electronic states are indicated as (colored) arrows. Radiative processes are
fluorescence and phosphorescence, while vibrational relaxation, internal conversion (con-
version of excited state to vibrational levels of next lower excited state) and (reverse) inter-
system crossing between excited states (e.g. S1 ↔ T1) are non-radiative. Adapted from [28]

is of singlet character S0. As discussed in the last section, the excited states (solid lines)

are either singlet (S1, S2) or triplet states (T1, T2). Singlet and triplet states are energeti-

cally split by the exchange integral (J < 0 in most organic molecules, i.e., E(S1) > E(T1)),

further discussed in the context of the spin Hamiltonian in ch. 3.2.3. [28,34]

A photon can raise an electron from the π-orbital into the π∗-orbital, this process

is referred to as absorption. In context of electronic states, the molecule is transferred

from the ground state S0 into an excited state Sn (thick lines) or one of its vibrational

levels (thin lines). This transitions is followed by vibrational relaxation to the lowest

vibrational level within the same electronic state. Higher excited states (e.g., S2) have

short lifetimes and relax on fast timescales (ps) to the vibrational levels of the next lower

electronically excited state by internal conversion (IC). Vibrational relaxation and IC are

non-radiative while, according to Kasha’s rule, the radiative transition always occurs

from the lowest electronic state of the given multiplicity, e.g., the S1 state. Fluorescence

thereby describes the fast (spin-allowed) radiative transition between S1 → S0. If the

exciton in the excited state is created by optical excitation, i.e., light absorption, the

emitted luminescence is denoted as photoluminescence (PL). In an electrically driven
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2 Organic Semiconductors

device, as organic light emitting diodes (OLED), radiative recombination of injected

charges is denoted as electroluminescence (EL). [27,28]

While IC takes place between states of the same spin manifold (e.g., S2 → S1), inter-

system crossing (ISC) involves a spin-flip and causes transitions between singlet and

triplet states (e.g., T1 → S0). The radiative slower (spin-forbidden) transition from the

lowest triplet states T1 to the ground state S0 is denoted as phosphorescence. ISC can

also occur non-radiatively between excited states (e.g., S1 → T1), whereby the opposite

direction is referred to as reverse ISC (e.g., T1 → S1). As direct and reverse ISC are one

of the essential topics in this thesis, the theoretical background of these transitions will

be discussed in more detail in chapter 2.2.2. [28,42]

2.2 Transition Rates

Fermi’s Golden Rule:

Transitions between electronic states (e.g., between excited states or ground and ex-

cited state) change the total energy of the molecule or the system. In terms of quantum

mechanics, perturbation theory can describe the probabilities of these transitions. In

this context, the Hamilton operator Ĥ of the perturbed system can be described as the

sum of the unperturbed Hamilton operator Ĥ0 and the Hamilton operator Ĥ ′ of the

corresponding physical interaction: [27]

Ĥ = Ĥ0 + Ĥ ′ (2.1)

Since the unperturbed operator Ĥ0 has no impact on the mixing of the electronic states,

the transition rate kif between intial state with wavefunciton Ψi and final state Ψf can

be determined by Fermi’s golden rule: [28]

kif =
2π

ℏ
| 〈Ψf| Ĥ ′ |Ψi〉 |2ρ (2.2)

Here, ρ represents the density of the final states and ℏ the reduced Planck’s constant.

|Ψ〉 = |Ψel〉 |Ψvib〉 |Ψspin〉presents the total molecular wavefunction as a product of elec-

tron wavefunction |Ψel〉 (i.e., function of electron’s spatial coordinates and the posi-

tions of the nuclei), vibrational wavefunctions |Ψvib〉 (i.e., vibrational motion of the

nuclei) and spin wavefunction |Ψspin〉 (electron spin eigenstates, i.e., singlet or triplet

wavefunction from ch. 3.1).
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2.2 Transition Rates

2.2.1 Optical Transitions

The rate for optical transitions, i.e., emission or absorption of photons, can be derived

by using the dipole operator ˆ⃗µdip = e ˆ⃗r as perturbation Hamiltonian operator, acting on

the total molecular wavefunction |Ψ〉 = |Ψel〉 |Ψvib〉 |Ψspin〉: [27]

kif =
2π

ℏ

∣∣∣〈Ψel,fΨspin,fΨvib,f
∣∣e ˆ⃗r

∣∣Ψel,iΨspin,iΨvib,i
〉∣∣∣2

ρ (2.3)

Eq. 2.3 can be simplified by applying the Born-Oppenheimer approximation and the

Franck-Condon principle (also called Condon approximation). The former allows the

separation of nuclear and electron motion while the latter assumes electronic tran-

sitions to occur on time scales much faster than nuclear motions, i.e., the nuclei are

too heavy to respond to electronic oscillations. Thus, the contributions can be sepa-

rated with the vibrational wavefunction |Ψvib〉 being insensitive to the dipole operator.

Since the spin wavefunction |Ψspin〉 is also mostly independent on electric and mag-

netic fields of the absorbed/emitted photon, the Hamilton operator can be assumed to

only act on the electronic wavefunction |Ψel〉: [28]

kif =
2π

ℏ

∣∣∣〈Ψel,f
∣∣e ˆ⃗r

∣∣Ψel,i
〉∣∣∣2 ∣∣〈Ψvib,f

∣∣Ψvib,i
〉∣∣2 ∣∣〈Ψspin,f

∣∣Ψspin,i
〉∣∣2

ρ (2.4)

Electronic Factor: The matrix element
∣∣∣〈Ψel,f

∣∣e ˆ⃗r
∣∣Ψel,i

〉∣∣∣2
determines if a transition is

dipole-allowed (̸= 0) or dipole-forbidden (= 0). The value of the matrix element scales

on the one hand with the electronic wavefunction overlap of initial and final state, i.e.,

π - π∗ transitions on the same part of the molecule have a higher rate. On the other

hand, the probability of the transition scales with the dipole operator ˆ⃗µdip. Since the

dipole operator depends on the displacement vector r⃗ between the charges, the par-

ticipation of larger, more extended orbitals increases the absorption and emission in-

tensity. [27]

Vibrational Factor: The vibrational factor
∣∣〈Ψvib,i

∣∣Ψvib,f
〉∣∣2 is also referred as Franck-

Condon factor FC and dependents on the overlap of vibrational wavefunctions of the

lower (e.g., S0) and the upper (e.g., S1) electronic state. [35,36] In case of absorption, it

gives the probability/strength of the transition from a particular vibrational eigenstate

in the lower electronic state (e.g., 0th vibrational level of S0) to the vibrational eigenstate

of the excited state (e.g., nth vibrational level of S1). The Franck-Condon factor can also

be expressed by the Huang-Rhys-parameter SHR, which is related to the change in the
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2 Organic Semiconductors

equilibrium nuclear coordinate of the lower and upper electronic states and will be

addressed further below: [27,35]

FCf,i =
∣∣〈Ψvib,i

∣∣Ψvib,f
〉∣∣2 = Sn

HR

n!
exp(−SHR) (2.5)

Spin Factor: Besides the electronic and vibrational elements, the rate of a transition

depends on the involved spin. Thereby, the transition depends on the difference in

spin multiplicity:
∣∣〈Ψspin,i

∣∣Ψspin,f
〉∣∣ = 1 for transitions between state with the same

spin quantum number S ("spin-allowed"), whereby
∣∣〈Ψspin,i

∣∣Ψspin,f
〉∣∣ = 0 for different

spin quantum number S ("spin-forbidden"), resulting in the selection rule ∆S = 0 for

electronic transitions. Nevertheless, also spin-forbidden transitions between singlet

(S = 0) and triplet (S = 1) states are experimentally observed, as intersystem cross-

ing between excited states (e.g., S1 → T1) or phosphorescence (T1 → S0). This "spin-

forbidden" transition of intersystem crossing needs an additional perturbation Hamil-

tonian, mostly driven by spin-orbit coupling (SOC) in organic molecules. As ISC is one

of the most important transitions for the scope of this thesis, the fundamentals will be

explained in more detail in the following. [27,42]

2.2.2 (Reverse) Intersystem Crossing

As explained in the previous section, transitions between singlet and triplet states are

generally spin-forbidden with
∣∣〈Ψspin,i

∣∣Ψspin,f
〉∣∣2 = 0. However, spin-forbidden transi-

tions are possible when perturbations are considered, which lead to the intermixing of

the wavefunction contributions from triplet and singlet states. A dominant mechanism

in organic semiconductors driving this spin transition is spin-orbit coupling (SOC),

which describes the interaction of the magnetic moment of the electron (ch. 3.2.1)

with the magnetic field generated by the orbital angular momentum. The principle is

based on the coupling between the spin angular momentum ˆ⃗S with the orbital angular

momentum ˆ⃗L to form the total angular momentum ˆ⃗J : [37]

ˆ⃗J = ˆ⃗L+ ˆ⃗S (2.6)

Since spin conservation is only required for the total angular momentum ˆ⃗J , a change

in spin angular momentum ˆ⃗S can be compensated by an opposite change in orbital

angular momentum ˆ⃗L. In the context of perturbation theory, the effect of SOC will mix
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2.2 Transition Rates

the pure triplet state wavefunction
∣∣3Ψ0

1

〉
(here for the first excited triplet state T1) with

a small amount of the wavefunction
∣∣1Ψ0

k

〉
of a pure higher lying singlet state Sk: [27]

∣∣3Ψ′
1

〉= ∣∣3Ψ0
1

〉+∑
k

〈
1Ψ0

k

∣∣ ĤSOC
∣∣3Ψ0

1

〉
E(T1)−E(Sk)

∣∣1Ψ0
k

〉
(2.7)

Where
∣∣3Ψ′

1

〉
represents the wavefunction of the mixed triplet state and ĤSOC the per-

turbing spin-orbit coupling Hamilton operator. The mixing furthermore depends on

the energy gap of the triplet E(T1) and the respective kth singlet state E(Sk). Analo-

gously, the wavefunction of a mixed singlet state, e.g.,
∣∣1Ψ′

1

〉
, can be expressed as: [27]

∣∣1Ψ′
1

〉= ∣∣1Ψ0
1

〉+∑
k

〈
3Ψ0

k

∣∣ ĤSOC
∣∣1Ψ0

1

〉
E(S1)−E(Tk)

∣∣3Ψ0
k

〉
(2.8)

The amount of the mixing therefore depends on both the energetic gap between the

respective singlet and triplet states as well as the magnitude of the SOC matrix ele-

ment. The spin-orbit coupling Hamiltonian can be conveniently written as an interac-

tion term between the orbital angular momentum ˆ⃗L and the spin angular momentum
ˆ⃗S, mediated by the atomic nuclei of the molecule: [38]

ĤSOC =α2
fs

∑
µ

∑
i

Zµ

r 3
iµ

ˆ⃗Li
ˆ⃗Si (2.9)

Here, riµ describes the distance of electron i to nucleus µ, Zµ the effective nuclear

charge and αfs the fine structure constant. Thus, the strength of SOC also depends

on the atomic charge, with a correlation of ĤSOC ∝ Z 4 found for atoms and ĤSOC ∝
Z 4−Z 5 for molecules. As a result, ISC is more pronounced when atoms of a high atomic

charge are embedded in the molecule, also known as heavy atom effect. [27,38]

Direct ISC Rate:

Having clarified how the SOC mechanism affects the singlet and triplet wavefunction

and enables their admixture, we can now address the calculation of the ISC rate. We

consider here a transition between excited states, e.g., S1 and Tk with corresponding

wavefunctions
∣∣1Ψ1

〉
and

∣∣3Ψk
〉

. The rate can be represented by Fermi’s golden rule

(eq. 2.2) with ĤSOC as the perturbation operator. In addition to the SOC matrix el-

ement
∣∣〈3Ψk

∣∣ ĤSOC
∣∣1Ψ1

〉∣∣ between singlet and triplet states, we further consider the
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2 Organic Semiconductors

Franck-Condon-weighted density of states FCWD, i.e., the density of vibrational states

in the triplet manifold multiplied by the Franck-Condon vibrational overlap: [38]

kISC = 2π

ℏ
∣∣〈3Ψk

∣∣ ĤSOC
∣∣1Ψ1

〉∣∣2
FCWD (2.10)

The FCWD can thereby be evaluated in the framework of different theories. In the cal-

culations presented in ch. 7, the FCWD is calculated in the context of the Marcus-

Levich-Jornter-Theory, which can be derived from the semi-classical Marcus expres-

sion by involving the intramolecular vibrational modes assisting the ISC: [39]

FCWD =
√

1

4πλSkBT

∑
n

exp(−SHR)
Sn

HR

n!
exp

[
− (−∆EST +λS +nℏω)2

4λSkBT

]
(2.11)

λS represents the external reorganization energy, kB the Boltzmann constant,∆EST the

gap between the respective singlet and triplet states and ℏω the energy of an effec-

tive high-frequency intramolecular vibrational mode that assists ISC. The second ex-

ponential term can be seen as a transition probability whereby the prior term presents

the Franck Condon factor (eq. 2.5). The effective Huang-Rhys-parameter SHR for this

mode can be further expressed by SHR = λi
ℏω ; with the inner reorganization energy λi

corresponding to the energy required to accommodate the nuclear rearrangements

between the two electronic states. The sum in equation 2.11 considers the overlap-

ping wavefunctions of the singlet state with all possible vibrational modes of the triplet

state (n = 0,1,2, ...). [21,39]

Reverse ISC Rate:

While transitions from singlet to triplet states are normally referred to as ISC, reverse

intersystem crossing (RISC) denotes the opposite pathway. If the respective triplet state

Tk is energetically below S1, ISC is called a downhill process whereby RISC represents

an uphill process. The rate is thereby analogous to 2.11, whereby the wavefunctions

of initial and final state change and the positive sign in front of ∆EST accounts for the

uphill mechanism: [40,41]

kRISC = 2π

ℏ
∣∣〈1Ψ1

∣∣ ĤSOC
∣∣3Ψk

〉∣∣2
FCWD

FCWD =
√

1

4πλSkBT

∑
n

exp(−SHR)
Sn

HR

n!
exp

[
− (∆EST +λS +nℏω)2

4λSkBT

] (2.12)

20



2.3 Optoelectronics

RISC is the central mechanism for systems based on thermally activated delayed flu-

orescence (TADF), whereby a small singlet-triplet gap ∆EST is used to efficiently har-

vest triplet excitons by thermal upconversion to the singlet states. Since RISC rates are

typically in the orders of 105 − 107 s−1, the subsequently radiative emission from the

singlet states is called delayed fluorescence. According to eq. 2.12, efficient RISC re-

quires a sizable SOC matrix element as well as a small singlet triplet gap∆EST. This the-

sis deals with intermolecular TADF systems, with RISC acting on charge transfer (CT)

states spread over separated donor and acceptor molecules. The spatially separated

wavefunctions reduce the exchange interaction (see ch. 3.2.3), favorable for efficient

RISC. However, if singlet and triplet states have the same spatial orbital occupation, i.e.,

same orbital type as here both of CT nature, the SOC coupling is significantly reduced

because the change in spin cannot be compensated by the corresponding change in

orbital angular momentum. Consequently, the goal in TADF research is to find a good

trade-off between a small ∆EST and simultaneously sizable SOC matrix element to re-

alize an efficient RISC process. [40–42]

2.3 Optoelectronics

Optoelectronics by definition describes the combination of optics with semiconductor

electronics. These devices are designed for generating light from electric current or vice

versa. The most common organic optoelectronic devices are organic light-emitting

diodes (OLEDs) and organic photovoltaic (OPV). Both devices are in principle con-

structed similarly, with an organic layer (multiple layers in real devices) sandwiched

between two electrodes. While a voltage is applied to an OLED to inject charge carriers

that eventually recombine radiatively, OPV works in the reverse direction by absorbing

light and generating excitons that eventually dissociate into free charge carriers. The

OLED mechanism to create excitons and the principle of OPV to form free charge car-

riers are the main topics of this work and will be discussed in more detail below. [27,29,32]

2.3.1 Organic Light Emitting Diode

Fig. 2.4 schematically shows the structure of a multilayer OLED. It basically consists of

two electrodes (anode and cathode), injection and transport layers for electrons and

holes, respectively, and an emission layer. When a voltage is applied, the positively

biased anode injects holes into the HOMO of the hole injection/transport layer (HIL,

HTL). On the other side, the negatively biased cathode injects electrons into the LUMO

of the electron injection/transport layer (EIL, ETL). Given the different work functions
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Figure 2.4: Schematic energetic structure of a multilayer OLED. The OLED consists of elec-
trodes (anode and cathode) and organic layers, here hole injection- and transport layers
(HIL, HTL), emission layer and electron injection- and transport layer (EIL, ETL). Upon ap-
plying a voltage, electrons (holes) are injected from the cathode (anode) into the LUMO
(HOMO) of the EIL/ETL (HIL/HTL). Electrons and holes will, with properly chosen materi-
als, accumulate in the emission layer and recombine. Adapted from [32]

of the anode and cathode (ΦA and ΦC), a build-in voltage (also called turn-on voltage)

ΦBI must first be exceeded. Once the voltage is sufficiently high to overcome the build-

in voltage, the carriers diffuse through the respective transport layers and meet in the

emission layer. The energetically higher LUMO or lower HOMO level (or additional

barrier layers with suitable energetics) further accumulates the charge carriers in the

emission layer. When the electron and hole meet in the emission layer, they can form

a strongly bound e-h pair (Frenkel exciton, see ch. 2.3.2) which can decay radiatively.

However, it is possible for a leakage current to occur, in which the charge carrier leaves

the device at the opposite electrode. The processes in an operating OLED can be di-

vided into three main steps: [29,32]

Injection of Charge Carriers at the Electrodes

Metal-semiconductor interfaces present an energy barrier that must be overcome by

the charge carriers to be injected. In the case of an OLED, the critical parameter for the

injection of electrons and holes is the energy difference between the transport states

and the electron work function. One model for overcoming this barrier is Fowler-

Nordheim tunneling. [43] It is based on a high electric voltage that tilts the potentials
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allowing electrons to tunnel from the electrode through the triangular barrier into the

HOMO or LUMO of the organic layer. Another approach is the Richardson-Schottky

thermionic injection model. [44] It is based on charge carriers using thermal energy to

be injected into the semiconductor from the Fermi level of the electrode. The combi-

nation of both models is called thermionic field emission and is based on the thermal

excitation of the charge carriers and the subsequent tunneling through the energy bar-

rier. [45]

Charge Transport

The charge transport in disordered organic semiconductors, covered in this thesis, is

governed by phonon-assisted tunneling of charge carriers from one occupied state to

the next unoccupied state, also called hopping transport. The hopping rate thereby

depends on the tunneling between sites and the thermal activation. Miller-Abrahams

proposed a model that describes the hopping rate: [31]

νij = ν0 exp
(−2γrij

) exp

(
−∆Eij

kBT

)
∆Eij > 0

1 ∆Eij ≤ 0
. (2.13)

Here, the first part describes the tunneling contribution, where ν0 is the maximum

hopping rate, γ is the inverse localization radius (proportional to the transfer inte-

gral, i.e., the wavefunction overlap between locations i and j), and rij is the distance

between sites. The second part, on the other hand, describes the thermal activation.

Thereby, the model assumes that the Boltzmann factor for downward jump is equal to

1, whereby thermal activation is required for the jump to a site higher in energy with en-

ergy gap ∆Eij. The charge carriers additionally collide with nucleus or defects and pro-

duce scattering events that slow down the charge transport in organic semiconductors.

Thus, in contrast to band transport in inorganic semiconductors, the mobilities of or-

ganic materials are generally lower with values in the range of 10−6−101 cm2V−1s−1. [30,31]

Exciton Formation and Recombination

If the injected positive and negative charge carriers collide and recombine, it is called

non-geminate recombination. As previously explained, charge transport is of the hop-

ping type, whereby the free mean path length of the charge carriers is comparable to

the intermolecular distance. When the electron and hole approach each other in the

Coulomb capture radius (also called Onsager radius) Re-h, they recombine to form an
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exciton. The radius depends on the thermal energy kBT and the relative permittivity ϵr

of the material: [30]

Re-h = e2

4πϵrϵ0kBT
(2.14)

Here, e represents the elementary charge and ϵ0 the vacuum permittivity. Together

with the Einstein relation eD =µkBT (with diffusion coefficient D and mobility µ), the

recombination rate λ of electron and hole can be derived: [30]

λ= 4πRe-h (De +Dh) = e
(
µe +µh

)
ϵrϵ0

(2.15)

Equation. 2.15 is also known as the Langevin recombination rate and is part of ch. 5.

Since electron and hole generally have independent spin orientations, recombination

of electrons and holes leads to 25% occupations of singlet and 75% triplet states (see ch.

3.1). The formed excitons can decay radiatively or non-radiatively to the ground state

or undergo transitions between electronic states, as already explained in ch. 2.1.3.

2.3.2 Organic Photovoltaic

While the main process in OLEDs relies on generating light from injected charge carri-

ers, organic photovoltaic is based on the reverse principle: the generation of free charge

carriers from absorbed light. After absorption of photons on donor or acceptor, there

exist different pathways, with multiple spin states involved, before free charge carriers

can be collected as photo current. Figure 2.5a shows the three different main steps to

generate photocurrent in a bulk heterojunction, while Figure 2.5b shows the associated

spin states and pathways in a Jablonski diagram. Here, Figure 2.5b shows the example

of an energetically lower singlet state of the acceptor as found in modern non-fullerene

acceptors (NFAs). In blends with fullerene acceptors, the relative energies of the donor

and acceptor can be reversed. The three steps to generate free charge carriers are as

follows: [28,31]

Molecular Excitation

In donor:acceptor solar cells, the absorbed photon mainly generates excitons on the

donor or on the acceptor. NFA-based blends cover most of the visible spectrum given

the energetically low singlets states of the acceptor. In fullerene-based blends, the

donor, i.e., polymer, mostly absorbs the photons due to the energetically high acceptor

singlet states. In contrast to electrical injection, spin conservation results in the forma-

tion of only excited singlet states. Given the low dielectric constant and large screening

length, the binding energy of these excitons is significantly larger than the thermal en-
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Figure 2.5: Schematic formation of free charge carries from absorbed light in a bulk hetero-
junction. a) Molecular exciton is formed upon light absorption (1). After diffusion to the
donor:acceptor interface, a charge transfer (CT) takes place (2). CT excitons can separate
into free charge carriers which can be extracted at the electrodes (3). Adapted from [31] b)
Jablonski diagram showing the processes between electronic states. Light absorption gen-
erates excitons on the singlet states S1, which can undergo ISC to T1 or charge transfer to CT
states 1CT. Triplet CT states 3CT can be occupied from the 1CT or from higher lying T1. 3CT
can undergo back charge transfer (BCT) to lower lying T1 states. If CT excitons dissociate,
free charge carriers (FC) are formed which can be extracted at the electrodes or recombine
non-geminately.

ergy, also called Frenkel exciton. There are three possible pathways from the excited

singlet state: with certain probabilities (rates) the singlet exciton decays back to the

ground state, it undergoes ISC to the triplet state or it diffuses to the donor:acceptor

interface to undergo a charge transfer (CT). If the triplet state is higher in energy than

the CT state (donor T1 in Figure 2.5b), the formed triplet exciton can also undergo CT

to the lower lying CT states. In contrast, if the triplet state is lower (acceptor triplet in

Figure 2.5b), the triplet excitons are energetically trapped, as it is investigated in more

detail in ch. 7 and ch. 8. [30,31]

Charge Transfer

The charge transfer represents the transition of the electron from the LUMO of the

donor to the LUMO of the acceptor or hole transfer from the HOMO of the acceptor

to the HOMO of the donor. For this process to occur, the exciton first has to diffuse

to a donor:acceptor interface within its lifetime to prevent premature recombination.

Efficient organic solar cells have an active layer processed as a so-called bulk hetero-

junction, i.e., a mixed donor:acceptor structure. A good trade-off is required between

sufficient intermixing to facilitate charge transfer and a certain domain size to enable
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charge transport to the electrodes. If the exciton reaches a donor:acceptor interface,

the difference in LUMO offset (electron transfer) or HOMO offset (hole transfer) be-

tween donor and acceptor gives the charge transfer a driving force. The resulting CT

exciton is still coulombically bound and is the intermediate step from exciton to free

charge carriers. As long as the exciton originates from the same primary photoexcita-

tion, it is also called a geminate pair. Besides the CT singlet states 1CT, there are also

three possible triplet states 3CT, energetically degenerate without an external magnetic

field. The singlet and triplet CT states can be described in the context of a so-called

spin-correlated radical pair (SCRP) or spin-correlated polaron pair (SCPP), further ex-

plained in the next chapter. The 3CT states can thereby be occupied by spin mixing of

the singlet and triplet SCRP states. Furthermore, if the donor (acceptor) triplet state T1

is higher lying in energy, 3CT states can be occupied by spin-allowed charge transfer. If

the acceptor (donor) triplet T1 is energetically below the 3CT states, back charge trans-

fer (BCT) from these geminate 3CT to molecular T1 states eventually occurs, referred

to as geminate BCT. This pathway represents a considerable triplet loss channel espe-

cially in fullerene-based OSC and is further addressed in ch. 8. [31,46,47]

Dissociation into Free Charges

Once a charge transfer exciton, also referred to as polaron pair, is formed, it has to

be separated to gain free polarons or charge carriers. A polaron is by definition a

charge (i.e., electron or hole) in combination with distortion of the environment. In

organic semiconductors, the charge can thereby deform the whole molecule, lowering

the charge carrier mobility. The most common description of polaron pair separation

is the Braun-Onsager model: The polaron pair can either recombine in the polaron

pair lifetime τPP with rate kf or it can dissociate to free charge carriers with rate kd . The

electric field dependent dissociation probability is thus given by: [48]

P (E) = kd (E)

kd (E)+k f
(2.16)

The dissociation rate kd is hereby dependent on the electric field E . Free charges

can either dissociate to the respective electrodes (electrons to anode, holes to cath-

ode) or they encounter and recombine non-geminately. The non-geminate recombi-

nation was already discussed within the electrical injection in OLED devices, resulting

in 25% singlet and 75% triplet CT states due to spin statistics in the donor:acceptor

blend. If only the bulk-heterojunction as thin film without electrodes instead of an

optoelectronic device is investigated, all free charge carriers have to recombine non-

geminately again. If the 3CT excitons formed via non-geminate recombination un-
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dergo spin-allowed transition to molecular T1 states, it is referred to as non-geminate

BCT. This pathway represents a dominant loss process in all studied OSC blends and is

further discussed in ch. 7 and ch. 8. [31,49]
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3 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) spectroscopy is a useful technique for study-

ing the characteristics of paramagnetic samples, i.e., species with unpaired electrons.

The method is based on the interaction of the electron’s magnetic moment with an ex-

ternal magnetic field, whereby microwave irradiation induces transitions between spin

sublevels. EPR spectroscopy can provide insight into the character of paramagnetic

species and reveal information about their environment and the interactions involved.

This chapter gives the theoretical background for EPR, starting with the definition of

electron spin and the formation of spin states, the interaction of electron spins de-

scribed by the spin Hamiltonian, and finishing with the presentation of characteristic

spin polarizations, i.e., unequally occupied spin sublevels. The explanations in this

chapter are based, unless otherwise noted, on EPR textbooks of J. A. Weil, J. R. Bolton

and J. E. Wertz [34], M. Brustolon and E. Giamello [33], P. G. Baranov, H. J. v. Bardeleben, F.

Jelezko and J. Wachtrup [37], Daniella Goldfarb and Stefal Stoll [50] as well as the articles

by S. Richert et al. [51] and T. Biskup [52].

3.1 Electron Spin States

Electrons are elementary particles and characterized by an intrinsic angular momen-

tum. The angular momentum of interest in EPR spectroscopy is the spin angular mo-

mentum ˆ⃗S, also denoted as electron spin. Mathematically, it is a quantum mechanical

property and is described in the algebra of angular momentum theory. Physically, the

angular momentum is usually represented in the units of the reduced Planck constant

ℏ with ˆ⃗GS = ℏ ˆ⃗S, whereby the dimensionless spin angular momentum operator ˆ⃗S will be

used in the following. The eigenstates (also eigenfunctions, eigenvectors) of the spin

angular momentum can be describes using Dirac’s notation to be eigenfunctions for

the total angular momentum ˆ⃗S2 and one component of ˆ⃗S, here ŜZ: [34,37]

ˆ⃗S2 |S, MS〉 = S(S +1) |S, MS〉 (3.1)

ŜZ |S, MS〉 = MS |S, MS〉 (3.2)

With S(S + 1) and MS being the eigenvalues of ˆ⃗S2 and ŜZ, respectively. S can be con-

sidered as the quantum number for the total spin angular momentum while MS is the

spin quantum number for the projection of the spin angular momentum along the
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z-axis (by convention the direction of the external magnetic field). As a result of the

angular momentum algebra, MS can take values from −S to +S in unit increments, re-

sulting in 2S +1 possible projections of ˆ⃗S in z direction. This quantity of possible spin

states projected in a selected direction (here z-axis) for a given spin quantum number

S is called multiplicity. In the following, the most important electronic states, already

addressed in ch. 2, will be described quantum-mechanically.

Doublet

For a free electron, the spin quantum number is S = 1
2 , resulting in MS = ±1

2 . Due to

the multiplicity of 2S +1 = 2, these states are referred to as doublet states. These two

eigenstates |S, MS〉 for the one-electron system are denoted by the following common

convention (also called ’spin-up’ and ’spin-down’): [34]

Doublet
(
S = 1

2

)
:


∣∣1

2 , 1
2

〉=α∣∣1
2 ,−1

2

〉=β (3.3)

Singlet/Triplet

In the case of two electrons, a coupling of the individual spin angular momenta has to

be taken into account. In this coupled representation, the total spin angular momen-

tum can be defined by the addition of the uncoupled spin operators: [34]

ˆ⃗S = ˆ⃗S1 + ˆ⃗S2 (3.4)

The coupling results in the formation of four spin states with spin quantum number

S = 0 and S = 1. The spin quantum number S = 0 leads to a multiplicity of 2S +1 = 1,

referred to as singlet states. The spin quantum number S = 1 results in a multiplicity of

2S +1 = 3, also called triplet states. The triplet states thus possess spin quantum num-

bers in z-direction of MS =−1,0,+1. The four new collective eigenstates |S, MS〉 of the

two-electron system can be represented by linear combination of spin eigenfunction

from the one-electron systems: [27,34]

Singlet (S=0): |0,0〉 = 1p
2

[
α(1)β(2)−β(1)α(2)

]

Triplet (S=1):


|1,1〉 =α(1)α(2)

|1,0〉 = 1p
2

[
α(1)β(2)+β(1)α(2)

]
|1,−1〉 =β(1)β(2)

(3.5)
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3.1 Electron Spin States

The three triplet eigenstates are also denoted as |1,1〉 = |T+〉, |1,0〉 = |T0〉 and |1,−1〉 =
|T−〉 according to their spin quantum number MS. These coupled spin eigenstates

are either symmetric (triplet) or antisymmetric (singlet) regarding the exchange of the

electrons. The occupation of both electrons in the same spatial orbital results in singlet

states obeying the Pauli principle (antisymmetric coupling of spin eigenfunctions). As

a consequence, the ground state in closed-shell organic molecules always exhibit sin-

glet character. In contrast, electrons occupying different molecular orbitals, e.g., in ex-

cited states where an electron of the HOMO has been raised to an energetically higher

molecular orbital, can exhibit both singlet and triplet character. [28,34]

Spin-Correlated Radical Pair

A more complex situation of coupling occurs when photoexcitation, producing an ex-

cited singlet state, is followed by, e.g., electron transfer from a donor to an acceptor

molecule. As this process is in general spin conserving, the final state of this transition

is still a coupled spin system, generating a spin-correlated radical pair (SCRP), or also

called spin-correlated polaron pair (SCPP) in terms of OPV. These SCRP are referred

to as intermediate charge transfer (CT) states between strongly couplet excitons (i.e.,

singlet/triplet) and fully separated polarons (i.e., doublets). The SCRP is characterized

by a set of four eigenstates, two of which are pure triplet states, while the singlet state

|0,0〉 and the triplet sublevel |T0〉 = |1,0〉 are being mixed. The four spin eigenstates of

a SCRP with singlet-triplet mixing ratio φ are then given by: [46,53]

|1〉 = |1,1〉
|2〉 = cosφ |0,0〉+ sinφ |1,0〉
|3〉 =−sinφ |0,0〉+cosφ |1,0〉
|4〉 = |1,−1〉

(3.6)

Due to angular momentum conservation, only a mixing of the spin states with singlet

content, |2〉 and |3〉 states, occur. The singlet-triplet mixing ratio depends on tan2φ=( 1
2∆ω

J+ 1
2 d

)
. The individual contributions of this term are explained in the following sec-

tions in the context of the electron interactions described by the spin Hamiltonian. In

short, it depends on the dipolar coupling constant d = D(3cos2Θ−1) (with ZFS param-

eter D and Θ describing the angle between spin-spin vector and magnetic field axis,

see ch. 3.2.2), the difference in Zeeman interaction (see ch. 3.2.1, given as frequency

∆ω=∆E/ℏ) and the exchange interaction J (see ch. 3.2.3). [46,54]
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3.2 Spin Hamiltonian

The interaction of an electron spin in a system can be described by a spin Hamilto-

nian. The total electron spin Hamiltonian operator Ĥ of a system including all relevant

interactions reads: [52]

Ĥ = ĤEZ + ĤNZ + ĤZFS + ĤHFI + ĤEX (3.7)

The most known interaction is the electron Zeeman interaction ĤEZ of the electron

spin with an external magnetic field. The corresponding nuclear Zeeman interaction

ĤNZ of the nuclear spin with the external magnetic field is usually weak and therefore

typically negligible. When considering a system with S ≥ 1, the zero-field splitting op-

erator ĤZFS gets important. It consists of a spin-orbit term and a dipolar coupling term,

whereby the former one can be neglected here as further elaborated below. The ex-

change interaction ĤEX describes the quantum mechanical interaction between two

electrons enforced by the Pauli principle and produces the energetic splitting between

singlet and triplet states in organic molecules. Lastly, the hyperfine interaction ĤHFI

is based on the interaction of an electron spin with surrounding nuclear spins. In the

investigated systems, hyperfine couplings are rarely resolved and hidden in the inho-

mogeneous line broadening, thus can be considered as minor perturbations. In the

following sections, the interaction terms most relevant to the organic systems studied

in this thesis are described in more detail. These include the electron Zeeman interac-

tion ĤEZ, the zero-field splitting ĤZFS and the exchange interaction ĤEx.

3.2.1 Electron Zeeman Interaction

The spin angular momentum ˆ⃗S, discussed in sec. 3.1, can be associated with a mag-

netic moment ˆ⃗µ using the following relation: [33,37]

ˆ⃗µ=−gµB
ˆ⃗S (3.8)

g is the g-tensor, which can be assumed to be isotropic due to a small spin-orbit cou-

pling in organic molecules with light atoms. For a free electron without interaction

with the environment, the g-factor possesses a value of ge = 2.002319. µB is the Bohr

magneton with µB = 9.27410−24 J T−1. Eq. 3.8 defines that the spin angular momentum
ˆ⃗S and the magnetic moment ˆ⃗µ have opposite directions.

The interaction of the magnetic moment ˆ⃗µwith an external magnetic field B⃗ leads to

an energetic separation of the electron’s eigenstates possessing different spin quantum
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3.2 Spin Hamiltonian

numbers MS. This interaction, named after the physicist Pieter Zeeman who discov-

ered this splitting in 1896, is determined by the following Hamilton operator: [37]

ĤEZ =− ˆ⃗µ B⃗ = gµB
ˆ⃗S B⃗ (3.9)

When choosing the z-axis along the external magnetic field B⃗ with magnitude B0, the

scalar product simplifies to: [34]

ĤEZ = gµBŜZ B0 (3.10)

The quantized energy level of the systems are then given by the eigenvalues of the

Hamiltonian operator: [37]

ĤEZ |S, MS〉 = EEZ |S, MS〉 (3.11)

With the eigenvalues of the ŜZ operators from eq. 3.1, the energy level can be deter-

mined as: [34]

ĤEZ |S, MS〉 = gµBB0 ŜZ |S, MS〉 = gµBB0 MS |S, MS〉 (3.12)

For triplet states with spin quantum numbers S = 1 and MS =−1,0,+1, eq. 3.12 results

in an energetic splitting into three triplet sublevels |T−〉 , |T0〉 and |T+〉 with an energy

difference of ∆EEZ = gµBB0, as shown in Figure 3.1.
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Figure 3.1: Zeeman splitting for triplet sublevels S = 1 and MS = −1,0,+1 with magnetic
field dependent energetic splitting ∆EEZ. According to the spin quantum number MS, the
triplet sublevels are denoted as |T−〉 , |T0〉 and |T+〉.

3.2.2 Zero-Field Splitting

If the total spin quantum number of a system is S ≥ 1, the description has to account

for spin-spin interactions, for instance between two unpaired spins of an excited state

or coexisting spins in different orbitals. The coupling between the electrons’ magnetic
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moments leads to the removal of the degeneracy even in zero magnetic field, also re-

ferred to as zero-field splitting (ZFS). In organic molecules, it is reduced to the dipolar

coupling, describing the interaction of the magnetic moment of one magnetic dipole

with the magnetic field generated by the other magnetic dipole at the location of the

first dipole. The corresponding Hamiltonian ĤZFS can be derived as the product of the

spin angular momentum ˆ⃗S of the coupled system with the zero-field tensor D: [51]

ĤZFS = ˆ⃗S T D ˆ⃗S (3.13)

For randomly selected axes, eq. 3.18 can be written in the general matrix form: [55]

ĤZFS =
(

Ŝx Ŝy Ŝz

)
Dxx Dx y Dxz

D y x D y y D y z

Dzx Dz y Dzz




Ŝx

Ŝy

Ŝz

 (3.14)

When choosing the coordinate frame along suited symmetry directions of the molecule,

i.e., the principal axes, the tensor D can be simplified to it’s diagonal form: [51]

ĤZFS =
(

Ŝx Ŝy Ŝz

)
Dx 0 0

0 D y 0

0 0 Dz




Ŝx

Ŝy

Ŝz

= Dx Ŝ2
x +D y Ŝ2

y +Dz Ŝ2
z (3.15)

Since the trace of D only shifts the total energy of the spin sublevels and is irrelevant

for EPR, the trace Dx +D y +Dz is set to zero. Thus, two independent scalar parameters

D and E can describe the zero-field interaction: [51]

ĤZFS = D
(
Ŝ2

z − 1
3 S(S +1)

)+E
(
Ŝ2

x − Ŝ2
y

)
(3.16)

Here, D = 3
2 Dz describes the axial symmetry and E = 1

2 (Dx −D y ) the deviation from the

axial symmetry, i.e., the rhombicity.

The energetically splitted zero-field sublevels are denoted as |X 〉, |Y 〉 and |Z 〉 according

to the principal axes of the ZFS tensor, whose energies are given by: [51,52]

ε|X 〉 =−Dx = 1
3 D −E

ε|Y 〉 =−D y = 1
3 D +E

ε|Z 〉 =−Dz =−2
3 D

(3.17)

As described above, the ZFS operator carries both, contributions from dipolar coupling

as well as SOC. Given the light atoms in organic molecules, the dipolar coupling ex-
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3.2 Spin Hamiltonian

ceeds the the spin-orbit contribution, thus, the interaction can be derived only consid-

ering the former. Expressing the ZFS Hamiltonian analogous to the dipolar interaction,

the parameters D and E can be written as follows: [34,51]

D = 3

4

µ0(µBg )2

4π

〈
r 2 −3z2

r 5

〉
= 3

4

µ0(µBg )2

4π

〈
1−3cos2Θ

r 3

〉
E = 3

4

µ0(µBg )2

4π

〈
y2 −x2

r 5

〉 (3.18)

Thereby, r represents the distance between the unpaired spins and Θ the angle be-

tween the spin-spin vector and the principal z-axis. Thus, D is a value for the average

inter-spin distance and is usually decisive for the width of the triplet EPR spectrum (ch.

3.3.1). The sign of D thereby depends on 1−3cos2Θ and differs between oblate (D > 0)

and prolate (D < 0) spin distributions. The ZFS parameters D and E describe ener-

gies, the units of which depend on the definition of the spin Hamiltonian. In organic

semiconductor research, the SI unit Joule is common, hence the interactions are de-

fined in the same units. The Zeeman energy has already beed defined in [EEZ] = J with

the introduction of [µB] = J T−1. However, according to EPR convention, which is often

specified in units of frequency, the ZFS values are usually shown in MHz. To stay with

this convention, the determined values of the ZFS parameters D and E will be given in

the following divided by the Planck constant h as [D/h], [E/h] = MHz. The influence of

ZFS parameters D and E on the zero-field sublevels is shown in Figure 3.2. [34,50,51]
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Figure 3.2: Zero-field splitting (ZFS) of triplet sublevels. Axial ZFS parameter D lifts the de-
generacy between zero-field states |Z 〉 and |Y 〉/|X 〉. The rhombic ZFS parameter E further
splits the zero-field sublevels |Y 〉 and |X 〉. With the application of an external magnetic
field, the triplet sublevels split according to the Zeeman splitting. Energetics are shown for
B⃗ ∥ Z .
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3.2.3 Exchange Interaction

Usually, the exchange interaction is described as a pure quantum mechanical effect

without a real classical analogue and is a direct consequence of the indistingushiablil-

ity of electrons and the Pauli principle. In the simplest case, considering a pair of elec-

trons forming a strongly bound state, the exchange interaction can be understood as

the Pauli principle forcing the electrons to adopt antisymmetric spin states, while the

symmetric case is split off by an energetic offset. The exchange interaction thus leads

to an energetic splitting of singlet and triplet states, as will be explained in the follow-

ing. [56]

Since excitons consist of two electrons carrying a fermionic character, the total wave-

function of this quasiparticle must be antisymmetric with respect to the exchange of

these two electrons. This constraint can be directly applied to the respective spin and

orbital parts of the total wavefunction. An antisymmetric spin wavefunction (singlet)

must be coupled with a symmetric orbital function, whereby a symmetric spin wave-

function (triplet) must be coupled with an antisymmetric orbital function. Given this

direct coupling between the orbital and spin wavefunctions, the exchange interaction

operator can be expressed by the spin wavefunction of the single electron only: [34]

ĤEX = ˆ⃗S T
1 J ˆ⃗S2 (3.19)

ˆ⃗S1 and ˆ⃗S2 are the individual electron spin angular momentum operators for electron 1

and 2 and J as the exchange tensor. As in the last chapter for the ZFS Hamilton operator,

eq. 3.19 can be written in the matrix form: [55]

ĤEX =
(

Ŝx Ŝy Ŝz

)
Jxx Jx y Jxz

Jy x Jy y Jy z

Jzx Jz y Jzz




Ŝx

Ŝy

Ŝz

 (3.20)

The term of most relevance to the description is the isotropic part of the exchange in-

teraction operator, as it removes the degeneracy of the eigenvalues of S2, i.e., singlet

and triplet state. It can be described with the isotropic electron-exchange coupling

constant J0 = 1
3 tr(J), whereby eq. 3.19 simplifies to: [34,56]

ĤEX, iso = J0
ˆ⃗S T

1
ˆ⃗S2 (3.21)
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The constant J0 carries the information about the orbital component of the wavefunc-

tion and can be expressed as the exchange integral between the individual orbital parts

as [34]

J0 =−2〈Ψa(1)Ψb(2)| e2

4πϵ0r
|Ψa(2)Ψb(1)〉 (3.22)

in a first approximation. Here Ψa,b(1,2) denotes the spatial orbital wavefunctions on

the sites a and b populated with electron 1 and 2, respectively. r is the inter-electron

distance, e the electron charge and ϵ0 the vacuum permittivity. In the case of organic

semiconductors, Ψa,b denotes the molecular orbital wavefunctions, i.e., HOMO and

LUMO, respectively. Given the fundamental difference in orbital symmetry between

triplet and singlet states, this exchange integral typically induces an energetic splitting

∆EST, equally to description of J0 in eq. 3.22. In organic systems, the exchange integral

carries a negative sign, leading to triplet states, which are energetically lower than the

singlet states. The energetic splitting thereby strongly depends on the overlap wave-

function, as seen from eq. 3.22. Thus, molecular states with large HOMO-LUMO wave-

function overlap possess a larger energetic splitting between singlet and triplet state,

while CT states with HOMO and LUMO wavefunction located on different molecules

reveal a smaller energetic splitting. [34,42,56]

3.3 Spin Polarization

Spin polarization is the unequal population of paramagnetic states, e.g., by different

population of triplet sublevels upon photoexcitation. This unequal population of triplet

states is fundamental for EPR experiments, since microwave radiation is absorbed/emit-

ted only in a spin polarized system. There are several processes that lead to spin po-

larization, whereby those most relevant to this work are discussed below. The result-

ing unequal population is compensated either by spin-lattice interactions to achieve

Boltzmann conditions, or by microwave-induced transitions under magnetic resonance

conditions with the aim to achieve an equal distribution between triplet sublevels. This

section first discusses microwave-induced transitions before explaining the origin of

spin polarization by SOC-induced ISC and geminate BCT. The information is, addi-

tionally to the sources mentioned at the beginning of the chapter, based on articles

from F. Kraffert et al. [46], Y. Hou et al. [57], and C. D. Buckley et al. [53].
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3.3.1 Transitions between Triplet Sublevels

Full-Field Transitions

This work mainly covers EPR research on triplet states (S = 1) in organic systems. The

relatively short distance between the spins leads to the exchange interaction exceeding

the dipolar interaction. Therefore, the triplet sublevels are separated from the singlet

state and the EPR triplet spectra are mainly determined by Zeeman and ZFS interac-

tions. The energetic splitting of the high-field triplet states |T−〉, |T0〉 and |T+〉 depends

on the orientation of the external magnetic field B⃗ with respect to the principal axes

X , Y and Z of the ZFS tensor. In the canonical orientation, the external magnetic field

is aligned with one of the principal axes and the energy of the corresponding state is

independent of B . While its energy is equal to the energy in the zero-field, the energies

of the other two states increase and decrease, respectively, as a function of B . For the

case of B⃗ ∥ Z , the energies of the triplet substates are given by: [51]

ε+ = 1

3
D +

√
E 2 + (

gµBB
)2

ε0 =−2

3
D

ε− = 1

3
D −

√
E 2 + (

gµBB
)2

(3.23)

Analogously, the energies of the sublevels for the other two canonical orientations

B⃗ ∥ X and B⃗ ∥ Y can be calculated. Microwave irradiation with E = hνMW can in-

duce spin-allowed transitions of ∆MS = ±1 between triplet sublevels. The magnetic

field component of the electromagnetic microwave irradiation is denoted by B1. Only
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Figure 3.3: Energetics of triplet sublevels for all canonical orientations B⃗ ∥ X (left), B⃗ ∥ Y
(middle) and B⃗ ∥ Z (right) with exemplary values of D/h = 1500MHz, E/h = 150MHz and
νMW = 9.43GHz. The spin allowed transitions∆MS =±1 are shown in red. Energy levels and
transitions determined with MATLAB toolbox EasySpin. [58]
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the B1 contribution oscillating in the x y plane, i.e., perpendicular to the static Zeeman

field B0 in the z direction, enables effective interaction between electron spin and mi-

crowave irradiation. Figure 3.3 shows the triplet sublevel energy splitting for all canon-

ical orientations with exemplary values, realistic for organic polymers studied in the

X-band region, of D/h = 1500MHz, E/h = 150MHz, and νMW = 9.43GHz. It also de-

picts the spin-allowed∆MS =±1 transitions (red) between |T−〉↔ |T0〉 and |T0〉↔ |T+〉,
so called full-field (FF) transitions. Here, the distance between transitions depends on

the canonical orientation and is proportional to |D|+3|E |, |D|−3|E | and |2D| for B⃗ ∥ X ,

B⃗ ∥ Y , and B⃗ ∥ Z , respectively. Therefore, the total width of an EPR spectrum can be di-

rectly correlated with the ZFS parameter D , making it an direct indicator of spin density

delocalization (eq. 3.18) in a given material. [51,52,59]

Half-Field Transitions

In addition to the spin-allowed∆MS =±1 transitions, first-order spin-forbidden∆MS =
±2 transitions can also be observed in systems with strong dipolar coupling. Since

these transitions occur at g ≈ 4, i.e., at half the resonant magnetic field, they are re-

ferred to as half-field (HF) transitions. In the S-, X-, and Q-band regions (i.e., νMW =
2−50GHz), the relative intensity of the HF signal to the FF signal scales with the inter-

spin distance r between the two electron spins: [60]

IHF = A

r 6

(
9.1

νMW

)2

(3.24)

Here, νMW represents the applied microwave frequency and A a prefactor. Based on

eq. 3.24, HF transitions predominantly occur for short interspin distances (r < 1nm),

i.e., molecular triplet excitons. The position Bmin of the HF signal depends on the ZFS

parameters D and E : [60,61]

Bmin = 1

2geµB

[
(hνMW)2 −4

(
D2

3
+E 2

)] 1
2

(3.25)

With microwave frequency νMW, g value of the free electron ge and Bohr magneton µB.

Eq. 3.25 demonstrates that molecular excitons with different ZFS parameters possess

different HF positions. Thus, the HF signal can be used as an additional characteristic

to distinguish the molecular affiliation of the observed triplet excitons.
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3.3.2 Spin Polarization by SOC-induced ISC

Having clarified the transitions in a spin polarized triplet system, the main processes

leading to an unequal population of triplet sublevels are explained in the following.

According to the selection rules, photoexcitation can only result in excited singlet ex-

citons, whereby subsequently ISC leads to population of the triplet states. As already

discussed in ch. 2.2.2, SOC is the dominant mechanism driving ISC in small molecules.

SOC-induced ISC thereby acts on the zero-field triplet states |X 〉, |Y 〉, and |Z 〉, whose

populations can be transferred to populations of the high-field states |T−〉, |T0〉, and

|T+〉. As already mentioned in sec. 3.3.1, the energetics of triplet sublevels depends

on the canonical orientation. The populations p−, p0, and p+ for the respective triplet
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Figure 3.4: Polarization pattern, observable with trEPR, of a spin polarized triplet state
formed by SOC-induced ISC. SOC-induced ISC leads to characteristic population of the
zero-field triplet states |X 〉, |Y 〉, and |Z 〉. The zero-field population is transferred to pop-
ulation of high-field states |T−〉, |T0〉 and |T+〉 depending on the canonical orientation,
i.e., orientation of the external magnetic field to the principal axis X ,Y , Z of the ZFS ten-
sor. Resonant microwave irradiation induces absorption or emission, whereby disordered
samples exhibit transitions from all canonical orientations. Here shown for exemplary val-
ues of ZFS parameters D/h = 1500MHz, E/h = 150MHz and relative zero-field population
[px , py , pz ] = [0,0.66,0.34]. Energy levels determined with MATLAB toolbox EasySpin. [58]

Adapted from [59]
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sublevels in the high field can be derived from the populations px , py , and pz in the

zero-field as follows: [51,59]

B⃗ ∥ X : p0 = px , p± = 1

2
(py +pz)

B⃗ ∥ Y : p0 = py , p± = 1

2
(px +pz)

B⃗ ∥ Z : p0 = pz , p± = 1

2
(px +py )

(3.26)

These non-Boltzmann populations of triplet sublevels for all canonical orientations

lead to absorbing (a) or emitting (e) transitions under resonance conditions, depend-

ing on the relative population of these sublevels. In this context, transient EPR (ch.

4.3.1) can distinguish between population pathways by directly measuring microwave

emission and absorption, while optically detected magnetic resonance (ch. 4.3.2) mea-

sures spin polarization indirectly by coupling the spin polarized triplet states to lumi-

nescence (a detailed comparison of these methods can be found in ch. 7 and ch. 8). In

a disordered sample, the transitions for all canonical orientations add up to a charac-

teristic polarization pattern, exemplified in Figure 3.4 for the relative zero-field popula-

tion [px, py, pz] = [0.34,0.66,0]. Considering all possible spin polarizations, trEPR spec-

tra of triplet states populated by SOC-induced ISC can exhibit aaaeee, eeeaaa, eeaeaa,

aaeaee, aeaeae, or eaeaea patterns. [51,59]

3.3.3 Spin Polarization by Geminate Back Charge Transfer

If the photoexcited singlet states do not undergo SOC-induced ISC, they may dissoci-

ate at the donor:acceptor interface and undergo charge transfer, as discussed already

in ch. 2.3.2. CT states can be described in the context of SCRP (eq. 3.6), with only spin

mixing between spin states with singlet fraction, i.e., |2〉 and |3〉, owing to angular mo-

mentum conservation (ch. 3.1). Thus, photoexcitation and subsequent charge transfer

result in an overpopulation of |2〉 and |3〉, while the pure triplet states |1〉 and |4〉 are

not populated. This spin polarization leads to absorbing transitions to |1〉 and emitting

transitions to |4〉, as shown in Figure 3.5. Depending on the energetic splitting of |2〉
and |3〉, the CT states after optical excitation exhibit a aeae or eaea polarization pattern

in trEPR. [46,53]

Ch. 2.3.2 also explained the emergence of geminate BCT, i.e., spin-allowed relax-

ation from CT states to energetically lower molecular triplet states. This triplet pop-

ulation pathway can be directly distinguished from triplet formation by SOC-induced

ISC via a different polarization pattern. Here, only BCT from CT states formed by gem-
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3 Electron Paramagnetic Resonance

inate e-h pairs, i.e., electron-hole pairs originating from the same primary photoexci-

tation, exhibits significant characteristic spin polarization. [62] The spin polarization of

geminate-formed CT states is preserved when transferred spin-allowed to triplet states

with shorter spin-spin distance, i.e., molecular triplet states. Thus, triplet formation via

back charge transfer of geminate-formed CT leads to a selective population of the high-

field spin states |T−〉, |T0〉, and |T+〉, as shown in Figure 3.5. The ensuing overpopulated

|T0〉 state results in an aeeaae pattern, whereas overpopulated |T±〉 states would result

in an eeaeea pattern in the trEPR when considering transitions in all canonical direc-

tions. These patterns can only be obtained by selective population of high-field spin

states and can be clearly distinguished from triplet excitons by SOC-induced ISC. [51,57]
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Figure 3.5: Polarization pattern, observable with trEPR, of a spin polarized triplet state
formed by geminate BCT. Spin-mixing in the CT states (also referred as SCRP) of |2〉 and
|3〉 leads to a selective population, while |1〉 and |4〉 are not populated. During BCT, the spin
polarization is preserved, resulting in an overpopulation of high-field state |T0〉. Resonant
microwave irradiation induces absorption or emission, whereby disordered samples exhibit
transitions from all canonical orientations. Here shown for exemplary values of ZFS param-
eters D/h = 1500MHz and E/h = 150MHz. Energy levels determined with MATLAB toolbox
EasySpin. [58] Adapted from [57]
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Non-Geminate Recombination

In contrast to CT states formed by geminate pairs, triplet CT states formed by non-

geminate recombination are more difficult to detect with magnetic resonance tech-

niques. Non-geminate recombination occurs when free charge carriers of different

photoexcitations recombine, or in electrically driven OLEDs where excitons are gen-

erated exclusively by non-geminate recombination of electrically injected charge car-

riers. Recombining free charge carriers recombine spin-statistically into 25% singlet

and 75% triplet states. In this process, the triplet sublevels exhibit equal occupancy,

resulting in initially no spin polarization. Considering only spin-lattice relaxation, the

triplet sublevels establish thermal equilibrium according to Boltzmann statistics. How-

ever, processes such as (reverse) ISC, non-radiative decay, and annihilation effects, e.g.,

triplet-triplet annihilation (TTA), will further enhance the spin polarization. A distinc-

tion must be made between steady-state optical/electrical excitation (as in ODMR) and

a short laser pulse (as in trEPR). Steady-state excitation leads to an accumulation of

charge carriers, which increases the probability of annihilation effects and further en-

hances spin polarization. Together with the increased sensitivity of optical detection,

ODMR can usually detect non-geminate pathways. Although trEPR only detects highly

spin polarized triplet states, as formed by SOC-induced ISC or geminate BCT, it can di-

rectly determine spin polarization and distinguish between geminate triplet formation

pathways. [52,63]
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4 Experimental Section

The previous chapters gave an overview about the fundamentals of organic semicon-

ductors and the principle of EPR. This chapter specifies the chosen organic material

systems, the sample preparation for measurements based on electrical (devices) and

optical excitation (thin films) as well as gives information about the most important

methods in this thesis: transient EPR (trEPR), continuous-wave photoluminescence-

detected magnetic resonance (cwPLDMR), transient electroluminescence and photo-

luminescence detected magnetic resonance (trELDMR, trPLDMR), transient electrolu-

minescence (trEL) and transient absorption (TA).

4.1 Materials

4.1.1 Thermally Activated Delayed Fluorescence

B

N

N

N
N

N

N N

m-MTDATA

3TPYMB

Figure 4.1: Molecular structure of intermolec-
ular TADF system, employing m-MTDATA as
donor and 3TPYMB as acceptor.

On the one hand, this thesis studies

organic material systems for the appli-

cation in OLEDs based on the princi-

ple of TADF (ch. 5, ch. 6). To

reduce ∆EST in TADF systems, HOMO

and LUMO are spatially separated, re-

sulting in donor:acceptor configuration.

The separation can be achieved by in-

tramolecular approach, where the emit-

ter exhibits separated donor and accep-

tor moieties, e.g., through molecular twist. This approach forms an intramolecular CT

state between the HOMO on the donor and LUMO on the acceptor unit. Another ap-

proach are intermolecular TADF systems, whereby the spatial separation is achieved

by HOMO and LUMO located on two different molecules. The formed CT state be-

tween the donor and acceptor molecule is also called an exciplex (excited complex).

Figure 4.1 shows the intermolecular TADF system, studied in this work, consisting of

m-MTDATA (4,4’,4”-tris[(3-methylphenyl)phenylamino]triphenylamine) as donor and

3TPYMB (tris(2,4,6-trimethyl-3-(pyridin-3yl)phenyl)borane) as acceptor. While the
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donor m-MTDATA contains triphenylamines as electron-donating moieties, the ac-

ceptor 3TPYMB possesses triarylborane as electron-withdrawing moieties. [42]

4.1.2 Organic Photovoltaic

Besides donor:acceptor based TADF systems, this thesis also studies donor:acceptor

systems for the application in OPV (ch. 6, ch. 7, ch. 8). The different donor and accep-

tor materials studied are described in the following.

Donor Materials

Donor materials used in this work are PBDB-T (poly[[4,8-bis[5-(2-ethylhexyl)-

2-thienyl]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-

ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c]dithiophene-1,3-diyl]]) as well as

its fluorinated version PM6 (also called PBDB-T-2F, poly[[4,8-bis[5-(2-ethylhexyl)-

4-fluoro-2-thienyl]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-

bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c]dithiophene-1,3-diyl]]) and

chlorinated version PM7 (also called PBDB-T-2Cl, poly[[4,8-bis[5-(2-ethylhexyl)-

4-chloro-2-thienyl]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-

bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c]dithiophene-1,3-diyl]]). These

molecules mainly consist of 2-alkylthiophene-substituted benzo [1,2-b:4,5-b0]

dithio-phene (BDT) core with conjugated side chains and 1,3-bis(thiophen-2-yl)-5,7-

bis(2-ethylhexyl)benzo-[1,2-c:4,5-c0]dithiophene-4,8-dione (BDD) units [64]. These

donor materials are well suited for NFA-based OSCs due to their high absorption

coefficient, medium band gap, deep-lying HOMO and high carrier mobilities. [64] The

halogenation substitution on the thiophene conjugated side chain of the BDT unit

further down-shifts the HOMO level to reduce energy loss in NFA-based OSC. [65,66].

As futher donor material, the polymer PTB7-Th (poly([2,6-4,8-di(5-

ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]3-fluoro-2[(2-ethylhexyl)carbonyl]

thieno[3,4-b]thiophenediyl)) is employed. It is a PBDTT-type low-bandgap polymer

with an additional 2-ethylhexyl-thienyl group in the BDT unit to further increase

the absorption wavelength, up to nearly 800nm in constrast to the previous used

PTB7. Thus, it is a likely used acceptor for fullerene-based OSC as it compen-

sates the high band gap of fullerenes. Together with the fluorine-substituted TT

(thieno[3,4-b]thiophene) moiety (FTT), the HOMO is also downshifted for better light

harvesting. [67–69]

The chemical structures of all OPV donor materials are shown in Figure 4.2, the

HOMO and LUMO level are given in Figure 4.4.
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Figure 4.2: Molecular structures of donor materials for studies on OPV systems. Left: PBDB-
T, PM6, and PM7. PM6 and PM7 are produced upon replacing the H atom with fluorine (F)
or chlorine (Cl) at the "X" positions. Right: PTB7-Th.

Acceptor Materials

The most frequently studied acceptors for OSCs are based on either fullerenes or non-

fullerenes, while the acceptors studied in this thesis are described below.

Non-Fullerene Acceptors

Non-fullerene acceptors (NFAs) proved themselves due to a high and broad optical

absorption from UV-vis to NIR, increasing the efficiencies up to 19%. [5,18,64] More-

over, they possess easily tunable molecular energy levels, low-cost fabrication, and

low energy losses in combination with previously described polymers PBDB-T, PM6,

and PM7. [64,70] NFAs are built of intramolecular D-A structures with aromatic cores (D

unit), end-capping group (A unit) and alkyl side chains, whereby the A units are espe-

cially important for molecular packing, electronic structures and carrier mobilities. [71]

Studied NFAs in this thesis is the A-D-A type acceptor ITIC (3,9-bis(2-

methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno [2,3-d:2’,3’-d’]-s-indaceno[1,2 b:5,6-b’]dithiophene) as well as the

newest NFAs with A-D-A-D-A structure Y6 (also called BTP-2F, 2,2’-((2Z,2’Z)-

((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2",3”:4’,5’]thieno[2’,3’:4,5]pyrrolo[3,2-g]thieno[2’,3’:4,5]thieno[3,2-b]indole-

2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-

2,1-diylidene))dimalononitrile) and Y7 (also called BTP-4Cl, 2,2’-((2Z,2’Z)-

((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2",3”:4’,5’]thieno[2’,3’:4,5]pyrrolo[3,2-g]thieno[2’,3’:4,5]thieno[3,2-b]indole-

2,10-diyl)bis(methanylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile).
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Figure 4.3: Molecular structures of acceptor materials for studies on OPV systems. Left:
Non-fullerene acceptors Y6, Y7 and ITIC. Y6 and Y7 are produced upon replacing the H atom
with flourine (F) or chlorine (Cl) at the "X" positions. Right: Fullerene acceptor PC60BM.

Fullerene Acceptor

Prior to NFAs, fullerenes were popular acceptors for the application in OSCs, given

their high electron affinity and potential for effective charge transport. [72] One of

the most famous fullerene is C60, forming a stable molecule consisting of 60 carbon

atoms. [73] PC60BM ([6,6]-phenyl-C61-butyric acid methyl ester) has proven to be

superior to C60 fullerene in that side chains on the fullerene have resulted in better sol-

ubility for processing from solution. [14] However, the relatively high optical band gap

of fullerenes and the resulting inferior absorption let plateauing the fullerene-based

OSC efficiencies. Nevertheless, PC60BM is still used in state-of-the art research, as in

ternary blends for OPV devices, as electron transport layer in perovskite solar cells, or,

as in this thesis, as a model system to develop new experimental frameworks. [74–76]

The chemical structures of all OPV acceptor materials are shown in Figure 4.3, the

HOMO and LUMO level are given in Figure 4.4.
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Figure 4.4: HOMO and LUMO level of studied donor and acceptor materials. Mean value
(black line) including standard error (gray box). Values taken from literature for donors
PBDB-T [65,77–79], PM6 [65,78–81], PM7 [80–83], PTB7-Th [84–87] and acceptors Y6 [88–92], Y7 [93,94]

and PC60BM [95–99].
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4.2 Sample Preparation

4.2.1 OLED Fabrication

Glass Substrate

Indium-Tin-Oxide Anode

PEDOT:PSS HIL

m-MTDATA HTL

m-MTDATA:3TPYMB (1:1) EL

3TPYMB ETL

Calcium

Cathode

EIL

Aluminium

Figure 4.5: Device structure of the OLEDs used
in this thesis. On an ITO-coated glass substrate,
PEDOT:PSS is spin-coated as HIL. Organic lay-
ers (HTL, EL and ETL) and cathode (calcium,
aluminum) are deposited, with the emission
layer of m-MTDATA and 3TPYMB coevaporated
in a 1:1 ratio.

The electrical measurements in this the-

sis (trEL, trELDMR) were performed on

OLED devices. In the current research,

physical vapor deposition (PVD) is a

widely used method for device fabrica-

tion with small molecules, as the here

used m-MTDATA and 3TPYMB. In gen-

eral, OLEDs were fabricated on indium-

tin-oxide (ITO) pre-coated glass sub-

strates (1.62cm2), consisting of a mix-

ture of indium-oxide In2O3 and tin-oxide

SnO2 and characterized by transparency

and charge carrier densities of about

1021 1
cm3

[100]. After cleaning the ITO

coated substrates, they are exposed to an oxygen plasma for 30s to improve the sto-

ichiometry of the surface and enhance the workfunction. [101,102] In order to facil-

itate the hole injection, a composition of the two polymers PEDOT:PSS (poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate, in a ratio of 1:6) is spin-coated as hole

injection layer (HIL) onto the anode. The substrates are subsequently annealed at

130°C for 10 min to remove the residual water of the PEDOT:PSS solution. The ac-

tive semiconductor layer is composed of the already described organic materials m-

MTDATA, as donor and 3TPYMB, as acceptor. While m-MTDATA is used as hole trans-

port layer (HTL), 3TPYMB is used as electron transport layer (ETL). The emission layer

consists of a blend of both materials, due to the similarity in charge carrier concen-

tration and charge carrier mobility used in a ratio of 1:1. The evaporation rate is

thereby 1 Å/s for all three organic layers. A co-evaporation of the emission layer with

adjusted rates ensures the mentioned ratio of the materials of 1:1. Lastly, the cath-

ode is made up of aluminum (2 - 3 Å/s) whereby an electron injection layer (EIL) of

calcium (0.1 - 0.3 Å/s) adapts the work function. The latter, together with the or-

ganic materials, are evaporated in a vacuum chamber with p ≤ 1.0 · 10−6 mbar. The

device structure of the produced OLEDs is ITO/PEDOT:PSS/m-MTDATA(30nm)/m-

MTDATA:3TPYMB(70nm,1:1)/3TPYMB(30nm)/Ca(5nm)/Al(120nm), displayed in Fig-

ure 4.5.
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4.2.2 Thin Film Samples

Measurements based on optical excitation (trEPR, trPLDMR, cwPLDMR, PL, PLE and

TA) were performed on thin films. The samples can be prepared either by spin-coating

the solution onto glass substrates or by drop-casting the solution into an EPR tube and

subsequent evaporation of the solvent. Both preparation methods and the correspond-

ing recipes are described below.

Spin-Coated Samples

Solutions for spin-coated samples were produced by optimized recipes for the respec-

tive studied systems:

• Neat PM-series, neat Y-Series: 18 mg/ml, anhydrous chloroform, 3000 rpm

• PM:Y-series: 18 mg/ml, 1:1.2, anhydrous chloroform, 0.5% v/v 1-chloronaph-

thalene, 3000 rpm

• Neat PTB7-Th: 20 mg/ml, anhydrous chlorobenzene, 2000 rpm

• Neat PM6: 18 mg/ml, anhydrous chloroform, 3000 rpm

• PTB7-Th:PCBM: 20 mg/ml, 1:1.5 anhydrous chlorobenzene, 3% v/v 1,8-diiodo-

octane (DIO), 2000 rpm

• PM6:PCBM: 18 mg/ml, 1:1 anhydrous chloroform, 0.5% v/v 1-chloronaphthalene,

3000 rpm

The solutions are spin-coated on glass substrates with the given parameters and an-

nealed for 10 min at 110°C. PLDMR and trEPR samples possess (20x20x0.2)mm size

whereby TA/PL samples use (15x15x1)mm substrates. PLDMR and trEPR glass sub-

strates are cut into thin strips (2mm width) whereby around 10 strips are filled into a

standard EPR tube (Wilmad) with ≈ 2.8mm inner diameter. To ensure oxygen free at-

mosphere, the EPR tube is vacuumed and, after repeated flushing with gaseous helium,

sealed under the helium atmosphere with ≈ 10−2 mbar. TA samples were encapsulated

with (20x20x0.2)mm cover slips (with spacer between the two glasses) and epoxy glue

(Loctite 9340, Hysol).

Drop-Cast Samples

For samples prepared by drop-casting, the respective materials are dissolved in anhy-

drous chlorobenzene, and measurements on blends are performed on a subsequent

mixture of the original solutions. Since signal intensities scale with the concentration
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of the material in the solution in EPR, while optical transparency must be maintained

in PLDMR, trEPR samples use 20mg/ml, while PLDMR samples exhibit 5mg/ml. A

small amount (≈ 100µl) of these compositions are filled into an EPR tube. Evaporation

of the solvent produces a thin film on the wall of the EPR tube. An oxygen-free atmo-

sphere is ensured by flushing the EPR tube several times with helium and subsequent

sealing under a helium atmosphere.

4.3 Experimental Methods

The following section contains information about the experimental techniques used in

this work. The focus is thereby on the setup specifications, while the principles of the

techniques are explained in the following chapters in combination with the respective

experimental results.

4.3.1 Transient Electron Paramagnetic Resonance (trEPR)

PD

diode

source

Microwave Bridge

B

t

𝑀𝑊 𝑎𝑏𝑠.

Trig.

C
h

. 1

Laser

Figure 4.6: Setup for trEPR using a microwave (MW) bridge (blue) including source, circula-
tor and detector diode. The generated microwaves are guided into the resonator (gold) with
openings for optical excitation by a pulsed 532 nm laser (green). The reflected microwaves
are detected by the detector diode, whose signal is amplified and recorded by a digitizer
card. A photodiode (PD) on the other side opening is used as a trigger for the digital oscil-
loscope. Two magnetic coils (gray) produce the external magnetic field.
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Figure 4.6 shows the setup scheme for trEPR measurements. It includes a modified

X-band spectrometer (Bruker ESP300) equipped with two magnetic coils for the gen-

eration of an external magnetic field, a microwave bridge (Bruker ER 047 MRP) and a

resonator (Bruker ER4104OR) with optical access. The electromagnet consists of two

copper coils, enabling a magnetic field up to ≈ 1.4T via a controllable current. The

resonator is placed in the center of the electromagnet with a resonance frequency of

around νres = 9.43GHz (X-band regime). The microwave bridge essentially consists

of a microwave source, a circulator and a microwave detector diode (attenuators and

phase shifters are not shown for simplicity). The microwave irradiation with a maxi-

mum power of 200mW is partially guided into the resonator via the circulator. Thereby,

the resonator should be critically coupled, i.e., the microwave frequency νMW should

be adjusted in a manner that no microwaves are reflected in non-resonant conditions.

An internal automatic frequency control (AFC) locks the frequency νMW. In magnetic

resonance conditions, the critical coupling is disturbed, resulting in reflection of the

microwave irradiation. The reflected microwaves pass the circulator in the microwave

bridge to the internal detector diode. The microwave bridge has an output with an

amplifier of 100MHz bandwidth for transient recording. A voltage amplifier (Femto

DHPVA-200) further enhances the detector signal before it is recorded by a digitizer

card (GaGe Razor Express 1642 ComptuScope) with a bandwidth of 125MHz.

A Nd:YAG laser, whose second harmonic of 532nm is used, provides short excita-

tion pulses (Amplitude Minilite II: 5ns pulselength, 15Hz repetition rate, 5mJ pulse

energy. Ekspla PL2210: 80ps pulselength, 1kHz repetition rate, 100µJ pulse energy),

which are guided into the resonator through one optical window to photoexcite the

thin film in the EPR tube. A photodetector (Hamamatsu Si photodiode S2281) on the

opposite optical window is used to produce a trigger signal for the digitizer card to

ensure the synchronization of the measured transients. The EPR tube is placed inside

the resonator in a helium-flow cryostat (Oxford Instruments ESR900) with temperature

range of 3.4K−300K, adjustable by a temperature controller (Lakeshore 335).

All components and data processing are controlled by Labview softwares. For record-

ing a 2D plot, averaged EPR transients are recorded at discrete B values while auto-

matically increasing the magnetic field in adjustable ∆B values. trEPR spectra are av-

eraged from 0.5− 1.5µs after laser excitation. The maximum time resolution is lim-

ited by the Q-factor of the resonator of around 3000. With resonator response time of

τres =Q/(πνres), the time resolution is ≈ 100ns.
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4.3.2 Photoluminescence Detected Magnetic Resonance

(PLDMR)
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ν= 9.43 GHz MW 

Δ𝑃𝐿/𝑃𝐿

Figure 4.7: Setup for PLDMR using a microwave (MW) generator (blue), whose output is
subsequently amplified to 3 W. MW are guided into the resonator (gold) with openings for
optical excitation by a 473 nm laser (green) and PL detection. PL is amplified and recorded
by a lock-in-amplifier (red). A pulse generator provides a TTL signals that is used as modu-
lation for the microwaves as well as reference signal for the lock-in-amplifier. Two magnetic
coils (gray) produce the external magnetic field.

Optically detected magnetic resonance (ODMR) can be applied by recording photolu-

minescence, i.e., PLDMR, or electroluminescence, i.e., ELDMR, under magnetic reso-

nant conditions. Figure 4.7 shows the setup scheme for continuous-wave (cw) PLDMR.

The electromagnet, the resonator and the cryostat are identical with the setup for trEPR

in ch. 4.3.1. Other components have to be changed to enable PLDMR measurements:

Continuous optical excitation is provided by a monochromatic light source represented

either by an UV LED with 365nm wavelength (for TADF materials) or a laser with 473nm

wavelength (for OPV materials). The silicon photodiode (Hamamatsu Si photodiode

S2281) on the opposite opening of the cavity detects the resulting PL, using a long-

pass filter (409nm for TADF, 561nm for OPV) to reject the excitation wavelength. A

current/voltage amplifier (Femto DHPCA-100) amplifies the generated photocurrent

with gain level up to 107 V/A. For cwPLDMR (Figure 4.7), a lock-in detector (Ametek

SR 7230) records the PL signal from the photodetector, referenced by a TTL (transistor-
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transistor-logic) signal with variable modulation frequency νmod. The TTL signal is

provided by a pulse generator (Keithley 3390), whereby the microwave irradiation are

modulated with the same TTL signal and frequency νmod. The microwave irradiation

is produced by a microwave generator (Anritsu MG3694C), whereby a microwave am-

plifier (Microsemi) allows powers of up to 3 W. The microwave irradiation is guided

into the resonator, also in the critical coupling regime. In magnetic resonant condi-

tions, the modulated microwaves induce a complementary oscillation in the PL be-

tween PLMW-off and PLMW-on, whereby PLMW-on = PLMW-off+∆PL. Since the reference of

the lock-in detector and the PL signal exhibit the same modulation frequency, only the

component with the same frequency νmod is amplified. Assuming pink noise (propor-

tional to 1/ν), the selection of a higher modulation frequency leads to a noise reduction

and thus to an increase in the signal-to-noise ratio.

4.3.3 Transient Photo-/Electroluminescence Detected

Magnetic Resonance (trPLDMR, trELDMR)

In addition to continuous-wave mode, ODMR can also be performed with transient

recording, so called transient PLDMR (trPLDMR) or transient ELDMR (trELMDR). In

contrast to continuous-wave detection, the transient recording offers on the one hand

the advantage of obtaining time-resolved ODMR spectra, allowing additionally the de-

convolution of overlapping signals. On the other hand, the absence of a lock-in de-

tector allows the sign of the ODMR signal to be determined unambiguously, whereby

the ODMR signal can reach its full amplitude in absence of a modulation frequency.

Since this measurement method was developed within the framework of this thesis,

the method will be explained in detail in ch. 6: Detecting Triplet States in Optoelec-

tronic Materials and Devices by Transient ODMR. Additionally, the advantages of this

technique are demonstrated by exemplary applications on two case studies of opto-

electronic materials and devices for the application in OPV and OLEDs.

4.3.4 Transient Electroluminescence (trEL)

Figure 4.8 shows the setup scheme for performing trEL measurements. For trEL mea-

surements, the OLED is supplied with a voltage pulse of several milliseconds, ensur-

ing the EL to reach its steady-state. In particular, the switch-off behavior of the EL is

investigated in order to study the kinetics of the material system within the electri-

cally driven device. For voltage pulses, the OLED is connected to a function genera-

tor (Agilent Technologies 81150 A), providing voltages up to 5 V for a set pulse length.

For higher voltages, a voltage amplifier (Tabor Electronics A10150) with a gain of 5
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t

𝐸𝐿

PD
I/U Ampl.

OLED

Trig.
Ch.1

5V  

Function Generator
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Figure 4.8: Setup for trEL using a function generator for pulsed OLED operation. A pho-
todetector (PD) detects the emitted light, whose photocurrent is amplified and recorded by
a digitizer card. A pulse blaster card triggers the digitizer card as well as the function gener-
ator.

is available. The emitted EL is detected by a photodiode (Hamamatsu Si photodi-

ode S2387-66R). A current-voltage amplifier (Femto DHPCA-100) amplifies the light-

induced photocurrent, which is recorded with by a digitizer card (GaGe Razor Express

1622 CompuScope). The response time of the setup is determined by the bandwidth

of the current-voltage amplifier of 1 MHz at a gain level of 106 V/A. To receive a defined

sample data count, the step-size of the transient EL measurements is interpolated to

this time resolution. Furthermore, a pulse blaster card (PulseBlasterESR-PRO) triggers

the function generator and the digitizer card simultaneously to ensure synchronization

of the measured transients. For temperature control and an oxygen free atmosphere,

the OLED is placed in a nitrogen flow cryostat (Oxford 935).

4.3.5 Transient Absorption (TA) Spectroscopy

TA spectroscopy in this thesis (ch. 7 and ch. 8) were performed by Dr. A. J. Gillett at

the Cavendish Laboratory at the University of Cambridge. The following describes the

setups used for TA spectroscopy, more specifics can be found in Ref. [25,26,103] The TA

principle is explained in ch. 7.3.1.

TA spectroscopy allows insight into the evolution of optically bright and dark spin

states within femtoseconds after photoexcitation, enabling investigation of ultrafast

excited state kinetics. This method is based on the transient pump-probe technique,

whereby the pump pulse creates short-living excited states while the time-dependent

evolution of these states is probed by a second pulse after different time intervals. The

investigation of these short living states requires a short pump pulse (≈ 100− 200fs).
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Here, a Yb amplifier (PHAROS, Light Conversion) generates 200fs pulses (νrep = 38kHz)

centered at 1030nm or a Ti:Sapphire amplifier (Spectra Physics Solstice Ace) gener-

ates 100fs pulses (νrep = 1kHz) centered at 800nm, while an optical parametric ampli-

fier (ORPHEUS, Light Conversion; TOPAS) provides tuneable pump wavelengths. The

probe pulse should cover a wider spectral wavelength range in the visible or NIR wave-

length range. For white light, a small portion of the fundamental Yb beam is focused

into a YAG (yttrium aluminum garnet) crystal while NIR probe pulses are produced

by a broadband non-collinear optical parametric amplifier (NOPA), running by the

Ti:sapphire laser. After transmitting the sample, the probe is imaged using a silicon

photodiode array (Stresing S11490) or a InGaAs dual-line array detector (Hamamatsu

G11608-512DA), respectively. The probe pulse thereby passes an optical chopper (at

half or quarter of the laser output) to calculate differential transmission ∆T/T spectra

with and without pump pulse (see ch. 7.3.1). Measurement in ch. 7 were performed

on the setup powered by the Yb amplifier, while measurements in ch. 8 used the setup

powered by the Ti:Sapphire amplifier. [25,26,103]
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5 Kinetic Modeling of Transient

Electroluminescence reveals E�ciency-Limiting

Process in Exciplex-Based TADF OLEDs
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Organic light emitting diodes (OLEDs)

based on thermally activated delayed flu-

orescence (TADF) show increased effi-

ciencies due to efficient upconversion

of non-emissive triplet states to emis-

sive singlets states via reverse intersys-

tem crossing (RISC). To assess the in-

fluence of the characteristic efficiency-enhancing RISC process as well as possible

efficiency-limiting effects in operational OLEDs, this chapter presents temperature-

dependent measurements of transient electroluminescence (trEL). Establishing a

suitable kinetic model thereby quantifies and separates the impact of different

temperature-dependent depopulation processes and contributions to EL in the estab-

lished donor:acceptor model system m-MTDATA:3TPYMB. The underlying rate equa-

tions adapted for EL measurements on TADF systems include radiative and non-

radiative first- and second-order effects. The simulations enable the evaluation of non-

radiative recombination and annihilation processes with respect to their efficiency-

limiting effects on these OLEDs. On the one hand, the depopulation of intermolecular

exciplex triplet states via non-radiative direct triplet decay, RISC and triplet-triplet an-

nihilation (TTA) can be evaluated. On the other hand, the contribution to the EL by

the formation of singlet exciplex states via polarons, RISC, and TTA is investigated. The

results show that TTA accounts for a significant part to triplet depopulation and con-

tributes to EL while limiting the overall device performance.

This chapter is based on: J. Grüne, N. Bunzmann, M. Meinecke, V. Dyakonov and A. Sperlich.

Kinetic Modeling of Transient Electroluminescence reveals TTA as Efficiency-Limiting Process

in Exciplex-Based TADF OLEDs. J. Phys. Chem. C, 124, 47, 25667-25674 (2020). [23]



5 Kinetic Modeling of trEL reveals Efficiency-Limiting Process in Exciplex-Based TADF OLEDs

5.1 Introduction

Organic light emitting diodes (OLEDs) based on thermally activated delayed fluo-

rescence (TADF) exhibit high potential due by their ability to achieve 100% internal

quantum efficiency in absence of the expensive and source-limited rare metal com-

plexes. [10] The underlying mechanism is based on harvesting the non-emissive triplet

states and upconvert them to emissive singlet states via reverse intersystem crossing

(RISC), as explained in more detail in ch. 2.2.2. [104,105] Since this mechanism is driven

by thermal energy, a necessary molecular property for this purpose is a small energy

gap ∆EST between the first excited singlet and triplet states, e.g., by minimizing the

overlap of involved HOMO and LUMO orbitals (see eq. 2.12 for the RISC rate and eq.

3.22 for the exchange integral). [106] Several promising concepts are under considera-

tion to realize efficient TADF: either by combining donor and acceptor molecules that

can share an intermolecular exciton at their interface, also called exciplex [4,107], or al-

ternatively by designing molecules that incorporate donor and acceptor moieties, en-

abling intramolecular excitons. [108,109] However, a small energy gap∆EST is not the only

requirement for efficient TADF devices. [110] The efficiency-increasing RISC rate must

be large enough to outperform efficiency-reducing non-radiative recombination and

annihilation processes.

This chapter focuses on a model system for the investigation of exciplex-based OLEDs

employing the donor m-MTDATA and the acceptor 3TPYMB, the full molecule names

and chemical structures are given in ch. 4.1.1. This material combination still attracts

a lot of attention in literature [111–113], however, according to reports, it never achieved

an external quantum efficiency (EQE) higher than 12.9% [113]. Since intermolecular

donor:acceptor systems are generally characterized by a small singlet-triplet gap∆EST,

the limitation in efficiency is surprising. One indication for lower EQE could be the

comparatively low photoluminescence quantum yield (PLQY) of 45% [112]. However,

exciplex states are non-absorbing, thus requiring a previous optical excitation of the

donor/acceptor molecules, as further discussed below. [114] Intermediate transitions to

exciplex states and associated loss mechanisms on the pristine molecules can lower

the PLQY without involvement of the exciplex states. In contrast, electrical excitation

directly occupies exciplex states. Thereby, second-order processes, such as annihila-

tion effects, are able to reduce EQE significantly, which impacts increase through the

higher triplet density in electrical operation. Thus, temperature-dependent transient

electroluminescence (trEL) measurements, probing the exciplex state exclusively, are

thereby well suited to investigate the influence of the characteristic RISC process as

well as possible efficiency-limiting effects on device performance. Therefore, a suit-
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able kinetic model is adapted for EL measurements on TADF devices in order to iden-

tify loss processes. The underlying rate equations for singlets, triplets and polarons

include second-order terms to consider annihilation processes.

The new kinetic model addresses all relevant processes involved in an operating

OLED device, since previous research either refers to modeling of transient photolu-

minescence (trPL) on TADF materials [110,115,116], transient EL of TADF devices without

considering annihilation effects [117] or on transient EL of non-TADF devices consid-

ering for second-order processes [20,118–120]. However, as shown in the following, it is

especially important in TADF devices to account for annihilation effects. One reason

is that annihilation effects are often based on interactions with triplet excitons and

are therefore more influential with increasing triplet density in the OLED device. In

TADF-based OLEDs, the RISC process positively counteracts the impact of annihilation

effects as it reduces the triplet density by upconverting triplet excitons to the singlet

state. Thus, the magnitude of the RISC rate and the resulting effective triplet density

are important factors determining the influence of efficiency-limiting processes. [121]

Another reason is the higher triplet generation in electrical excitation due to spin-

statistical recombination in contrast to optical excitation, making the consideration of

second-order effects especially important for electrically driven devices. Due to their

long lifetime, triplet excitons accumulate, facilitating the influence of annihilation pro-

cesses. [122] However, a difficulty in transient EL modeling is that the OLED first reaches

an equilibrium state, determined by all present rates, before the transient EL decay is

recorded at the time of switching off the applied voltage. As will be shown in this chap-

ter, the population ratio of triplets to singlets in the operational steady state amounts to

67:1, differing significantly from the spin-statistical generation ratio of 3:1. Therefore,

a suitable kinetic model has to determine the population number in the operational

steady-state as starting parameters for the transient EL decays.

This chapter presents adequate kinetic modeling of temperature-dependent tran-

sient EL measurements to quantify efficiency-increasing and efficiency-limiting first-

and second-order processes. First, it demonstrates a rate equation based fit proce-

dure, accurately reproducing transient EL measurements and providing required first-

and second-order rates. The procedure is especially advantageous for exciplex-based

systems, since rate extraction by transient PL is significantly complicated due to non-

absorbing exciplex states, as further discussed below. Ultimately, the results enable

quantifying the impact of efficiency-limiting processes in operational devices and to

determine the contribution of relevant processes to the steady-state EL.
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5.2 Kinetic Model
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Figure 5.1: Kinetic model of a three-level system for transient EL. Injected charge carriers
form excitons with the Langevin recombination rate γ. Excitons populate singlet and triplet
states according to 1:3 spin statistics. Possible first-order processes include singlet decay
rate kS, (reverse) intersystem crossing rate k(R)ISC and non-radiative decay rate kT. Second-
order processes are considered with singlet-triplet annihilation rate kST, triplet-triplet an-
nihilation rate kTT and triplet-polaron annihilation rate kTP.

Figure 5.1 schematically illustrates the kinetic model including all of the considered

processes for the analysis of electrically driven TADF OLEDs. In EL measurements, the

excitation is given by electrical injection. The injected charge carriers thereby form

excitons, assuming Langevin recombination with rate γ (see eq. 2.15), populating con-

tinuously the singlet states S1 and triplet states T1 in a 1:3 ratio according to spin statis-

tics. [123,124] Subsequently, the excitons undergo transitions with rate-dependent prob-

abilities. After a certain time of continuous OLED operation, an equilibrium of sin-

glet, triplet and charge carrier densities, determined by all present rates, is achieved.

At this point, the OLED has reached the steady-state of EL operation. The first-order

processes in this kinetic model include the decay rate kS of the S1 states, the direct in-

tersystem crossing (ISC) rate kISC as well as the reverse ISC rate kRISC for transitions

between S1 and T1 and the non-radiative decay rate kT of the T1 states. For the sake of

simplicity, the singlet decay rate kS considers both, the radiative and non-radiative de-

cay. [20,120] Density-dependent second-order processes involve all relevant annihilation

effects that are considered in literature in relation to TADF. [111,113,125,126] In particular,

these are effects involving interactions with triplet excitons, for two main reasons: Re-

garding the long lifetime of triplet excitons, the probability of annihilation processes

is expected to be higher for triplet excitons than for singlet excitons. [122] Furthermore,
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the triplet density in electrically driven devices is significantly higher than in optical

excitation due to their generation ratio. Therefore, the kinetic model considers the

processes with according rates for triplet-triplet annihilation kTT, triplet-polaron anni-

hilation kTP and singlet-triplet annihilation kST. These processes are further explained

in the following.

Triplet-triplet annihilation (TTA) is based on the interaction of two triplet excitons.

Their encounter leads to an intermediate compound or scatter state (T1T1) which, ac-

cording to spin statistics, will be transformed into a singlet, triplet or quintet state. [127,128]

Since the quintet state reforms back into two triplet states, the rate kTT can effectively

be transformed into 1
4 kTT for the singlet and 3

4 kTT for the triplet states (see Appendix

for transformation):

T1 +T1 −→


5/9−−→ T1 +T1

3/9−−→ T1 +S0

1/9−−→ S1 +S0

−→


3
4 kTT−−−→ T1 +S0
1
4 kTT−−−→ S1 +S0

(5.1)

Triplet-polaron annihilation (TPA) is mainly a Förster-type transfer and can be de-

scribed as an annihilation process of triplet excitons with the spin state of the po-

laron, resulting in the transfer of the polaron in the ground state n to an excited state

n∗: [120,122,129]

T1 +n
kTP−−→ S0 +n∗ (5.2)

Based on the long-living triplet states, singlet-triplet annihilation (STA) can also be-

come a significant loss channel at high triplet densities. [20] STA is a spin-allowed Förster-

type energy transfer, whereby the triplet exciton will be raised to a higher triplet state

Tn with relaxation of the singlet exciton into the ground state S0: [120]

S1 +T1
kST−−→ S0 +Tn (5.3)

Considering these second-order effects in combination with the linear first-order

processes mentioned above, the kinetics of the excited states in an operating OLED

can be described with a set of rate equations, which will be introduced in the follow-

ing. The polaron density n can be derived by the injected charge carriers per volume,

which recombines with the Langevin recombination rate γ to excitons: [20,120,121,130]

dn

d t
= j

ed
−γn2 (5.4)
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While j
ed describes the polaron generation within the emissive layer with thickness d

by injected current density j , divided by the elementary charge e, the second term γn2

subtracts the exciton formation. [118,129] The Langevin recombination rate is given by

γ= e(µe +µh)/(ϵ0 ϵr) (see eq. 2.15) with µe = 10−4 cm2V−1s−1 and µh = 10−5 cm2V−1s−1

representing the mobilities of electrons and holes in the emission layer; ϵ0 and ϵr = 2.9

are the vacuum and emission layer permittivity, respectively. [20,111,120,131]

A quarter of the created excitons
(1

4γn2
)

contributes directly to the population of the

singlet states. The first-order processes populating (positive sign) and depopulating

(negative sign) the singlet states are intersystem crossing (kISCS1), reverse intersystem

crossing (kRISCT1) and the singlet decay (kSS1). Based on equations 5.1 and 5.3, the an-

nihilation processes affecting the singlet states are triplet-triplet annihilation
(1

4 kTTT 2
1

)
and singlet-triplet annihilation (kSTT1S1). The resulting rate equation for the kinetics

of the singlet states can therefore be written as:

dS1

d t
=−kSS1 −kISCS1 +kRISCT1 + 1

4
kTTT 2

1 −kSTT1S1 + 1

4
γn2 (5.5)

The triplet states are directly populated by the other three quarters of initial excitons(3
4 γn2

)
. The first-order processes are analogous to the singlet state with intersystem

crossing (kISCS1), reverse intersystem crossing (kRISCT1) and the triplet decay (kTT1).

Annihilation processes interfering with the triplet states are triplet-triplet annihilation(5
4 kTTT 2

1

)
and triplet-polaron annihilation (kTPT1n), based on equation 5.1 and 5.2.

The resulting rate equation for the kinetics of the triplet states is therefore:

dT1

d t
=−kTT1 +kISCS1 −kRISCT1 − 5

4
kTTT 2

1 −2kTPT1n + 3

4
γn2 (5.6)

The pre-factor for TTA
(1

4 or 5
4

)
is obtained from the different cases of eq. 5.1 (see

derivation in eq. 10.1 in Appendix). The pre-factor for TPA (2) is based on the assump-

tion of balanced electron and hole density in the emissive layer, which is discussed in

more detail below.

5.3 Results

5.3.1 Temperature Dependent trEL

Having established a suitable kinetic model for the system under investigation, we can

turn to experimental data and the respective fitting procedure. Figure 5.2 shows tran-

sient EL measurements of the reported system in semi-logarithmic representation for

temperatures from 200K to 300K in 20K steps. On the one hand, the transient EL traces
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Figure 5.2: Temperature-dependent transient EL decays for an OLED with emission layer of
m-MTDATA:3TPYMB. The traces show a temperature-activated behavior, but deviate from
a biexponential decay. The curved shape indicates involvement of second-order processes
in the kinetic model.

show a temperature-activated process since the decays become faster with increasing

temperature. On the other hand, the shape of the transients deviates from the expected

biexponential decay by prompt and delayed fluorescence, typically describing the ki-

netics of a TADF OLED. A deviation from linear traces in semi-logarithmic presentation

indicates the influence of second-order processes, i.e., annihilation effects. Murawski

et al. and Baldo et al. reported deviations from mono-exponential decay in transient EL

measurements of phosphorescent OLEDs and both attributed this effect to TTA. [118,122]

However, to account also for the other annihilation effects mentioned, the behavior,

i.e., the solution, of the rate equations 5.4 - 5.6 is examined in regard of STA, TPA and

TTA to find the dominant second-order process that is responsible for the shape of the

traces in Figure 5.2. But before investigating the influence of these annihilation rates

on the transients, we first have to clarify how to solve the given rate equations and how

to simulate or fit them to the measured trEL data.

Fit Procedure

The procedure of trEL modeling differs from the commonly known transient PL model-

ing. While trPL uses a short pulsed laser excitation that generates an initial population

of the singlet states S1 = 1, measuring trEL first runs the OLED to a steady-state before

the current is switched off. Thus, the population of the OLED’s steady-state has first

to be simulated based on the rate equations 5.4 – 5.6 and the injected current density.

This population number is important as it characterizes the initial state of the transient

decay. Since this population ratio is determined by an equilibrium of all rates present

during OLED operation, it is different from the generation ratio of 1:3. In order to pro-
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duce the subsequent transient EL decay, the current density j in equation 5.4 is set to

zero, which is equivalent to turning off the OLED.

The set of rate equations 5.4 – 5.6 for polarons, singlets and triplets are not analyt-

ically resolvable. Therefore, the numerical solution of the rate equation set is estab-

lished by using an iterative procedure (forward Euler method), in which the rate equa-

tions are solved by stepwise integration by a timestep ∆t, small enough to properly

model the data. The fitting can then be realized by a standard Levenberg-Marquardt-

Algorithm, implemented in the Scipy library (v. 1.1.0) in Python (v. 3.7.6), using the

simulated rate equation model as fitting function. The script used for the iterative so-

lution of the rate equations including calculation of loss processes and contribution to

EL (shown in the discussion) can be found in the Appendix, ch. 10.

5.3.2 Dominant Annihilation E�ect

Before fitting the numerical solution of the rate equation set to the transient EL de-

cays from Figure 5.2, the dominant annihilation effect, determining the shape of the

transients, should be identified to reduce the rate model to the most important rates.

Therefore, the reduced rate equations 5.4 – 5.6 are analyzed with one annihilation ef-

fect, respectively. By producing the numerical solution of the reduced rate equations

and varying the annihilation rate, we can investigate the influence of the respective

rate on the trEL decay shape.

To visualize the influence of the different annihilation effects on the transient EL de-

cay, Figure 5.3 shows the numerical solution of the reduced rate equations 5.4 – 5.6

with the variation of one annihilation rate, respectively. Figure 5.3a presents simulated

transient EL traces with different STA rates. In Figure 5.3b, the TPA rate was varied and

Figure 5.3c shows the influence of different TTA rates. For comparison with experimen-

tal data, the gray curve always displays the experimental EL transient recorded at 200K.

The simulation method described above, based on the established kinetic model, only

provides reasonable fits for the case of TTA as annihilation effect. Therefore, TTA can

be assumed to be the dominant second-order effect, as verified in the following.

The influence of STA depends on the product of singlet and triplet population den-

sities. Due to the smaller density and shorter lifetime of singlet excitons, STA does

not have a relevant influence. At lower values of STA, the modeled traces (Figure 5.3a)

are still approximately linear in the semi-logarithmic presentation. At higher orders

of magnitude, the influence can be observed mainly at the beginning of the transient.

Overall, this annihilation effect cannot reproduce the shape of the measured trEL traces.

Furthermore, the measured transient EL decays were shown to be current dependent,

which contradicts the dominance of STA. [23,122] The influence of the TPA rate on EL
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Figure 5.3: Influence of different annihilation processes on the transient decay. Colored
transients show the numerical solutions of reduced rate equations 5.4 – 5.6 with varying
annihilation rates of a) singlet-triplet annihilation, b) triplet-polaron annihilation, c) triplet-
triplet annihilation. The gray curve always displays the experimental EL transient recorded
at 200K. Only a dominant TTA mechanism can reproduce the experimental transient EL
curve accurately. Inset: Excitation power-dependent PL measurements verifies TTA with a
slope of m = 1.8±0.1.

transients (Figure 5.3b) is particularly strong shortly after switching off the OLED, i.e.,

during the first microseconds. The reason for this is the finite transit time of polarons

in the device active layer after the voltage turn-off, determining the time scale in which

TPA can occur. After this transit time, the traces follow a mono-exponential decay. In

operational OLEDs, the presence of majority charge carriers is often discussed to pro-

mote TPA while minority charge carriers are used for exciton formation. [129] However,

the influence of these majority carriers would also be negligible beyond the transit time

of a few microseconds and can therefore not be responsible for the shape of the tran-

sient at later times. In contrast, TTA is present during a longer time span of the decay.

Certainly, the influence of TTA is higher at the beginning of the transient, since most

triplet excitons are present there. Nevertheless, TTA influences the EL decay as long as

triplet excitons are existent, therefore the influence of TTA is present over the whole de-

cay. Figure 5.3c confirms that considering TTA in the rate equations 5.4 – 5.6 matches

the measured transient EL trace almost perfectly.

Comparing the behaviors of the modeled traces of Figure 5.3, TTA can be identi-

fied as the mechanism, which is responsible for the characteristic shape of the tran-

sient EL traces. On the one hand, this result is consistent with the already mentioned

statements of Murawski et al. and Baldo et al., who explained deviations in EL tran-

sients from linear progressions with TTA. [118,122] On the other hand, excitation power-

dependent PL measurements (inset in Figure 5.3c) give the order of the process from

the slope when plotted in a double logarithmic representation. The slope of nearly two

implies the requirement of two triplet excitons for the radiative decay and is a com-

monly used evidence for the presence of TTA. [132] The fact that this effect can be de-
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tected even under optical excitation with lower triplet density further demonstrates the

impact of TTA in this system.

5.3.3 Fit Results

Having identified the dominant annihilation effect, we can fit the reduced rate equa-

tions to the trEL curves. This can be accomplished with the previously explained fit

procedure in Python, using the reduced rate equations 5.4 – 5.6 with considering the

dominant annihilation effect TTA. In order to avoid distorting the fit by too many free

parameters, the singlet decay rate kS is set to values according to literature. [133] There-

fore, the fit procedure determine the ISC rate kISC, the RISC rate kRISC, the non-radiative

decay rate kT and the TTA rate kTT, whereby kISC is assumed to be temperature-inde-

pendent as commonly done for TADF emitters in this temperature range. [104] Typically,

transient PL measurements or sometimes also PL quantum yield measurements are

used to provide fundamental rates such as kS, k(R)ISC and kT. [110,115,134] However, the ki-

netics in PL and EL are different in intermolecular/exciplex-based systems in contrast

to intramolecular emitters: Figure 5.4 shows the photoluminescence (PL)/-excitation

(PLE) and electroluminescence (EL) spectra of m-MTDATA:3TPYMB. Comparing PL

and EL spectra reveals that the same emissive state is emitting, while PLE spectra iden-

tify the exciplex system to be non-absorbing. Exciplex systems are defined by linear

combination of the excited states of the donor and acceptor molecules whereby op-

tical excitation can only generate an intramolecular exciton on the donor or accep-

tor molecule. [114] The subsequent charge transfer creates an intermolecular exciton at

the interface, i.e., exciplex state. Considering the initial excitation via an intramolecu-

lar excitation complicates the rate equations for trPL in contrast to directly absorbing
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Figure 5.4: Optical spectra for exciplex system m-MTDATA:3TPYMB. Photoluminescence
(PL, dark green, solid) and electroluminescence (EL, light green, solid) spectra overlap,
showing that the same spin state is emitting. However, the photoluminescence excitation
(PLE, dark green, dotted) spectrum shows that optical excitation does not excite the ex-
ciplex state directly, i.e., primary excitation occurs on donor and acceptor molecules. PL
(PLE) measurement used excitation (emission) wavelength of 365nm (540nm).
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CT states. Electrical excitation (EL), however, populates exciplex states directly, which

simplifies the system to a three-level system. Therefore, transient EL measurements

are particularly appropriate (compared to PL) for the determination of the RISC rate in

these exciplex systems.

Numerical Fit at 200 K

Figure 5.5a shows the resulting fit (red) of the transient EL measurement at 200K. The

RISC rate was determined to be kRISC = 4.7·104 s−1 which corresponds to a RISC time of

about 21µs. The order of magnitude of this rate is consistent with reports from this or

similar donor:acceptor TADF systems. [104,133] At the same time, the RISC rates in these

intermolecular exciplex systems are smaller than for state-of-the-art intramolecular

TADF emitters due to the similarity in orbital types of singlet and triplet states, as fur-

ther explained in ch. 2.2.2. Hence, the depopulation of triplet states by RISC proceeds

slower and the long-living triplet excitons accumulate in an operating OLED, enhanc-

ing the influence of TTA. [122] The fit determines a TTA rate of kTT = 1.4 ·10−14 cm3s−1,

whereby this rate is multiplied by the squared triplet density in the rate equations,

increasing the impact of this rate. Baldo et al., Kasemann et al. and Murawski et

al. reported TTA rates from transient EL measurements on phosphorescent OLEDs

of the same orders of magnitude. [20,118,122] Niwa et al. determined a TTA rate of about

10−18 cm3s−1 by steady-state PL measurements of intramolecular TADF emitters at liq-

uid helium temperatures. [126] However, since the TTA rate is highly temperature de-

pendent (Table 4.1), the fitted TTA rates agree very well with previously discussed rates.

The ISC rate was determined to be kISC = 3.4 ·106 s−1 which is consistent with reports

for this material system. [4,133] The non-radiative decay rate kT is with a value of kT =
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Figure 5.5: Results of the fit procedure for 200K. a) Fit (red) of the iterative numerical solu-
tion of equations 5.4 – 5.6 with considering TTA as the dominant annihilation mechanism.
b) Time-dependent population density of polarons n (purple), singlet states S1 (orange) and
triplet states T1 (gray).
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1.0·102 s−1 about two orders of magnitude smaller than the RISC rate, implying that the

long EL decay is not effectively shortened by non-radiative triplet decay. Therefore, the

depopulation by non-radiative triplet decay plays a minor role, which will be discussed

in more detail below.

To quantify the density and lifetime of the excited states, Figure 5.5b shows the time-

dependent population density of polarons (n), first excited singlet states (S1) and first

excited triplet states (T1) slightly before and after switching off the OLED at time t = 0s

for 200K. The simulations for the population density are based on the fit results in

Figure 4a and the rate equations 5.4 – 5.6. On the one hand, the simulations show the

disappearance of the polarons within a few microseconds. This observation agrees well

with the results shown in Figure 5.3b, suggesting that TPA only affects the beginning of

the EL transients as there are negligibly few free polarons available in the device af-

ter several microseconds. On the other hand, Figure 5.5b shows that the steady-state

triplet density (t < 0µs) is with a ratio of 67 : 1 significantly higher than the singlet den-

sity, facilitating annihilation processes such as TTA. [121] The actual triplet-to-singlet

ratio when the OLED is switched off therefore does not match the electrical occupa-

tion of the states with the ratio of 3:1 according to simple spin statistics. In fluorescent

OLEDs, when only considering the non-radiative decay rate, Shinar et al. showed that

the triplet density can be up to 105 times higher than the singlet density. [135] However,

they assumed a relatively high ratio of triplet-to-singlet lifetime of 105 : 1 and included

no depopulation of the triplet states by annihilation processes or RISC mechanism in

their estimation. Since the ratio of triplet-to-singlet lifetime in the present system is

smaller and RISC and TTA processes both play a significant role in the depopulation of

triplet states, the triplet-to-singlet population ratio is reduced. Nevertheless, the sig-

nificant deviation of the steady-state ratio (67:1) from the occupation ratio (3:1) shows

the considerable accumulation of triplet excitons in these systems.

Temperature Dependent Fit Results

Before discussing the impact of efficiency-limiting processes on the overall device per-

formance, the excited state kinetics are evaluated for all temperatures from Figure 5.2.

The fit results up to 300K are shown in Table 4.1. The RISC rate kRISC is determined for

200K as this temperature possesses with the longest decay the smallest fit inaccuracy.

The singlet-triplet gap ∆EST is then evaluated by fitting the transient EL measurement

at 220K and assuming a Boltzmann-activated process from 200K. The fit procedure de-

livers a singlet-triplet energy gap of∆EST = 23meV, which is comparable with previous

reports for this material system and underlines the small energy gap in intermolecu-

lar systems. [112,133] Since the rates to be fitted are not entirely independent from each
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other and the transient decay become faster, i.e., less data points are available, physi-

cally reasonable boundary conditions are set to ensure reliable fitting results. Besides

the assumption of a temperature independent ISC rate kISC, as often used for TADF

modeling in this temperature range, the RISC rate is modeled according to Boltzmann

behavior based on the determined ∆EST:

kRISC,T = kRISC,200K ·exp

((
1

T200K
− 1

Tx

)
· ∆EST

kB

)
(5.7)

The determined kRISC rates are displayed in Table 4.1 and further discussed below. The

TTA annihilation rate kTT and non-radiative triplet decay rate kT could then be fitted

without boundary conditions.

Table 4.1: Temperature-dependent fit results (± fit error) for m-MTDATA:3TPYMB OLEDs.
The measurements were performed at a current density of 10mA cm−2 and the singlet decay
rate kS was taken from literature. [133]

T [K] kTT [10−14cm3s−1] kT [103s−1] kRISC [104s−1] kISC [106s−1] kS [105s−1] j [mA cm−2]

200 1.432±0.015 0.1 [1] 4.7 3.4 1.0 10

220 3.706±0.011 2.3 5.3 [2] 3.4 1.0 10

240 9.995±0.027 4.846±0.023 5.9 3.4 1.0 10

260 19.766±0.097 8.368±0.061 6.4 3.4 1.0 10

280 40.07±0.24 9.30±0.10 6.9 3.4 1.0 10

300 67.29±0.50 11.91±0.16 7.4 3.4 1.0 10

[1] Fit with boundary conditions for 200K and 220K (k ≥ 0) → no realistic fit error computable
[2] ∆EST = 22.7meV follows from fitting kRISC at 220K

5.4 Discussion

Having solved the set of rate equations 5.4 – 5.6 of the established kinetic model in a

temperature-dependent manner for the present TADF system, the influence of the in-

volved processes on OLED performance will be discussed in the following. On the one

hand, the contribution of TTA, RISC and non-radiative triplet decay on the depopu-

lation of triplet states will be addressed. On the other hand, the contribution of the

processes populating the singlet states, i.e., TTA, RISC and exciton formation, to the EL

of the OLED can be determined. This evaluation allows a complete picture of the first-

and second-order processes involved in the OLED and their impact to be drawn.
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5.4.1 Depopulation of Triplet States
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Figure 5.6: Schematic bucket model (de-)populating the triplet state and temperature-
dependent impact of the three different depopulation processes. a) The triplet states are
populated by free charge carriers (polarons) and ISC from the singlet state. Depopulation
processes are non-radiative decay, TTA and RISC to singlet states. b) Relative contribution
to depopulation of triplet state T1: non-radiative decay (blue), RISC (green), and TTA with
creation of a singlet state (red, dotted) or a triplet state (red).

Figure 5.6 shows a scheme of the processes that contribute to the population (polarons,

ISC) and depopulation (non-radiative decay, TTA, RISC) of the triplet states. To as-

sess the influence of the processes depopulating the triplet states, the impact of the

respective depopulation channels (gray framed rates in Figure 5.6a) has to be inves-

tigated. Reviewing equation 5.6, the triplet states are depopulated by TTA
(5

4 kTTT 2
1

)
,

by RISC (kRISCT1) and by the non-radiative decay (kTT1). The diagram in Figure 5.6b

represents the temperature-dependent contributions of these individual depopulation

processes of the triplet states in operational conditions (in a relative manner, added up

to 100%). The data set is derived from the fit results of the measured EL transients

(Table 4.1), which are used to calculate the steady-state conditions with equations 5.4

– 5.6. In other words, this calculation considers the rates (including prefactors) times

the (squared) triplet density T1 to account for the total number of triplet excitons de-

populated by these processes (detailed computation can be found in the Python code

in Appendix, ch. 10). The results show that the first-order non-radiative decay pro-

cess of the triplet states (blue) slightly increases with temperature but overall plays a

minor role in the depopulation of the triplet states. Therefore, TTA and RISC are pri-

marily responsible for the depopulation of the triplet states. As already discussed, the

fit procedure determined a singlet-triplet energy gap of ∆EST = 23meV on the basis

of an exponentially increasing RISC rate according to the Boltzmann factor. However,

the impact of RISC on the depopulation of the triplet states T1 decreases with increas-
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ing temperature. The reason for the decline is the proportion of TTA, which is also

temperature-activated.

The measurements were performed at the same current density for each tempera-

ture, thus, an excess of injected charge carries cannot cause this effect. Actually, in con-

trast to the RISC rate which is increasing following a Boltzmann factor exp(−c1/T ), the

TTA rate increases exponentially given the relation exp(c2 ·T ), with constants c1,c2 > 0

(Table 4.1). Consequently, the proportion of TTA in triplet density depopulation in-

creases with temperature towards exceeding depopulation via RISC at room tempera-

ture. This observation is remarkable since at relatively high temperatures, the triplet

lifetime is significantly reduced by the fast phonon-assisted decay, normally overcom-

ing TTA. [136,137] The fact that the proportion of TTA nevertheless increases indicates

the enormous influence of TTA in this system. TTA has already been detected in other

TADF systems. [126,138] However, the proportion of TTA in these exciplex-based OLEDs

is significantly higher. One factor is the investigation of operational OLEDs, since a

higher triplet density is present in electrical than in optical excitation. But even more

influential is the moderate RISC rate on the order of 104 s−1 in exciplex-based systems.

This slowed depopulation by RISC allows an accumulation of triplet excitons, enhanc-

ing the probability of annihilation effects. As a result, about 50% of the triplet depop-

ulation is caused by TTA and only 44% by the - for TADF specific - RISC mechanism at

room temperature. Since one TTA event results in the loss of at least one triplet exci-

ton, this annihilation effect provides a strong efficiency-limiting decay channel in these

OLEDs.

Naturally, in contrast to the RISC process, TTA is a population density dependent

process and thus scales with the injected current density. In order to assess this depen-

dency, the same measurements and evaluation procedure was applied for two further

current densities: 5mA/cm2 and 20mA/cm2. The results reveal that the influence of

TTA at room temperature is, as expected, increasing with current density. While at the

lower current density of 5mA/cm2, 47% of the triplet excitons are depopulated by TTA

at room temperature, this value increases to 55% for a current density of 20mA/cm2.

5.4.2 Contribution to EL

A quarter of the discussed TTA events produces singlet excitons (equation 5.1), which

is represented by the red, dotted area in Figure 5.6b. Reviewing equation 5.5, the sin-

glet states are populated by this quarter of TTA events
(1

4 kTTT 2
1

)
as well as by triplet

excitons upconverted by RISC (kRISCT1) and by polarons that directly recombine to

singlet excitons
(1

4γn2
)
. These processes are summarized in Figure 5.7a, illustrating

the mentioned population channels (TTA, RISC, polarons) together with depopulation
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Figure 5.7: Schematic bucket model of processes (de-)populating the singlet state and
temperature-dependent impact of contribution to EL. a) The singlet states are populated
by free charge carriers (polarons), TTA and RISC from the triplet states. Depopulation pro-
cesses are singlet decay and ISC to the triplet states. b) Relative contribution of the pro-
cesses contributing to EL: singlet excitons formed via polarons (gray), RISC (green), and
TTA (red, dotted).

channels (singlet decay, ISC) of the singlet states. To investigate the influence of the

different population processes of the singlet state by polarons, RISC and TTA on the

EL, the amount of excitons present in the singlet state (gray box) initially populated by

the mentioned processes are analyzed (depopulation processes from the singlet states

are included iteratively). In order to quantify the influence of these population pro-

cesses on the EL, the diagram in Figure 5.7b illustrates the contributions of singlet ex-

citons generated via polarons, RISC and TTA to the actual light emission (in a relative

manner, added up to 100%, see also Python code in Appendix for detailed computa-

tion). As discussed in the previous section, the impact of TTA leads to an increasing

loss of triplet excitons with increasing temperature (Figure 5.6b). Analogously, as also

shown in Figure 5.6b, the proportion of triplet excitons that are depopulated by RISC

decreases with temperature. Accordingly, the number of singlet excitons created by

RISC in Figure 5.7b follows the same trend (the green part in Figure 5.7b also counts

singlet excitons, which are formed from polarons, subsequently undergo ISC and are

again upconverted by RISC). This also leads to the result that, while the total number of

polarons remains the same given constant current density, the percentage in the EL of

singlet excitons formed directly by polarons increases with temperature. The interest-

ing fact is that TTA events, whereof only 25% generate singlet excitons (equation 5.1),

also contribute to the EL (red, dotted part). Since this path of producing singlet exci-

tons requires twice as many triplet excitons as RISC and only takes place in a quarter of

the occurring TTA events, it represents a by far less efficient way of triplet harvesting.
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5.5 Conclusion

This chapter presented a kinetic model for electrically driven TADF OLEDs that in-

cludes first- and second-order radiative and non-radiative effects and accurately re-

produced transient EL measurements. A suitable fitting procedure thereby enabled

the analysis of the kinetic processes and the investigation of the influence of efficiency-

limiting processes in operational OLEDs. This method is especially advantageous for

exciplex-based systems, since rate extraction with transient PL is considerably compli-

cated by non-absorbing exciplex states and the associated requirement for initial op-

tical excitation of the donor/acceptor molecules. In the exciplex-based TADF model

system m-MTDATA:3TPYMB, triplet-triplet annihilation (TTA) could be revealed as

the dominant second-order effect. Remarkably, TTA accounts for a significant part

to triplet depopulation as a result of a moderate RISC rate and a high triplet den-

sity, especially in electrical excitation. Since one TTA event results in the loss of at

least one triplet exciton, this is an important quantum efficiency-limiting loss channel

for this type of OLEDs. Moreover, since the influence of TTA has been shown to in-

crease with temperature, TTA is limiting the overall performance of OLEDs, especially

at room temperature. Consequently, the EL does not only consist of prompt and de-

layed constituents due to RISC, it also contains a contribution of emissive excited states

formed via TTA. Since TTA is a less efficient triplet harvesting mechanism in contrast to

RISC, these results represent an important insight for research on exciplex-based TADF

OLEDs.
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Optically detected magnetic reso-

nance (ODMR) is a widely used tech-

nique to probe paramagnetic spin

states associated with luminescence.

On the one hand, ODMR can be

implemented as a continuous wave

(cw) method based on lock-in detection, which, however, makes it difficult to deter-

mine the correct sign of the effect, signal amplitude and in general to separate super-

imposed signals. On the other hand, pulsed techniques such as pulsed EPR or pulsed

ODMR are used to study coherent properties of optically accessible spin centers. This

chapter presents an intriguing intermediate case for the study of luminescent mate-

rials, where coherent spin manipulation is not readily applicable due to a rapid spin

decoherence. The application of "long" microwave pulses over milliseconds allows

the ODMR intensities to reach equilibrium conditions, while signal formation and de-

cay can be observed with an excellent signal-to-noise ratio. The recording of time-

dependent spectra enables the deconvolution of temporally superimposed contribu-

tions with correct amplitudes, signal signs and time constants. This chapter demon-

strates the setup, principle and analysis of this method on optically- and electrically-

generated excited triplet states and presents the advantages within two case studies of

molecular donor:acceptor systems for OPV and OLED applications. The implementa-

tion of this technique thereby unravel the role of intermediate excited spin states and

reveal fundamental differences in recombination pathways in optically-excited thin

films and electrically driven devices.

This chapter is based on: J. Grüne, V. Dyakonov and A. Sperlich. Detecting triplet states in

opto-electronic and photovoltaic materials and devices by transient optically detected mag-

netic resonance. Mater. Horiz., 8, 9, 2569-2575 (2021). [24]
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6.1 Introduction

The most common form of electron paramagnetic resonance (EPR) spectroscopy is de-

tecting the interaction of microwave irradiation with electron spins in a magnetic field

(see ch. 3). [139] There are several different implementations of EPR, such as continuous

wave (cw) EPR [140], pulsed EPR [141], transient (tr) EPR [51,59], double electron-electron

resonance (DEER) [142] equivalent to pulsed electron electron double resonance (PEL-

DOR) [143] and a number of others. When applied to luminescent materials or opto-

electronic devices, the primary interest is on the paramagnetic species that directly

affect the optical properties. Therefore, the focus is to probe only those spin states that

are directly related to luminescence without measuring the background of unrelated

paramagnetic radicals or charge traps. [139] For this purpose, optically detected mag-

netic resonance (ODMR) is a well-known and widely used technique that combines

spin-sensitive and optical spectroscopy and has been performed since 1950. [144] Apart

from the crucial advantage that ODMR only examines the paramagnetic species di-

rectly associated with luminescence or absorption, optical detection allows to study

short-lived photoexcitations not detectable in cwEPR and yields a higher sensitivity

than transient EPR. [145] The spin states to be investigated with ODMR can be related

to the analyzed luminescence in various ways: either they are directly influencing the

luminescence or the paramagnetic spin states are indirectly correlated. The former is

exemplified by phosphorescent materials [146–150] or photoluminescence of defect cen-

ters, e.g., NV centers in diamond [151]. The latter is represented by (reverse) intersystem

crossing of non-emissive triplet states to fluorescent singlet states. This mechanism is

often employed for triplet systems in organic semiconductors, such as in organic pho-

tovoltaic (OPV) [22,152,153] or, as shown in the previous chapter, in organic light emitting

diodes (OLEDs) [112,154]. Applying resonant microwave irradiation disturbs the steady-

state equilibrium of the triplet sublevels. This change in spin polarization leads to a

change in luminescence, which is detectable with high sensitivity via ODMR.

Pulsed techniques, such as pulsed EPR or pulsed ODMR [155,156], are used to deter-

mine spin relaxation times or study coherent spin effects by applying short, high-power

microwave pulses. [157] However, these techniques require a certain coherence time to

build up a detectable alignment of the involved spins. Therefore, organic systems, in

particular with short T2 coherence times in the range of up to or less than hundreds

of nanoseconds [158–161], often prevent the retention of the required spin coherence be-

yond the dead-time of the spectrometer and are thus difficult to study. [157]

This chapter presents a transient ODMR technique, that employs “long” microwave

pulses up to milliseconds and uses, in contrast to cwODMR, direct detection of the
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luminescence. [162–165] The aim is not to build up coherent spin alignment, but to ma-

nipulate spin polarization between the triplet sublevels with simultaneous recording

of the PL/EL change. Therefore, this technique can display processes that occur on

longer timescales and boost signal intensities with the long pulses to achieve a good

signal-to-noise ratio. By sweeping the magnetic field, time-dependent ODMR spec-

tra are recorded, which yields reliable absolute signal intensities and sign in contrast

to lock-in detection. Applying a two-dimensional (time and magnetic field) global fit

enables the separation and identification of superimposed spin-dependent contribu-

tions to luminescence or possible exciton loss processes of the system. Thereby, the

application of this method is not limited to optically-induced spin states only, but also

electrically excited states represent an interesting application. This approach reveals

a detailed insight into the excitation pathways, which differ substantially for optically

excited thin films and electrically driven devices.

The following chapter demonstrates transient ODMR on materials emitting photo-

luminescence (transient photoluminescence detected magnetic resonance, trPLDMR)

or electrically driven devices producing electroluminescence (transient electrolumi-

nescence detected magnetic resonance, trELDMR), such as OLEDs or reverse operated

solar cells. The method is, in contrast to pulsed ODMR, chosen to be based on continu-

ous optical or electrical excitation since the envisioned optoelectronic device applica-

tions are also based on continuous operation. In pulsed optical or electrical excitation

mode, the densities of charge carriers or triplet excitons, as well as their interaction

rates would differ decisively, limiting the usefulness of pulsed techniques. This chap-

ter is structured as follows: First, the setup and pulse sequence used for this technique

are introduced to record two-dimensional PLDMR and ELDMR spectra. Subsequently,

the application on two case studies of OPV and OLED demonstrates the advantages

and usefulness of this technique for research on optoelectronic materials and devices.

6.2 Method of Transient ODMR

This chapter addresses the development of trODMR in the scope of this thesis, hence,

the setup and pulse sequence will be explained in the following. Figure 6.1 depicts the

components that basically constitute a modified pulsed EPR spectrometer whereby lu-

minescence transients are recorded instead of microwave echoes. Most of these ele-

ments are already known from the experimental chapter (ch. 4.3), as this setup repre-

sents a combination of trEPR, trEL (or trPL) and cwODMR. The specific components

for the setup composition of trODMR are outlined in the following, whereby these ele-

ments for trELDMR and trPLDMR are identical:
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Figure 6.1: Experimental details of transient ODMR. a) Setup for trPLDMR using a mi-
crowave resonator (gold) with openings for optical excitation and detection. PL is first am-
plified and then recorded by a digitizer card. A TTL pulse generator triggers the MW genera-
tor whose output is amplified by a traveling wave tube amplifier (TWTA) and guided into the
resonator. b) Microwave transmission line for trELDMR of electrically driven devices (here
OLED) with photodetector (PD) for light detection. The oscillating B1 MW-field crosses the
device placed on top. c) Pulse and detection sequence of trODMR. Continuous optical or
electrical excitation (blue) results in continuous PL or EL (green), respectively. ODMR tran-
sients of relative change in PL or EL (gray) are recorded while microwave pulses are applied
(MW on, red). The external magnetic field B0 is incrementally increased to record a two-
dimensional data set.

i. Photodetector (Hamamatsu Si photodiode S2387-66R) behind a long-pass filter

that blocks excitation light.

ii. Current/voltage amplifier with bandwidth suitable for the time resolution of the

system (Femto DHPCA-100) amplifies the photocurrent.

iii. 16-bit digitizer card records the photocurrent transients in DC coupling mode

(GaGe Razor Express 1642 CompuScope).

iv. TTL pulse sequence generator (SpinCore PulseBlasterESR-PRO) triggers digitizer

and microwave generator.

v. Microwave generator (Anritsu MG3694C) produces pulses of a set length, ampli-

fied up to 44 W (53 dB gain) with a subsequent solid-state or traveling wave tube

amplifier (TWTA: Varian VZX 6981 K1ACDK).

vi. Electromagnet for external magnetic field B0.
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At this point, trPLDMR and trELDMR setups differ: trPLDMR (Figure 6.1a) uses a thin

film sample in an EPR tube that are inserted into a microwave resonator (9.43GHz,

Bruker ER4104OR) with optical access and a helium cryostat insert (Oxford ESR900). A

cw excitation source (laser or LED) on one side opening of the resonator illuminates the

sample. A photodetector on the opposite opening collects the continuous PL emission

with a suitable long pass filter to block residual excitation light.

To perform ODMR on optoelectronic devices, either very thin substrates for cavity

use are required, or a microwave transmission line is utilized to generate the B1 field.

Figure 6.1b shows schematically the structure of such a microwave transmission line,

with an OLED placed on top, used for trELDMR. It consists of a metallic microstrip on

a dielectric substrate with a conducting backside. [166] Similar to a coaxial cable, the

electromagnetic waves propagate in the dielectric with the oscillating magnetic field

component B1 crossing the EL-emitting devices that is placed directly on top. This

construction gives the device a high architectural flexibility and is also not limited to a

unique microwave resonance frequency such as with typical EPR resonators. A source-

measuring unit (Keithley 236) operates the device with a constant current to ensure

continuous EL emission that is detected by a photodetector placed on top. Addition-

ally, a nitrogen-flow cryostat (Oxford 935) offers temperature control and ensures an

oxygen-free atmosphere.

In order to record a two-dimensional data set, Figure 6.1c shows the corresponding

pulse and detection sequence for trODMR: Continuous optical (or electrical) excita-

tion produces continuous PL (or EL). At a set magnetic field, microwave pulses are

applied for a defined duration (MW on/off) resulting in a spin-dependent change of

luminescence ∆PL/PL (∆EL/EL). In contrast to pulsed ODMR or EPR with the inten-

tion of coherent spin manipulation, the microwave pulse duration is longer to allow

resonant effects to reach equilibrium intensities. After the microwave pulse, the sys-

tem relaxes back to its previous equilibrium state of ∆PL/PL = 0 (∆EL/EL = 0). In-

crementally increasing the external magnetic field B0 between ODMR transients re-

sults in two-dimensional data sets providing time-dependent ODMR spectra. Due to

direct recording of the optical signal, the spectra obtain the correct signs and ampli-

tudes. These information are valuable, i.e., when identifying exciton loss processes or

comparing spin polarization. [167] This is in stark contrast to cw techniques that usually

employ lock-in detection with microwave on/off or magnetic field modulation, which

results in time-averaged spectra with ambiguous signal signs and amplitudes depend-

ing on modulation frequency and lock-in phase. [167] The possible time-resolution of

the implemented technique is limited by either the optical detection, the bandwidth of

the current-voltage amplifier or the quality factor of the microwave resonator, allowing
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time resolutions down to tens of nanoseconds. The microwave magnetic field strength

B1 is determined by the conversion factors of the used cavity
(
Ccav = 0.1mT W−1/2

)
and

transmission line
(
Ctl ≈ 0.01mT W−1/2

)
.

6.3 Optically- and Electrically-Induced Triplet

States

The following demonstrates trODMR on two organic optoelectronic donor:acceptor

systems, whose operating principles strongly depend on excited triplet states: First,

OPV systems based on state-of-the-art non-fullerene acceptors (NFA) and, second,

the newest generation of OLEDs based on thermally activated delayed fluorescence

(TADF), as already introduced in the previous chapter. For both systems, ODMR spec-

tra can be used as “fingerprint” for the triplet states participating in the luminescence

generating mechanism. [22]

6.3.1 Organic Photovoltaics

Triplet exciton formation is crucial for OPV as triplet states present exciton loss

mechanisms or trap states, as already explained in ch. 2.3.2. [168,169] Furthermore, they

can result in singlet oxygen formation and are in general involved in material degra-

dation. [22,170,171] Triplet states are commonly difficult to detect, whereby cwODMR

has already proven to be well suited to study excited triplet states in such systems,

and will also be employed in the next chapters. [22,169] However, in some cases, the

application of trODMR is advantageous, which is demonstrated in the context of OPV

on the state-of-the-art donor:acceptor system containing the donor polymer PM6 and

the acceptor ITIC. The full molecule names and chemical structures are given in ch.

4.1.2.

trPLDMR on PM6:ITIC and pristine NFA ITIC

Figure 6.2a shows a two-dimensional (time vs. magnetic field) trPLDMR plot of a

PM6:ITIC thin film at T = 10K and excitation wavelength of 473nm. Microwave

pulses are applied from t = 0 − 10ms at a MW frequency of νMW = 9.43GHz. The

PLDMR transient on the right (B = 336.5mT) clearly reveals the luminescence re-

sponse (∆PL/PL) to magnetic resonance conditions. A spectral slice is extracted at

the end of the MW pulse at ∆t = 9 − 10ms, resulting in a so-called full field (FF)

spectrum. It reveals a broad, wing-like signal of almost 100mT width, corresponding

to close-by spins with a zero-field splitting of D/h = 1300MHz. [172] This signal is

80



6.3 Optically- and Electrically-Induced Triplet States

0.3

0.2

0.1

0.0Δ
P

L/
P

L 
[%

]

0.30.0
ΔPL/PL [%]

M
W

 on
M

W
 off

TCT/PPΔt = 9 - 10 ms

TA

TCT/PP
M

W
 on

M
W

 off

ΔPL/PL [%] ΔPL/PL [%]

a) b)

+ _

+ _

1.0

0.5

0.0Δ
P

L
/P

L 
[n

o
rm

.]  Δt =   9 - 10 ms
 Δt = 10 - 11 ms
 pristine ITIC 

  

TDimer

Magnetic Field [mT]

340 360 380
Magnetic Field [mT]

280 320 360 400

0

10

5

15

20

Ti
m

e 
[m

s]

0

10

5

15

20

Ti
m

e 
[m

s]

Figure 6.2: trPLDMR of the OPV donor:acceptor system PM6:ITIC at T = 10K. a) Two-
dimensional full field (FF) plot. A horizontal slice from ∆t = 9 − 10ms (gray spectrum,
top) shows a PLDMR spectrum with contributions of a broad wing-like feature due to ITIC
triplets (TA) and a central peak due to charge transfer states or polaron pairs (TCT/PP). The
PLDMR transient (red trace, right) for B = 336.5mT is recorded when the resonant MW
pulse is switched on and off. b) Central TCT/PP peak with higher spectral resolution. An
additional shoulder at B = 334.8mT (red spectrum, top, ∆t = 9−10ms) is revealed that is
separable from the CT/PP peak, since this signal vanishes quickly after the MW pulse (blue
spectrum, top,∆t = 10−11ms). This contribution (TDimer) is also observed for pristine ITIC
(black, dashed spectrum, top, ∆t = 9−10ms from Figure 6.3).

assigned to triplet excitons located on ITIC acceptor molecules (TA) as discussed

in the following: First, the same zero-field splitting value is extracted for trPLDMR

measurements of pristine ITIC (Figure 6.3a), i.e., the same width of the broad triplet

feature in the FF signal. Second, the half field (HF) signal (see ch. 3.3.1) of PM6:ITIC

and pristine ITIC are identical in shape and position, as visible in Figure 6.3b. Since

the intensity of the HF signal is strongly dependent on the inter-spin distance r of

the two charges bound in the triplet state (IHF ∼ r−6, see eq. 3.24), it is evident that

the HF signal originates from the broad feature in the FF spectrum. The HF and the

broad FF signal in PM6:ITIC can thus be assigned to triplet excitons on ITIC molecules.

Signal Sign with trPLDMR

The narrow (≈ few mT) central peak in the blend originates from charge transfer(
3CT

)
states, also considered as spin-correlated radical pairs, and non-geminate

recombination of distant polaron pairs (PP). [22,47] The PLDMR transient on the right

at B = 336.5mT shows the temporal response of the narrow peak during the MW pulse

and, most importantly, the sign of the PLDMR signal. The positive sign (∆PL/PL > 0)

reveals higher population of the light-emitting channel in resonant conditions. The
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Figure 6.3: trPLDMR of the NFA ITIC at T = 10K. a) Two-dimensional full field (FF) sig-
nal. A horizontal slice from ∆t = 9−10ms (black spectrum, top) shows a PLDMR spectrum
with contributions of a broad molecular triplet feature TA (blue box), polaron pair peak
TPP (green box) and an additional peak due to dimer triplet excitons TDimer (red box). The
PLDMR transient (red trace, right) for B = 334.8mT shows the associated positive PL re-
sponse in resonant condition of the dimer contribution. b) Two-dimensional half field (HF)
signal. A horizontal slice from ∆t = 9− 10ms (black spectrum, top) shows the HF spec-
trum of pristine ITIC (black) in normalized manner together with the HF signal of PM6:ITIC
(blue). Both signals have the same spectral position (g-factor), shape and comparable in-
tensities.

most common mechanism, producing a positive PLDMR signal in OPV blends, is

triplet polaron annihilation (TPA) and represents a central bimolecular process in

state-of-the-art OSC. [49,135,173] Thereby, the triplet (S = 1) – polaron
(
S = 1

2

)
pair can

either result in a quartet manifold
(
S = 3

2

)
or a doublet manifold

(
S = 1

2

)
. [174] Since

TPA results in a final state consisting of a singlet (S = 0) and a polaron
(
S = 1

2

)
, the

initial state must also exist in the doublet manifold due to spin conservation. [135]

Magnetic resonance condition leads to a mixing of the doublet and quartet manifold

(i.e., transition of the spin-allowed doublet state into the spin-forbidden quartet state),

causing a net change in the recombination (i.e., reduced TPA). Thus, after 10ms of

MW irradiation, a new equilibrium PL intensity is reached with enhanced emission.

After switching off the MW irradiation, the PL intensity relaxes back into its previous

steady-state. Given the long time constants to build up the ODMR signal, high

modulation frequencies (νmod > 100Hz) in cwODMR would accordingly misrepresent

the measurement result, as the full signal amplitude cannot be reached within the

modulation time.
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Signal Separation with trPLDMR

Time-dependent ODMR spectra are also useful for separating superimposed signals.

Figure 6.2b shows the narrow 3CT/PP peak with higher spectral resolution. Addi-

tional to the main central peak (TCT/PP), there is a discernible shoulder at around

B = 334.8mT (red normalized spectrum, averaged over ∆t = 9− 10ms). This signal

is separable from the 3CT/PP peak itself, since it vanishes quickly after microwave

switch off (blue normalized spectrum, averaged over ∆t = 10− 11ms). This analysis

is corroborated by detecting the same spectral contributions in pristine ITIC in

Figure 6.3a: besides the contributions of a broad molecular triplet feature TA, and a

polaron pair peak TPP, there is an additional contribution at 334.8mT. In previous

research, the shoulder could be tentatively assigned to an additional triplet exciton

delocalized over ITIC dimers (TDimer). [175] The PLDMR transient (red trace, right) for

B = 334.8mT shows the associated positive PL response in resonant condition of the

dimer contribution. Returning to Figure 6.2b (normalized spectrum of pristine ITIC

as dashed line), the dimer formation is not as pronounced in the blend PM6:ITIC,

since additional donor:acceptor 3CT states contribute to the 3CT/PP peak at 336.5mT.

Furthermore, blend mixing decreases the impact of ITIC dimers on the overall signal

in a bulk heterojunction. Nevertheless, this additional contribution is conclusively

detectable and separable by means of trODMR.

6.3.2 Organic Light Emitting Diodes

In the trODMR spectra of the above-discussed OPV systems, the 3CT/PP peak is quite

narrow (D → 0) and easily distinguishable from the broad (D/h = 1300MHz) molecular

triplet feature. In other systems, the involved triplet species do not exhibit such a sig-

nificant difference in zero-field splitting D , making their separation more challenging

due to significant overlap. trODMR enables to separate spectral and temporal behavior

of these different spin species, as demonstrated in the following on a TADF OLED sys-

tem. In addition to trPLDMR of optically excited films, trELDMR on electrically driven

devices is used to reveal crucial differences in the spin states involved and thus the

importance of spin-sensitive spectroscopy for both PL and EL simultaneously.

Global Fitting of Time-Dependent trODMR Spectra

Evaluation of trPLDMR

As already addressed in the previous chapter, the newest generation of OLEDs is based

on harvesting non-emissive triplet excitons using thermal energy to overcome the small

energy gap ∆EST to the emissive singlet states. [4,104] Subsequently, the thermally acti-
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Figure 6.4: Transient ODMR of the OLED donor:acceptor system m-MTDATA:3TPYMB.
a) Two-dimensional trPLDMR plot of an optically excited thin film sample at T = 50K. A
PLDMR spectrum averaged from ∆t = 0.25− 0.35ms (gray trace, top) and a PLDMR tran-
sient at B = 336.5mT (red trace, right) reveal two superimposed signals. By applying a
global fit of two Gaussian linewidths, a narrow (∆B1, blue dotted) and broad (∆B2, red dot-
ted) spectrum with their temporal contributions (dotted lines, right) can be distinguished.
b) Two-dimensional trELDMR plot of an electrically driven OLED device at T = 200K. An
ELDMR spectrum averaged from∆t = 0.4−0.5ms (gray trace, top) and an ELDMR transient
at B = 286.3mT (red trace, right) reveal just one Gaussian signal (∆B1), supported by the
results of the global fit (blue dotted lines, top/right).

vated triplet excitons contribute with delayed fluorescence to luminescence, enhanc-

ing the quantum efficiency significantly. For the demonstration of trODMR, the TADF

donor:acceptor combination, employing m-MTDATA as donor and 3TPYMB as accep-

tor, is chosen (full molecule names and chemical structures are given in ch. 4.1). The

previous chapter already showed the involvement of triplet excitons in luminescence

for this TADF combination, making this material system highly suitable for the present

investigation. In addition, there is a variety of measurement techniques on this sys-

tem in literature, including magnetic field-dependent studies of triplet states, whereby

trODMR now extends this experimental toolkit. [111,176,177] Figure 6.4a shows the two-

dimensional trPLDMR plot of the donor:acceptor blended thin film with 365nm op-

tical LED excitation at T = 50K. Microwave pulses are applied from ∆t = 0− 1.5ms,

which is sufficient to reach equilibrium intensities. An in-resonance transient is shown

on the right (red, B = 336.5mT). It reveals a fast rising (≈ 0.1mT), positive (∆PL/PL > 0)

peak, followed by an exponential decay to reach equilibrium with negative intensity

(∆PL/PL < 0). This behavior already indicates superimposed signals with opposite sign

of different spin states involved in PL. The spectrum on the top (gray) shows a slice of

the 2D data set, averaged between ∆t = 0.25−0.35ms. This spectrum emphasizes the
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observation of two superimposed signals by revealing a broad positive and a narrow

negative signal with the same center magnetic field.

The width of the spectrum contains information about the delocalization of the spin

species (D ∼ r−3, see ch. 3.2.2). [22,172] Consequently, the broad signal represents a

more localized while the narrow signal represents a more delocalized triplet state, fur-

ther discussed below. The 2D data set shows the temporal development of these two

signals: the broad signal is predominantly present at the beginning of the microwave

pulse while the narrow, negative signal dominates at later times. After switching off the

microwave irradiation at 1.5ms, both signals relax with different time constants and

opposite sign back to their previous stationary state.

Hereby, trODMR shows its strength by giving access to a range of spectra for differ-

ent points in time. An appropriate two-dimensional analysis is used to deconvolute

the superimposed spectra and determine the individual transient intensities, i.e., sig-

nal contributions. Therefore, the following assumptions are made: The signal origins,

e.g., the triplet states (=̂ linewidths) remain identical over time, only the contributions

(=̂ amplitudes) change. These assumptions allow to apply a global fit with two Gaus-

sian line shapes (which represent the envelopes of inhomogeneously broadened spec-

tra) to these time-dependent PLDMR spectra. The top graph of Figure 6.4a shows the

superimposed spectra, consisting of a narrow spectrum with a linewidth (FWHM) of

∆B1 = 2.7mT (blue dotted line) and a broader contribution with∆B2 = 6.6mT (red dot-

ted line). The deconvoluted temporal amplitudes of these two triplet states are shown

on the right: The narrow signal rises slowly to a negative value of about 0.1% (blue dot-

ted line), while the broad signal presents a steep rising peak followed by a slow decay

(red dotted line). The sum of these amplitudes (black line) fits the in-resonant tran-

sient. Thus, the PL on TADF-based thin films exhibits two triplet contributions: one

localized triplet state whose luminescence is enhanced under resonant conditions at

50K, and a more delocalized triplet state with reduced PL emission.

Evaluation of trELDMR

PL-based measurement methods are well suited to obtain valuable information about

the material systems themselves. However, OLED materials are intended to be used in

electrically driven devices where electric fields and injected charge carriers may result

in very different conditions than optical excitation. Therefore, the following demon-

strates trELDMR on operational OLED devices (layer structure given in ch. 4.2.1).

Figure 6.4b presents the two-dimensional trELDMR result at T = 200K. The MW

pulse is applied from t = 0–0.5ms to reach equilibrium signal intensities. The use of

a microwave transmission line makes the choice of the resonant frequency variable.
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Therefore, this measurement uses νMW = 8GHz due to good signal intensities, lead-

ing to a spectral shift in the resonance magnetic field in contrast to trPLDMR. The ex-

tracted in-resonance transient on the right (red) reveals just one negative signal with

exponentially decaying intensity upon microwave pulse start/end. The spectrum on

the top (gray) is averaged between ∆t = 0.4−0.5ms and displays also only one Gaus-

sian line shape with negative sign. In order to direct compare the result with the tr-

PLDMR measurements from Figure 6.4a, the responsible triplet state is investigated by

the already described two-dimensional analysis with one single Gaussian fit function.

The resulting linewidth of∆B1 = 3.0mT (top, blue dotted line) is almost identical to the

narrow linewidth from the trPLDMR analysis. Furthermore, the temporal amplitude

of this signal (right, blue dotted) matches with the measured in-resonance transient

which proofs that just one triplet state is probed. This delocalized triplet state (narrow

signal) is thus involved in both, electrically driven OLED systems and optically excited

thin films, while possessing the same sign, i.e., luminescence quenching in resonant

conditions. trPLDMR, however, exhibits a second more localized (broad signal) triplet

state, as further discussed below.

Temperature Dependence of Optically Induced Triplet States

To access whether the different spin states in thin films and OLED devices is not at-

tributable to temperature difference (since proper OLED operation is not possible be-

low 200K based on the temperature-activated injection and hopping process, see ch.

2.3.1), Figure 6.5 shows the temperature-dependent trPLDMR measurements on m-

MTDATA:3TPYMB thin films in direct comparison for up to 200K in 50K steps. The

global fit analysis described above was again used to precisely deconvolute the in-

volved triplet states for all temperatures: Both contributions, the narrow triplet signal

(∆B1, blue), i.e., delocalized triplet state, and broad triplet signal (∆B2, red), i.e., more

localized triplet state, are present for all temperatures up to 200K. Thereby, the PLDMR

sign for the narrow triplet signal is always negative, i.e., PL quenching under resonance

conditions. In contrast, the broad triplet signal exhibits a positive sign at low tempera-

tures, while it becomes negative at higher temperatures, indicating a difference in tem-

perature activation, as discussed further below. More importantly, the measurement at

200K proves that the localized triplet state (broad signal) is still significantly involved

in PL even at this temperature, while it is absent in OLED devices.
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Figure 6.5: Transient PLDMR of m-MTDATA:3TPYMB blended thin film for 50K, 100K, 150K
and 200K. PLDMR spectra extracted from 2D plot (gray traces, top), averaged at different
time intervals, and PLDMR transients at B = 336.5mT (red traces, right) exhibit two super-
imposed signals at all temperatures. Global fit analysis reveal contribution of the narrow
signal (∆B1, blue) and broad signal (∆B2, red). The PLDMR signal of the narrow signal
remains negative in resonant conditions for all temperatures, while the sign of the broad
signal changes upon temperature increase. Measurements performed with λex = 365nm
excitation.

6.3.3 Spin-Spin Interactions

ODMR spectra are a useful tool for monitoring spin-spin interactions and thus provide

information about the spin states involved along with their localization. As described

in ch. 3.2.2 and ch. 2.1.3, the width of the PLDMR spectrum correlates with the ZFS pa-

rameter D (width ∼ |2D|
gµB

), which in turn is an indicator of the delocalization of the spin

distribution (D ∼ r 3, eq. 3.18). The nearly 100mT wide PLDMR spectrum of PM6:ITIC

corresponds to a ZFS value of D/h = 1300MHz (Figure 6.2), indicating spin-spin inter-
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actions of molecular excitons. [22] By comparison with pristine ITIC (Figure 6.3), these

molecular excitons can be assigned to the population of triplet states on the acceptor

molecule. As discussed in more detail in the next chapter, OPV blends based on NFA

acceptors usually possess a NFA triplet state below the CT states owing to the energet-

ically low-lying NFA singlet states. [49,178,179] Thus, these triplet states can be occupied

by back charge transfer (BCT) from CT states or intersystem crossing (ISC) from singlet

states (see ch. 2.3.2) and are visible in PLDMR. [26] In contrast, CT triplet states exhibit

a more delocalized spin distribution, leading to a narrow spectrum, as also visible in

PM6:ITIC blends as a middle peak (∆B = 2.5mT).

In comparison to the OPV blends in this or in the following chapters, trPLDMR and

trELDMR on the TADF system (Figure 6.4) only exhibit signals with smaller linewidth

(∆B = 2.7 − 6.6mT). As the used donor and acceptor molecules of m-MTDATA and

3TPYMB are even smaller than NFAs (Figure 4.1 and Figure 4.3), the D value of molec-

ular excitons would most probably be higher, suggesting the signals’ origin to inter-

action of CT states. As explained in the previous chapter, electrical excitation in m-

MTDATA:3TPYMB results in the direct formation of exciplex states, whereby triplet

states are occupied in a singlet:triplet ratio of 1:3. Exciplex states are non-absorbing

CT states, wherefore they will be also referred to as CT states in the following to provide

comparable notation. [114] Electrical injection can be described by the recombination

of non-geminate charge carriers, recombining to excitons within the Onsager radius

(eq. 2.14). Thus, this excitation form results in more delocalized 3CT states (narrow

linewidth ∆B = 2.7−3.0mT), e.g., distributed over multiple small molecules. trPLDMR

spectra exhibit a second signal contribution with larger spectral width, caused by the

stronger spin-spin interaction of more localized states, however, still small compared

to molecular states. Optical excitation initially leads to the formation of geminate e-h

pairs and most likely involves additional, more localized 3CT states, e.g., distributed

over the nearest neighbor small molecules (broader linewidth ∆B = 6.6mT). [62] The

simultaneous presence of the narrow signal in the PL suggests the separation of gem-

inate pairs into free charge carriers and subsequent non-geminate recombination, as

also known from OPV blends discussed in the next chapters.

Additionally, delocalized spins (i.e., narrow signal in trELDMR and trPLDMR in m-

MTDATA:3TPYMB) exhibit a smaller exchange interaction (see eq. 3.22), making RISC

possible at 200K as also verified in the trEL measurements from the previous chap-

ter. A negative ODMR signal has been assigned to the RISC process in TADF-based

OLED systems in literature, suggesting similar emergence of the negative signal in the

present TADF system. [178] Spatially closer spins (i.e., broader signal of trPLDMR in

m-MTDATA:3TPYMB) exhibit a larger exchange interaction, suggesting efficient triplet
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harvesting only at higher temperatures and producing the change in the PLDMR sign

upon temperature increasing.

Overall, experiments based on optical excitation must be treated with special cau-

tion: The emitting final state may be identical (see EL and PL spectra in Figure 5.4

from previous chapter), but there may be different intermediate excited states and re-

combination pathways that are absent for electrical excitation. However, due to the

variety of time-dependent ODMR spectra, the presented method offers the possibil-

ity to precisely deconvolute the different spin states in PL from those accessible in

current-driven devices. Aside from advantages of separating signals by the additional

time component, trODMR is able to unambiguously determine the actual sign and am-

plitude of the luminescence response under magnetic resonance conditions, allowing

additional conclusions of the involved mechanisms.

6.4 Conclusion

This chapter presented a new method of transient optically detected magnetic reso-

nance (trODMR). It is a spectral and time-resolved technique that directly probes the

spin-carrying excited states participating in photo- or electroluminescence. This tech-

nique allows the deconvolution and identification of superimposed spectral compo-

nents occurring on different time scales with the enhanced sensitivity of optical de-

tection. The method can be applied to all materials with spin-dependent lumines-

cence, including systems with fast spin-spin relaxation times and especially operating

optoelectronic devices. In two case studies, this technique proved its advantageous

application to molecular donor:acceptor systems widely used in organic photovoltaics

based on non-fullerene acceptors (NFA) and OLEDs based on thermally activated de-

layed fluorescence (TADF). A global fit analysis of the time-dependent ODMR spectra

provides the exact spectral contributions with absolute sign and amplitude and thus

reveals the individual spin-dependent radiative recombination paths. In particular,

different intermediate triplet states were found to be involved in optically excited films

and electrically driven devices, which decisive difference is often undetectable with

spin-insensitive methods.
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(Non-) Halogenated PBDB-T:Y-Series
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The great progress in organic photo-

voltaics (OPV) over the past few years

has been largely achieved by the develop-

ment of non-fullerene acceptors (NFAs),

with power conversion efficiencies now

approaching 20%. To achieve this result

and further improve device performance,

loss mechanisms must be identified and

minimized. Triplet states are known to adversely affect device performance, since they

can form energetically trapped excitons on low-lying states that are responsible for

non-radiative losses or even device degradation. Halogenation of OPV materials has

long been employed to tailor energy levels and to enhance open circuit voltage. How-

ever, the influence on recombination to triplet excitons is still largely unexplored. Us-

ing the complementary spin-sensitive methods of photoluminescence detected mag-

netic resonance (PLDMR) and transient electron paramagnetic resonance (trEPR) cor-

roborated by transient absorption (TA) and quantum-chemical calculations, this chap-

ter unravels exciton pathways in OPV blends employing the polymer donors PBDB-T,

PM6 and PM7 together with NFAs Y6 and Y7. All blends reveal triplet excitons on the

NFA populated via non-geminate hole back transfer and, in blends with halogenated

donors, also by spin-orbit coupling induced intersystem crossing. Identifying these

triplet formation pathways in all tested solar cell absorber films highlights the un-

tapped potential for improved charge generation to further increase plateauing OPV

efficiencies.

This chapter is based on: J. Grüne, G. Londi, A. J. Gillett, B. Stähly, S. Lulei, M. Kotova, Y. Olivier,

V. Dyakonov and A. Sperlich. Energetically Trapped Triplet Excitons and their Generation Path-

ways in (Non-) Halogenated PBDB-T:Y-Series. under review. Preprint arXiv:2204.14088. [25]
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7.1 Introduction

Organic solar cells (OSC) based on non-fullerene acceptors (NFAs) have attracted much

attention due to their strong absorption in the visible and near infrarot (NIR) spectral

regions and their energy-level tunability, in contrast to fullerene acceptors. [17] How-

ever, despite the great success of OSC development to power conversion efficiencies

(PCE) up to 19% [18], there is still untapped potential for further improvement. One

limiting factor is the total voltage loss (∆Vloss = e−1Eg −VOC), defined as the difference

between the optical band gap (Eg) times the elementary charge e and the open-circuit

voltage (VOC). [49,180–182] Thereby, ∆Vloss is composed of losses due to radiative (∆Vr)

and non-radiative (∆Vnr) recombination. [179,180] According to the Shockley-Queisser

limit, an ideal solar cell possesses only radiative recombination, making this contri-

bution unavoidable. [183,184] Non-radiative recombination processes have the highest

impact on reduction of VOC and the short-circuit current JSC and are therefore of great

interest for OSC research. [49,181] Furthermore, after optical excitation of donor (D) or

acceptor (A) singlet states, charge transfer (CT) at the interface is expected to reduce

the photovoltage due to the difference in the donor or acceptor band gaps and the en-

ergy of CT states (Eg −ECT). [182,185,186] However, in state-of-the-art D:A combinations,

such as PM6:Y6, this difference is almost negligible, making the non-radiative pro-

cesses the most dominant in terms of efficiency losses. [179] Due to the close energetic

alignment between singlet states of NFA and the CT states, especially in the PBDB-T:Y-

series, NFA triplet states are energetically located below the CT states and represent a

significant non-radiative decay channel for excitons. [187] This chapter shows that pre-

venting the population of these triplet states is extremely difficult, even in state-of-the-

art blends. Direct intersystem crossing (ISC) from optically-excited donor or acceptor

singlet states to molecular triplet states is one of the possible triplet formation mech-

anisms. [188] The yield of this geminate pathway depends on the number of optically-

generated singlet excitons not reaching the D:A interface to undergo charge transfer

within their exciton diffusion length. [189] Another loss pathways are triplet CT states(
3CT

)
that relax spin-allowed to energetically lower molecular triplet states, also called

back charge transfer (BCT), as already explained in ch. 2.3.2. [179,190] BCT can be further

subdivided into back transfer of electrons to the donor (electron back transfer, EBT)

and back transfer of holes to the acceptor (hole back transfer, HBT), respectively, with

the pathway emerging depending on the energies of the triplet states. Thereby, HBT to

NFA triplet TNFA from 3CT formed via non-geminate recombination was shown to have

a considerable impact on VOC reduction in NFA-based OSC. [49] All mentioned triplet

formation mechanisms can lead to excitons, localized on the lowest-lying molecu-
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lar triplet states, i.e., energetically trapped. These excitions therefore increase non-

radiative recombination, resulting in a reduction of PCE.

The present chapter sets the focus on the impact of donor and acceptor halogenation

on the formation of triplet excitons and associated excited state kinetics. Halogenation

of, e.g., donor polymers can improve device efficiencies, as shown for fluorination and

chlorination of PBDB-T to yield PM6 and PM7, respectively. [191–193] Thereby, halogena-

tion is beneficial in terms of fill factor and VOC and thus the PCE, whose reasons lie

among others in downshifted highest occupied molecular orbital (HOMO) energy lev-

els (see Figure 4.4 in experimental chapter), resulting in higher VOC. [194,195] However,

the question arises if the reduced HOMO offset impacts the driving force of the, in NFA

blends, important hole transfer (HT). Another advantage is observed for morphology,

since halogenation increases aggregation, leading to a rise in charge carrier dissocia-

tion and therefore in fill factor. [196] However, ISC rates of organic semiconductors can

also be enhanced by halogenation as has been shown for organic light-emitting diodes

(OLEDs) employing thermally activated delayed fluorescence (TADF), where bromina-

tion and iodination increase reverse ISC rates due to the heavy atom effect. [195] In this

context, it remains to be clarified whether fluorination and chlorination of OPV mate-

rials also have an impact on ISC and HT kinetics or overall on triplet exciton formation.

Since formation of long-lived triplet states results in a loss of OSC performance and

can exacerbate device degradation, studying the presence of triplet excitons and their

generation mechanisms is essential. For their investigation, this chapter describes

two complementary methods, which are highly sensitive to triplet excitons: photo-

luminescence detected magnetic resonance (PLDMR) and transient electron param-

agnetic resonance (trEPR). Both methods were already applied independently of each

other in the past to investigate triplet formation in OSCs. [22,24,49,169,175] The combina-

tion of both techniques is especially powerful, as exploited in this and in the following

chapter: trEPR probes triplet excitons directly by the detection of microwave absorp-

tion between triplet sublevels and reveals geminate triplet exciton formation pathways,

such as ISC or geminate HBT. [26] In contrast to that, PLDMR probes triplet states in-

directly with the higher sensitivity of optical detection and thus revealing especially

those spin states that are associated with luminescence, e.g., via triplet-triplet annihi-

lation (TTA), ground state depletion or (reverse) ISC. [139,153] PLDMR is therefore well-

suited to detect long-lived triplets including non-geminate excitons and identify their

molecular localization. [22,24] Transient absorption (TA) spectroscopy and quantum-

chemical calculations are further used to study excited state kinetics, including HT and

ISC rates. With the combination of these powerful techniques, the following state-of-

the-art donor and acceptor materials in different combinations are investigated: the
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polymer PBDB-T and its fluorinated and chlorinated variants, PM6 and PM7, as well

as the halogenated NFAs Y6 and Y7. The full molecule names and chemical structures

are given in ch. 4.1.2, Figure 4.2 (donors) and Figure 4.3 (NFAs). This chapter will in-

troduce the methods of cwPLDMR, trEPR and TA with their respective experimental

results on PBDB-T:Y-series, followed by a short theoretical analysis of acceptor halo-

genation. Finally, the influence of halogenation will be discussed by combining the

results of the respective methods. Given the large number of D:A combinations, exper-

imental results in this chapter are presented only for acceptor Y6 in combination with

PBDB-T, PM6, and PM7, with complementary results on Y7 given in the Appendix.

7.2 Probing Triplet Excitons with Magnetic

Resonance

This chapter examines thoroughly the spin physics of triplet states using the comple-

mentary spin-sensitive methods of PLDMR and trEPR. The corresponding spin Hamil-

tonian of triplet states was already introduced in detail in ch. 3.2. The following sum-

marizes the most important terms of the spin Hamiltonian together with the investi-

gated spin states in regard to this chapter.

The Hamilton operator in the here used X-band regime (microwave frequency νMW ≈
9.4GHz and external magnetic field B0 ≈ 340mT) can be reduced to mainly three con-

tributions: Electron Zeeman (EZ) interaction ĤEZ, zero-field splitting (ZFS) ĤZFS and

exchange interaction ĤEX (other contributions, including hyperfine fields can be con-

sidered as negligible perturbations): [52]

Ĥ = ĤEZ + ĤZFS + ĤEX = gµB
ˆ⃗S B⃗ + ˆ⃗S T D ˆ⃗S + ˆ⃗S T

1 J ˆ⃗S2 (7.1)

Here, ˆ⃗S is the total spin angular momentum operator (with ˆ⃗S1 and ˆ⃗S2 being the op-

erators for the respective electron spins), g the g-tensor (assumed to be isotropic due

to a small spin-orbit coupling in these organic molecules) and µB the Bohr magneton,

D the ZFS tensor and J the exchange-interaction tensor. The Zeeman interaction (see

ch. 3.2.1) describes the quantized splitting of the paramagnetic states into their sub-

levels based on the interaction with the external magnetic field B⃗ , i.e., the spin Hamil-

tonian eigenstates |T+〉, |T0〉, and |T−〉. [59] For nearby electron and hole (i.e., a locally

excited state on a given molecule), the triplet sublevels are already energetically split

in absence of an external magnetic field due to dipolar interactions between the spins

of the unpaired electrons, referred to as ZFS (see ch. 3.2.2). This interaction is de-

scribed by two important scalar parameters D and E of the corresponding ZFS tensor
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D: The axial ZFS parameter D is related to the average inter-spin distance r (to first

order approximation D ∼ r−3), whereby E describes the rhombicity, thus the devia-

tion from axial symmetry. [51,52,172] For CT states with longer spin-spin distances, spin

conservation during charge separation generates spin-correlated radical pairs (SCRP,

eq. 3.6).The corresponding Hamiltonian eigenstates are represented in this chapter by

pure
∣∣3CT+

〉
and

∣∣3CT−
〉

triplet states (ms = ±1) and two mixed singlet-triplet states∣∣3CT0
〉

and
∣∣1CT0

〉
(ms = 0), where due to angular momentum conversion, only a spin

mixing between the latter two can occur.

7.2.1 Detecting Triplet Excitons with Spin-Sensitive

Photoluminescence

PLDMR Principle

Having clarified the spin physics of the system under consideration, we can now ad-

dress their experimental detection with PLDMR and trEPR. Figure 7.1a depicts the

PLDMR principle of probing the PL change of singlet states (either CT or molecular),

which are coupled (via TTA, ISC, etc.) with paramagnetic states. [169] Microwave irra-

diation induces transitions between the sublevels (purple arrows) leading to a change

in PL intensity. In the case of 3CT states, the comparatively large inter-spin distance

results in negligible dipolar interaction (i.e., D value), which in turn induces a sym-

metrical splitting of triplet sublevels
∣∣3CT+

〉
,
∣∣3CT0

〉
and

∣∣3CT−
〉

in a magnetic field.

Microwave irradiation of frequency νMW, resonant to the energetic sublevel splitting,

induces allowed ∆mS =±1 transitions at closely spaced magnetic field values. The re-

sult is a change of steady-state triplet population, leading to an increased (∆PL/PL > 0)

or reduced (∆PL/PL < 0) PL yield under resonance conditions, referred to as full-field

(FF) signal (see ch. 2.1.3). For the case of a localized molecular triplet states (Tmol in

Figure 7.1a), the ZFS results in an asymmetric splitting of the triplet sublevels |T+〉, |T0〉,
and |T−〉 in the applied magnetic field. Thus, microwave irradiation induces transitions

and PL changes at wider spaced magnetic field values, the distance of which depends

linearly on the ZFS parameter D (see also ch. 3.3.1). In addition, there is a certain

probability of ∆mS = ±2 transitions at half of the resonant magnetic field, referred to

as half-field (HF) signal. [51] The intensity of the HF signal increases with D (intensity

∼ r−6, see eq. 3.24) and is therefore detectable for molecular triplet excitons only. [60]

The total width of the spectrum in magnetic field units (|2D|/gµB) together with the

spectral position of the HF spectrum allows for the molecular localization of the triplet

states involved in the PL generation process to be readily determined. [22]
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Figure 7.1: Photoluminescence detected magnetic resonance (PLDMR) of triplet excitons.
a) PLDMR probes PL changes of singlet states (Smol/CT), which are coupled to paramagnetic
triplet states. CT and molecular triplet states

(
3CT , Tmol are split due to Zeeman interaction

and the ZFS parameter D :
∣∣3CT+,0,−

〉
,
∣∣T+,0,−

〉
. Microwave irradiation induces ∆mS = ±1

transitions (purple), leading to a change in the PL yield detected as full field spectrum (FF).
An additional signal is detected at half the magnetic field (HF) for ∆mS = ±2 transitions.
b) PLDMR spectra for the neat materials PM6 and Y6 are shown together with the blends
PBDB-T:Y6, PM6:Y6 and PM7:Y6. The spectral width of the FF signal and the position of the
HF signal are determined by the material-dependent ZFS and therefore the triplet excitons
in the blends can be assigned to the NFA Y6 (red dotted box). All PLDMR measurements
were performed at T = 10K.

PLDMR of Neat Materials

Figure 7.1b presents PLDMR spectra of the neat materials PM6 and Y6 (top) as well as

blends of Y6 with the polymer donors PBDB-T, PM6 and PM7 (bottom). The measure-

ments were performed for thin-film samples produced by an optimized spin-coating

recipe (given in experimental chapter, ch. 4.2.2) comparable to OSC device produc-

tion. [197,198] The PLDMR spectra of the neat polymers are almost identical; thus only

PM6 is shown here and the spectra of PBDB-T and PM7 can be found in Figure 10.1

in the Appendix. All polymer spectra show a broad molecular triplet feature of 110mT

width, corresponding to a ZFS of D/h = 1500MHz. All ZFS parameters are derived by

spectral simulation parameters using the MATLAB toolbox EasySpin [58], whose sim-

ulation parameters are given in Table 10.2 in the Appendix. The PLDMR spectra ad-

ditionally show a preferential alignment of the molecules on the substrates, repre-

sented by the ’wing-like’ shape of the spectrum, as further discussed below. The HF

signal is located at B = 165.0mT, whereby it possesses an additional shoulder, indicat-

ing a small fraction of molecules with different preferred orientation. Pristine NFA Y6

shows a molecular triplet signal with smaller width of around 70mT, corresponding to

D/h = 940MHz and a HF signal at B = 165.0mT. Regarding the molecular triplet exci-

tons of these neat materials, the distinct differences in ZFS parameters and HF signal

positions between donor and acceptor materials give a favorable prerequisite to confi-
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dently distinguish triplet excitons in blends. Furthermore, the materials show a central

narrow peak, which has previously been assigned to spontaneously separated charge

carriers, also called polaron pairs (PP), with a weak or no dipolar interaction. [22,135,199]

Pristine Y6 thereby possesses an additional broader central peak, most likely assigned

to inter-CT states between Y6 moieties and will be discussed in the scope of a following

project. [200]

PLDMR of (Non-) Halogenated Blends

When blending Y6 with the donors PM6, PM7 and PBDB-T (lower PLDMR spectra

in Figure 7.1b), the intensity of the central peak increases significantly due to the in-

creased formation of separated polaron pairs, spectrally overlapping with CT states at

the donor:acceptor. Since PLDMR is an optical technique on thin-films without elec-

trodes, all formed CT states and polaron pairs do eventually recombine, increasing the

impact of the central peak. Using trPLDMR, the previous chapter showed that the CT

peak in PM6:NFA blends has a positive sign, which was assigned to triplet-polaron an-

nihilation (TPA), being a central bimolecular interaction in these OSCs. [49,135,173] As

reminder, magnetic resonance conditions thereby convert triplet-polaron pairs from

TPA allowed doublet state
(
S = 1

2

)
, where they can convert spin-allowed into the ground

state with doublet manifold, into TPA forbidden quartet states
(
S = 3

2

)
, enhancing ra-

diative recombination. [174]

More importantly, all three blends show a broad triplet feature (300−370mT), arising

from long-lived molecular triplet excitons. The ZFS parameter D , related to the width

of the FF spectra, and the positions of the HF signals at B = 166.8mT (dotted vertical

line in Figure 7.1b) clearly assign these PLDMR features to triplet excitons on the NFA

Y6. The ZFS value in the blends is slightly larger with D/h = 1020−1040MHz than in

neat Y6 due to a marginally different molecular packing. However, the delocalization

is not strongly affected according to the relation D ∼ r−3 (see eq. 3.18). Furthermore,

the triplet features in all PLDMR spectra can only be simulated taking considerable

molecular ordering into account, leading to the pronounced spectral ’wings’. The or-

dering factor λ gives information about the preferential orientation of the molecules,

whereby Θ is the angle between the molecular z-axis and the applied magnetic field.

Neat Y6 shows a clear preferential alignment of the molecules (Table 10.2) in direc-

tion of the applied magnetic field. This ordering is in line with intermolecular face-

on stacking of Y6 to the substrate and enhanced crystallinity found for samples from

chloroform (CF) solutions. [201–203] When blending Y6 with the polymers, the ordering

is maintained and comparable for the blends (λΘ = 4.5 for PBDB-T:Y6 and λΘ = 5.5

for PM6:Y6 and PM7:Y6). The similar ordering factor in the blends supports that the
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backbone ordering known for neat Y6 remains present in the blends, as already con-

firmed for PM6:Y6 with GIWAXS measurements in literature. [204] The PLDMR spectra

also suggest similar preferential orientation of Y6 in PBDB-T:Y6 and PM7:Y6, whereby

this face-on orientation in the blend is shown to be beneficial for charge transport in

the direction normal to the substrate surface. [205,206]

The detected triplet excitons on the NFA can be formed either by direct ISC, non-

geminate HBT or by geminate HBT. While PLDMR is not able to distinguish between

these pathways, its high sensitivity is crucial to reveal the presence of all long-lived

triplet excitons. This sensitivity is achieved due to the optical detection and the contin-

uous illumination, enhancing spin polarization due to annihilation effects, i.e., TTA in

molecular triplet features, as discussed in more detail below and in the next chapter. [26]

The PLDMR measurements in blends with NFA Y7 also revealed long-living triplet ex-

citons on the Y7 with all three (non-) halogenated donors (Figure 10.2 in Appendix).

Thus, molecular triplet excitons are observed in all studied OPV blend, localized on the

energetically low-lying NFA.

7.2.2 Probing Triplet Pathways with trEPR

While PLDMR probes steady-state populations due to continuous illumination, trEPR

probes short-lived spin polarization generated by pulsed laser excitation. As already

explained in ch. 3.3, trEPR is able to reveal generation pathways of geminate triplet

excitons with distinct spin-polarization due to specific mechanisms, such as triplet

states populated by ISC. As discussed below, the fraction of these geminate triplet exci-

tons is very low in the studied blends. For the spin-coated samples, this yields a signal

that is detectable but too weak to determine the spin polarization pattern with con-

fidence (Figure 7.5). Therefore, trEPR measurements were additionally performed on

drop-cast samples (Figure 7.2), giving a better signal-to-noise ratio to reliably identify

the population mechanism. The comparison with spin-coated samples is further dis-

cussed below.

trEPR of (Non-) Halogenated Blends

Figure 7.2a shows the trEPR spectrum of Y6 and its blends with the three donor poly-

mers (trEPR spectra of neat polymers and blends with Y7 shown in Figure 10.3). Neat

Y6 shows a 70mT wide spectrum, corresponding to D/h = 945MHz, similar to the

value obtained with PLDMR (D/h = 940MHz). When blending Y6 with the polymers,

all blends show an additional intense CT signal with narrow microwave emission/ab-

sorption feature (B = 336.5mT), corresponding to a spin-correlated radical pair (see ch.

3.3.3). The width correlates with the width of PLDMR CT features in Figure 7.1b, assign-
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Figure 7.2: trEPR spectra of pristine Y6, PM6:Y6, PM7:Y6 and PBDB-T:Y6. a) trEPR spectra
of blends with the halogenated donors (PM6 and PM7) have the same spectral fingerprint
as triplets on pristine Y6 (red dotted box) as shown by the simulations (blue). The blend of
PBDB-T:Y6 shows no detectable triplet formation. All trEPR measurements were performed
at T = 10 K. b) Formation of polarized trEPR spectra for spin-orbit coupling (SOC) induced
ISC triplets. ISC is sublevel selective and acts on the zero-field sublevels |X〉,|Y〉 and |Z〉.
These populations are converted into populations of high-field triplet sublevels |T+〉, |T0〉,
|T−〉, depending on the principal axes orientation of the ZFS tensor D with respect to mag-
netic field B . Microwave emission (e) or absorption (a) for ∆ms = ±1 transitions (purple)
results in the shown Y6 trEPR pattern (blue). The eeeaaa polarization pattern is due to SOC-
induced ISC.

ing both to the same CT states. Regarding the molecular (broad) trEPR feature, almost

identical spectral fingerprints are detected for the blends of PM6:Y6 and PM7:Y6. The

same spectral width of the blends to neat Y6 (red frames box) proofs that this feature

is also arising from Y6 triplet excitons as already shown with PLDMR. In contrast to

PLDMR, trEPR spectra can be simulated without considering molecular ordering. This

is attributable to the fact that trEPR probes all (highly) spin-polarized triplet excitons,

while PLDMR probes predominantly those triplets that are associated with lumines-

cence, e.g., via TTA, mainly occurring in crystalline phases due to a higher diffusion

length (more detailed comparison of the two methods will be given in the next chap-

ter). [26,207,208] More importantly, the pattern of the trEPR signal of PM6:Y6 and PM7:Y6

displays microwave emission (e) at lower fields and microwave absorption (a) at higher

fields, consistent with triplet excitons populated by spin-orbit coupling (SOC) induced

ISC, as further discussed below.

Regarding PBDB-T:Y6, molecular triplet excitons on Y6 are detected with PLDMR

(Figure 7.1b), whereby no molecular triplet feature in trEPR is observed. While trEPR

only probes geminate triplet excitons, PLDMR is also sensitive to triplet excitons by

non-geminate recombination. This finding assigns the present triplet excitons in PBDB-

T:Y6 detected by PLDMR (Figure 7.1b) to non-geminate hole back transfer (HBT). As

also discussed below, non-geminate triplet excitons represent the main contribution
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of energetically trapped triplet excitons. Thus, the triplet yield visible in trEPR is over-

all a very minor triplet channel but important to proof the present mechanism of SOC-

induced ISC.

Triplet Excitons by SOC-induced ISC

Figure 7.2b depicts the formation mechanism of the broad spin-polarized Y6 triplet

feature in the trEPR spectra of the neat materials and the blends, arising by selective

population of the triplet sublevels by ISC from the excited singlet states. [51] The forma-

tion of this pattern has already been explained in ch. 3.3.2 and is reviewed here with fo-

cus on Y6. The ISC mechanism for molecular excitons with small wave function extent

(large D value) is based on SOC, which is the dominant ISC process for small electron-

hole distances. [38] At larger inter-spin distances, such as CT states, SOC is negligible

and (reverse) ISC is driven by the intermixing of the SCRP. Thus, triplet excitons formed

via geminate HBT leads to a different trEPR spectral patterns, as discussed in ch. 3.3

and in the next chapter. [26,49]

SOC-induced ISC acts on the zero-field triplet states, given by the eigenstates |X〉,|Y〉
and |Z〉 of the Hamiltonian (with X, Y and Z being the principal axis of the ZFS tensor

D), which are split due the ZFS parameters D and E . [52,59] The ISC rate depends on the

difference in the nature of the singlet and triplet excited states (ch. 2.2.2), whereby the

population is spin selective, depending on the symmetries of the excited singlet and

triplet wave functions. [51,59,209] In the studied materials, SOC-induced ISC leads to a

relative population pi of zero-field triplet sublevels of [px, py, pz] = [0.34,0.66,0.00] in

neat Y6 (Table 10.3). In a magnetic field, the population of the corresponding high-

field sublevels |T+〉, |T0〉, |T−〉 can be derived from the zero-field population, which

depends on the orientation of the ZFS tensor with respect to the external magnetic

field (here shown for B⃗ ∥ Z , for further details see ch. 3.3.2). [59] In this projection, the

|T+〉 and |T−〉 states are more populated than |T0〉, whereby resonant microwave irradi-

ation drives this imbalance towards equal distributions. Together with the asymmetric

splitting due to ZFS, microwave emission (e) at lower fields (negative intensity) and en-

hanced absorption (a) at higher fields can be detected with trEPR. [51] In the present

disordered organic samples, transitions from all orientations of D with respect to B are

superimposed as a characteristic spectrum with eeeaaa pattern, which is indicative for

triplet excitons populated by SOC-induced ISC. [59] Returning to Figure 7.2a, the SOC-

induced ISC pattern of Y6 triplets is also present in the blends of PM6:Y6 and PM7:Y6

with similar zero-field population (i.e., polarization pattern) of triplet sublevels as neat

Y6. This result indicates that triplet states in the blends are also populated by SOC-

induced ISC, with the comparable spin polarization indicating ISC on the NFA itself.
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7.3 Studying In�uence of Halogenation on Excited

State Kinetics

The previous sections have unraveled the presence of triplet excitons on the NFA and

demonstrated the pathway of SOC-induced ISC. The amount of triplet excitons enter-

ing this channel depends on different rates. After optical excitation of the blend, the

singlet exciton can undergo different pathways: In the optimal case, it diffuses to the

donor:acceptor interface to undergo charge transfer. Undissociated singlet excitons

can make ISC to triplet states or relax back to the ground state. Halogenation alters

the HOMO offset in the blends (Figure 4.4), which may affect the HT rate, important

for the charge transfer in these blends. [194] In addition, increasing halogenation could

increase the ISC rate due to the heavier halogen atoms. [195] To probe the effect of halo-

genation on the HT and ISC rates, transient absorption (TA) measurements and quan-

tum chemical calculations are discussed below. Subsequently, the yields, i.e., the actual

amount of excitons undergoing the respective pathway, are discussed based on TA and

trEPR on spin-coated samples. Before beginning with the interpretation of TA data, the

principle of TA spectroscopy will be explained.

7.3.1 Hole Transfer Kinetics by Transient Absorption
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Figure 7.3: Principle of TA spectroscopy. GSB is
caused by the depletion of the ground state after the
pump pulse, SE is caused by the interaction of an
excited state with the probe photon, and PIA is the
absorption of an excited-state exciton into a higher
state. TA spectra are measured by change of trans-
mission ∆T of the probe pulse between pump on
and pump off, normalized to transmission T when
pump off.

TA Spectroscopy Principle

Transient absorption (TA) spectro-

scopy is based on the transient

pump-probe technique: A pump

pulse generates short-lived excited

states, while the time-dependent

evolution of these states is probed

by a second pulse after various time

intervals. [210] The investigation of

these short-living states requires a

short monochromatic pump pulse

(≈ 100fs) and a probe pulse cover-

ing a broader spectral wavelength

range (visible wavelength range in

this chapter and near infrared (NIR)

range in the next chapter). The

change in transmission ∆T of the probe beam sent through the sample is measured
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with respect to the system in the excited state (pump on) minus the transmission of

the system in the ground state (pump off) for various time delays τ. [103,210] The sig-

nal is typically normalized to the transmission of the system in the ground state (pump

off), i.e.,∆T/T. [211] There are different important transitions to account for: If the pump

pulse considerably depopulates the ground state and the molecules are in their excited

states, the absorption of the ground state is reduced. Thus, an enhanced transmission

∆T/T > 0 is observed in the respective wavelength range, also termed as ground state

bleach (GSB), illustrated in Figure 7.3. The GSB can be easily identified as it is spectrally

comparable to the steady-state absorption spectrum of the molecule. If photons from

the probe beam interact with excited states of same energy, e.g., S1 states, stimulated

emission (SE) produces emission of the respective excited state. [210] SE is spectrally

similar to the fluorescence spectrum of the molecule (Stokes shifted to the GSB), and

leads to an increased light intensity at the detector, i.e., positive ∆T/T > 0 signal. [210]

Lastly, if the photons of the probe pulse are absorbed to further raise an excited state

into a higher lying excited state (here shown for S1 → S2, at longer time delays T1 → Tn

may also occur), the transmission is reduced ∆T/T < 0, referred to as photo-induced

absorption (PIA). If the singlet states have already dissociated into free charge carriers,

PIA features can also be detected for electrons and holes. The time and spectral com-

ponent of TA spectroscopy allows the investigation of excited state kinetics, e.g., hole

transfer, but also the identification of triplet formation, as discussed in the next chap-

ter. [27,210]

Hole Transfer in PBDB-T:Y6

Having clarified the emergence of TA spectra, we can now turn to the application on the

(non-) halogenated blends under consideration. Figure 7.4 shows the TA spectra and

kinetics for Y6 blends with excitation wavelength of 800nm for selective excitation of

the NFA Y6. A low excitation fluence of ∼ 0.6µJ cm−2 is used to prevent excess bimolec-

ular recombination in the first few nanoseconds from affecting the determination of

the HT timescales. Figure 7.4a shows the time dependent TA spectra of PBDB-T:Y6, TA

spectra for PM6:Y6 and PM7:Y6 are shown further below. The TA spectra reveal the Y6

GSB centered at 830nm immediately after optical excitation, consistent with absorp-

tion spectra of Y6. [201,212,213] Additionally, the PIA of Y6 singlet excitons at 910nm is

observed at the same timescales. [200,214] More importantly, a clear GSB at 580−650nm

emerges in the TA spectra, consistent with the absorption spectrum of the polymer

taken from literature. [80,215] Since the excitation pump does not generate excitons on

the PBDB-T (PM6, PM7 respectively), the appearance of the polymer GSB indicates fast

dissociation of the Y6 exciton at the D:A interface. The presence of the polymer GSB
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Figure 7.4: TA spectroscopy of PBDB-T:Y-series. a) TA spectra at different time delays for
PBDB-T:Y6. b) HT kinetics extracted from polymer GSB (580−650nm) for PM6:Y6, PM7:Y6
and PBDB-T:Y6. In all samples, hole transfer takes place on comparable timescales. All TA
measurements used excitation wavelength of 800nm for selective excitation of Y6 and were
performed at T = 293K. Measurements performed by A. J. Gillett.

already at 0.2ps suggests that some HT occurs on ultrafast timescales. [200,216] How-

ever, as the Y6 GSB falls, likely due to some spectral overlap with the negative sign PM6

hole polaron forming at 920nm, the polymer GSB increases, peaking around 100ps.

This indicates a significant population of the NFA excitons require additional time to

dissociate. On similar timescales, a broad negative band grows in between 680 and

800nm. The feature from 680 to 730nm can been assigned to the electro-absorption

of the donor polymer, indicating the separation of bound interfacial CT states into free

charges. [49,200] It is overlapping with the PIA signal of Y6 anions at ≈ 780nm, as already

verified in blends with other donors. [217] Summarized, all blends with NFA Y6 show a

considerable HT yield whereby it decreases upon halogenation of the donor in these

blends, as further discussed below.

HT Kinetics of (Non-) Halogenated Blends

Figure 7.4b shows the normalized HT kinetics from the polymer GSB between 580 and

650nm. The hole transfer rate appears to be comparable for all donor combinations

PBDB-T, PM6 and PM7 with Y6 (comparable HT kinetics were also extracted for NFA

Y7). In addition to the ultrafast component already visible at 0.2ps, the HT yield in-

creases up to a peak at 100ps, indicating that the HT is completed. The slower HT rate

component is often attributed to diffusion limitations from excitons created far from

the donor:acceptor interface. [88,218,219] Zhong et al. performed measurements on 5:1

polymer:NFA blends to disentangle the ultrafast component, determined by intrinsic

HT rates, from the morphology dependent exciton diffusion rates. [215] However, the

studied blends show similar kinetics in both components, reflecting that neither the

small energetic shift in HOMO level (see Figure 4.4) nor probable morphology differ-
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ences upon halogenation have a significant impact on the HT rates, which has been

found to be largely governed by the interfacial morphology in PM6:Y6. [200] However,

despite initially generating a similar number of excitations on Y6 (as seen by the equal

intensity of the Y6 GSB at 0.2ps in all blends), the intensity of the polymer GSB reaches

the highest value in PBDB-T, followed by PM6 and then PM7. This indicates, despite

the comparable HT rate in all blends, a difference in the absolute HT yield, i.e., the

number of exciton undergoing HT. A lower number of Y6 excitons reaching the D:A

interface for HT could be owed to a larger domain size for the halogenated donor, as

discussed below.

7.3.2 ISC Rates in (Non-) Halogenated Y-Series

Singlet excitons formed upon photoexcitation which do not reach the D:A interface

for efficient HT may eventually undergo ISC to the respective triplet states. Quantum

chemical calculations (performed by G. Londi and Y. Olivier, see end of the chapter) are

thereby a practical tool to access possible differences in the ISC rates due to halogena-

tion. The ISC rate kISC can be thereby determined by the semi-classical Marcus-Levich-

Jortner expression, which treats high-frequency intramolecular vibrational modes, as

described in ch. 2.2.2. The ISC rate can be expressed as the product of SOC matrix ele-

ment
∣∣〈Tn| ĤSOC |S1〉

∣∣ between initial state S1 and end state Tn and the Franck-Condon

weighted density of states FCWD (see eq. 2.11 for detailed description): [38,39]

kISC = 2π

ℏ
∣∣〈Tn| ĤSOC |S1〉

∣∣2
FCWD (7.2)

According to El-Sayed’s rule, the ISC rate depends on the nature of electronic transi-

tions, i.e., higher ISC rate constant when the two states involved have different orbital

types. [220,221] The molecular orbitals involved in the S1 excited state of Y6 (and Y7) as

well as their respective contributions are very similar to those involved in their T1 ex-

cited states, making SOC between these states negligible. For instance, in Y6, both

S1 and T1 were calculated to have a dominant HOMO-to-LUMO transition (98% for

S1 and 90% for T1), leading to a very small SOC value (< 0.01cm−1). In contrast, the

T2 excited state (which is energetically also below S1) shows a contribution of 75% of

HOMO-to-LUMO+1 transition, involving a different localization of the electron wave

function in comparison to S1. Consequently SOC between S1 and T2 is larger (on the

order 0.05cm−1) compared to the SOC between S1 and T1, enabling singlet-triplet con-

version by ISC on the NFAs.
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To study the influence of halogenation, the acceptors Y6 and Y7 were compared to-

gether with the non-halogenated version, called Y5 ("X = H" in Figure 4.3). In this man-

ner, the natural transition orbitals (NTOs) were calculated, which provide a qualitative

description of electronic excitations through an orbital representation in which each

excited state is expressed as a single orbital pair, i.e., of electron (occupied) and hole

(unoccupied). [222] The same NTOs were found in all three cases, meaning that halo-

genation does not alter the nature of the low-lying excited states. In fact, the electron

density on the halogen atoms in the NTO is thereby negligible, resulting in the SOC ma-

trix element being almost insensitive to halogenation. As the respective singlet-triplet

gap is also not changing considerably, the SOC-induced ISC kinetics can be assumed

to be comparable for all (non-) halogenated acceptors.

7.3.3 Impact of Halogenation on ISC and HT Yield

While the HT and ISC kinetics are comparable for all PBDB-T:Y-series blends, the yields

are determined to be different, i.e., the number of excitons undergoing these path-

ways varies. Figure 7.5 shows TA (top) and trEPR (bottom) measurements for Y6-based

blends, i.e., PBDB-T:Y6 (left), PM6:Y6 (middle) and PM7:Y6 (right). Regarding the TA

spectra, all samples show a comparable Y6 GSB at 830nm, indicating the amount of

created excitons being of the same magnitude. While a clear polymer GSB is visible in

PBDB-T:Y6 and PM6:Y6 already after 0.2ps, the polymer GSB in PM7:Y6 at 0.2ps is very

weakly pronounced. Comparing the intensity of polymer GSB when HT is completed

at around 100ps, the HT yield in PBDB-T:Y6 is the highest, followed by PM6:Y6 and

PM7:Y6. In the same trend, the Y6 GSB is decaying slowest in PBDB-T:Y6, followed by

PM6:Y6 and PM7:Y6. Since the HT kinetics are comparable in all three blends, the faster

Y6 GSB decay is most likely due to undissociated Y6 S1 excitons recombining to the

ground state or undergoing ISC. Figure 7.5 (bottom) shows the trEPR measurements

on the spin-coated substrates. PBDB-T:Y6 shows the highest CT peak, indicating the

highest fraction of CT states in line with the higher HT yield from TA measurements in

this blend. Regarding the molecular triplet excitons, trEPR of PBDB-T:Y6 shows a neg-

ligible broad triplet trEPR signal (inset), also consistent with the increased HT yield.

In contrast, PM6:Y6 and PM7:Y6 show a small amount of molecular triplet excitons by

ISC, as already seen in the drop-cast samples from Figure 7.2a. Thereby, the trEPR of

PM6:Y6 and PM7:Y6 in the spin-coated substrates shows a smaller ISC yield in compar-

ison to the drop-cast samples, arising from improved morphology enhancing the HT

while reducing the ISC yield. Thus, the low ISC yields in these spin-coated samples in-

dicate good HT efficiencies in all blends, although the presence of the molecular trEPR

signal suggests incomplete charge carrier generation with halogenated donor.
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Figure 7.5: TA and trEPR measurements on spin-coated substrates with PBDB-T:Y6 (left),
PM6:Y6 (middle) and PM7:Y6 (right). Top: TA spectra at different time delays from 0.2 ps
(blue) to 2000 ps (yellow) after pump pulse. The decreasing polymer GSB (580 - 650nm)
upon increasing halogenation of the donor indicates decreasing HT yield. All TA measure-
ments used excitation wavelenth of 800nm and were performed at T = 293K. Measure-
ments performed by A. J. Gillett. Bottom: trEPR spectra show the highest CT peak in PBDB-
T:Y6, whilst decreasing upon halogenation of the donor. Inset: Molecular triplet excitons,
i.e., present ISC yield, is detected in PM6:Y6 and PM7:Y6 while PBDB-T:Y6 exhibits no mea-
surable molecular trEPR signal. Measurements performed at T = 10K.

7.4 Discussion

Figure 7.6 shows the Jablonski diagram of the studied PBDB-T:Y-series blends, while

Table 10.1 summarizes all corresponding energies and observed triplet formation mech-

anisms. The energies for singlet states S1 and CT states are taken from literature, while

triplet energies are determined by subtraction of calculated ∆EST. The investigated

NFAs possess a low-lying singlet state with a small offset to CT energy, allowing small

energy losses in comparison to fullerene-based solar cells. [181,214] However, given the

large ∆EST of the molecular states, the lowest NFA triplet states are energetically below

the CT states and are not able to contribute to photocurrent, i.e., they are energetically

trapped. Triplet excitons have small non-radiative decay rates and are long-lived, thus

detectable with both PLDMR and trEPR. The following discussion addresses the indi-

vidual triplet formation pathways and associated kinetics of Figure 7.6, based on the

results and evaluations achieved from the measurements presented above. This anal-

ysis allows to identify the most important efficiency-limiting processes in the studied

blends and unravel the impact of halogenation on these channels.
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Figure 7.6: Energy diagram of the studied PBDB-T:Y-series blends. Optical excitation of
donor or acceptor singlet is followed by interfacial charge transfer, FRET or direct ISC. NFA
triplet states (T1, T2) are energetically below the intermolecular CT states (3CT, 1CT) and
therefore represent energetic trap states. NFA triplet states will be occupied by ISC from
NFA S1 state or by HBT from 3CT, which itself is populated by non-geminate recombination
of free charges (FC).

Geminate Pathways

Triplet excitons are detected in all PBDB-T:Y-series blends on the NFA triplet states

(Figure 7.1b for Y6 blends and Figure 10.2 for Y7 blends). The polarization patterns

in trEPR (Figure 7.2b for Y6 blends Figure 10.3 for Y7 blends) are consistent with po-

larization for SOC-induced ISC triplets (eeeaaa). These polarization patterns of direct

ISC can be readily distinguished from other processes, such as HBT from triplet CT

states formed via geminate recombination. [26,189] Geminate BCT is rather often ob-

served in polymer:fullerene blends, as demonstrated in the next chapter. However, in

the NFA-based blends investigated, no indication of geminate BCT, i.e., HBT to NFA

triplet states could be observed, ruling out this triplet formation mechanism, as also

reported in literature. [49] The comparable zero-field populations of the blends and

neat Y6 (Table 10.3) indicate ISC taking place on the NFA, e.g., in the center of NFA

domains larger than the exciton diffusion length away from the donor:acceptor in-

terface. The SOC-induced ISC rate is additionally increased through the presence of

additional triplet states T2 with larger change in their nature in regard to S1, increas-

ing the SOC matrix element. As for the donor, ultrafast electron transfer quenches the

singlet excitation in the sub-picosecond time range, with the possibility of Förster res-

onance energy transfer (FRET) to the NFA as another deactivation channel in these

blends. [185,186,218,223] Thus, the fast depopulation of the donor singlet states is kinet-
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ically outcompeting slower ISC on the donor, suggesting the yield of excitons under-

going ISC on the polymers to be negligible (dotted arrow in Figure 7.6). Even if donor

triplet states were populated with low yield, they would still be energetically above the

CT and NFA states and could undergo charge or Dexter transfer. Thus, triplet excitons

on the polymer donor are not energetically trapped in these blends and need not be

considered as an efficient loss channel.

Non-Geminate Pathways

The NFA triplet yield in OSCs by SOC-induced ISC is assumed to be low due to a weak

trEPR signal for the spin-coated substrates (Figure 7.5, bottom). Additionally, HBT

from 3CT states formed via non-geminate recombination of free charge carriers was

confirmed, visible in all PLDMR spectra. Recombining free charge carriers with un-

correlated spin orientations will lead to the formation of 25% of 1CT singlet and 75%
3CT triplet states. [63] The latter can relax spin-allowed to the lowest molecular triplet

states via non-geminate HBT (dark red arrows in Figure 7.6). [190] Thereby, the excitons

initially occupy the three triplet sublevels equally due to spin statistics, but get redis-

tributed within the spin-lattice relaxation time according to Boltzmann statistic. Ad-

ditionally, continuous optical excitation, as in PLDMR, enhances the spin polarization

due to accumulation of triplet excitons and subsequent spin-dependent annihilation

processes. In combination with the high optical detection, this method proofs to be

very sensitive to non-geminate triplet excitons. Thus, trEPR alone could miss triplet

excitons despite their significant presence as for the example of PBDB-T:Y6. Gillett et

al. showed with transient absorption that in the blend PM6:Y6 around 90% of the non-

geminately recombined CT states undergo HBT to the NFA triplet. [49] In contrast, the

ISC yield in neat Y6 is around 3%, further reduced in the blends due to a significant

CT of 90% of the generated excitons. [49] Regarding the similarity of ISC and HT rates

between the blends, we assume a similar amount of triplet excitons in all PBDB-T:Y-

series blends from non-geminate recombination. Since the rate of non-geminate HBT

is shown to increase with temperature, the presence of non-geminate HBT triplet exci-

tons even at 10K highlights the importance of this loss channel. [49]

Excited States Kinetics of ISC and HT

The two most important rates affecting the population of triplet states upon excita-

tion of the singlet states are HT and ISC rates. As differences in HT kinetics would give

the singlet excitons more/less time to undergo ISC and vice versa, the impact of halo-

genation on these rates is of relevance. Regarding the halogenation of the acceptor,

one could invoke an increase in SOC due to heavier halogen atoms, which would in-
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crease the ISC rate, as has already been shown in literature for bromine or iodine. [224]

However, quantum-chemical calculations on NFA Y-series reveal that, starting from the

non-halogenated acceptor Y5, the ISC rate does not change significantly upon fluori-

nation and chlorination in these molecules due to the absence of significant weight of

electron density on the halogen atoms. As for the HT kinetics, halogenation of PBDB-T

is lowering the donor HOMO level (see Figure 4.4), leading to a higher VOC in solar

cells with PM6 and PM7. [80,196] The smaller energy offset is desirable to minimize en-

ergy loss but one could consider a negative effect on the driving force due to a smaller

HOMO offset. [194,218] However, TA measurements (Figure 7.3b) showed a comparable

HT rate with the three different (non-) halogenated donors. This outcome is not sur-

prising, as the overall HT rate has been shown not being sensitive to the HOMO offset,

especially in low-offset OSC: while the HT rate of NFA excitons generated in close prox-

imity to the donor:acceptor interface occurs on sub-picosecond timescales, the overall

HT process takes place on timescales of tens of picoseconds, dependent on exciton

diffusion in the bulk morphology. [216] Furthermore, Ma et al. showed that HT rates

for PM6:Y6 are only weakly affected by temperature in the range from 15 to 300K, al-

lowing the comparison with the low-temperature EPR measurements. [225] Overall, the

triplet population kinetics upon initial singlet excitation are shown to be comparable

for (non-) halogenated donor and acceptor combinations.

Exciton Yield of ISC and HT

While the excited state kinetics are determined to be independent of halogenation, the

HT and ISC yields, i.e., number of excitons undergoing HT and ISC, changes upon

halogenation of the donor (Figure 7.5). The most probable reasons are differences

in the morphology or domain sizes, depending on halogenation of donor/acceptor.

Eastham et al. investigated different donor materials with NFA ITIC, demonstrating

that efficient hole transfer depends strongly on the blend morphology rather than the

energy level alignment. [226] Comparing TA and trEPR in Figure 7.5, the HT yield de-

creases upon halogenation, while trEPR data show a detectable ISC yield in PM6:Y6

and PM7:Y6. These results could stem from an increased size and purity of domains

due to fluorination and chlorination, i.e., due to reduced miscibility upon halogena-

tion. [225,227,228] These circumstances could decrease the number of excitons reaching

the donor:acceptor interface, resulting in a decreased HT and increased ISC yield. How-

ever, domain sizes in the range of the exciton diffusion length are normally beneficial

for dissociation of charge carriers, improving short-circuit current JSC and fill factor

F F of the solar cell. [225,227] Thus, the key point for a good performing OSC is matching

a good trade-off in bulk morphology between generation of charge transfer yield and
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subsequent exciton dissociation. [229] The higher efficiencies for PM6:Y6 and PM7:Y6 in

comparison to PBDB-T:Y6 show that the positive impacts of the halogen, i.e., improved

domain purity and higher VOC upon halogenation of the donor, are more influential on

solar cell performance.

Strategies for Next-Generation OPV

This chapter has shown by the application of complementary methods that halogena-

tion, which has proven to be beneficial for device performance, does not avoid or

eventually even enhances triplet formation. However, to further improve device effi-

ciencies, the energetic trapping of triplet excitons must be reduced or completely pre-

vented. There are different design strategies for next-generation OSCs to engineering

out the triplet loss pathways: One approach is to reduce the BCT rate to molecular

triplet states by hybridization between CT and local excitons or to outcompete triplet

recombination by fast charge separation. [49,230] Another approach is the combination

of state-of-the-art OPV and OLED research by designing OSC acceptors with small

singlet-triplet gap, e.g., intramolecular TADF emitters. This combination would pre-

vent energetically trapped triplet excitons, as they can be thermally reactivated, while

simultaneously preserve the small voltage losses. Thus, intramolecular TADF emitters

with strong long-wavelength absorption and suitable HOMO/LUMO levels for efficient

charge transfer could be promising candidates for OPV acceptors.

7.5 Conclusion

This chapter revealed loss processes to non-radiative long-lived triplet states by the

application of triplet spin-sensitive techniques (PLDMR, trEPR) together with TA spec-

troscopy and quantum-chemical calculations. Using these complementary methods,

all triplet excitons in the studied blends could be detected and distinguished, providing

a complete picture of their generation pathways. The systems under consideration in

this chapter were state-of-the-art donor:acceptor combinations employing the (non-)

halogenated polymers PBDB-T, PM6, PM7 and the NFAs Y6 and Y7, with long-lived

triplet excitons detected in all blends. These excitons are energetically trapped on the

low-lying NFA triplet states, where they are unable to contribute to OSC performance

due to a high energetic gap∆ET-CT to CT states. While the major contribution observed

in all blends is non-geminate hole back transfer, in blends with halogenated donors

there is also a triplet population pathway through SOC-induced ISC on the NFA. The

impact of halogenation on the rates affecting the population of triplet states after ex-

citation of the NFA singlet states, in particular ISC and hole transfer, is comparable

110



7.6 Additional Information

for all donor:acceptor combinations. Thus, shifting of HOMO levels or heavy halo-

gen atoms has a minor influence on excited states kinetics. However, the increased

triplet exciton yield by ISC with best performing PM6 and PM7 indicates an incom-

plete charge carrier generation, suggesting an adverse impact of domain aggregation

through halogenation. While the benefits of halogenation still prevail in terms of over-

all device efficiency, the detection of energetically trapped triplet excitons in all these

(non-) halogenated blends clearly shows that there is untapped potential to further

improve plateauing OSC efficiencies.

7.6 Additional Information

Contribution to this chapter

This chapter is based on a collaborative work: A. J. Gillett1 performed the TA measure-

ments (Figure 7.3 and Figure 7.5, top). G. Londi2 and Y. Olivier2 performed the quan-

tum chemical calculations (section 7.3.2). The TA measurements were performed in

the Cavendish Laboratory at the University of Cambridge, the setup specifics can be

found in the Experimentals (ch. 4.3.5). The quantum chemical calculations were cal-

culated in the Laboratory for Computational Modeling of Functional Materials at the

University of Namur, computational details can be found in Ref [25].

1Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge, UK
2Laboratory for Computational Modeling of Functional Materials, Namur Institute of

Structured Matter, Université de Namur, Rue de Bruxelles, 61, 5000 Namur, Belgium
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8 Experimental Framework for Probing Triplet

Recombination Pathways in Organic Solar Cells

ABSTRACT
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Non-radiative recombination to triplet

states is not only observable in organic

solar cells (OSCs) based on non-fullerene

acceptors (NFAs), also OSCs based on

fullerene acceptors exhibit strong triplet

loss. In contrast to the more efficient NFA

systems that showed triplet states mostly formed via non-geminate recombination and

a small amount of intersystem crossing (ISC), fullerene systems also reveal significant

triplet formation via another geminate processes. Thereby, fullerene blends addition-

ally exhibit contribution of geminate back charge transfer (BCT) to the energetically

lower lying donor triplet. This chapter presents an experimental framework that com-

bines time-resolved optical and magnetic resonance spectroscopy to detect triplet ex-

citons and identify all three dominant formation mechanisms. This methodology en-

ables to precisely disangle the triplet formation pathways in the two well-studied poly-

mer:fullerene systems PM6:PC60BM and PTB7-Th:PC60BM. The additional geminate

BCT pathway is thereby suggested to enhance with electrons trapped in the isolated

fullerenes sitting in the alkyl side chains of the donor polymers, highlighting the im-

portance of engineering good donor and acceptor domain purity. By leveraging the

strengths of three spin-sensitive techniques, already introduced in the previous chap-

ter, the following analysis provides a complete picture of complex and overlapping

triplet generation pathways in fullerene-based OSC blends.

This chapter is based on: A. Privitera1, J. Grüne1, A. Karki, W. K. Myers, V. Dyakonov, T.-Q.

Nguyen, M. K. Riede, R. H. Friend, A. Sperlich and A. J. Gillett. Geminate and Nongeminate

Pathways for Triplet Exciton Formation in Organic Solar Cells. Adv. Energy Mater., 12, 16,

2103944 (2022). [26]

1contributed equally



8 Experimental Framework for Probing Triplet Recombination Pathways in OSCs

8.1 Introduction

The timeline of organic solar cell (OSC) acceptors scales with their ability to achieve

good power conversion efficiencies (PCEs) with suitable donors. While fullerene ac-

ceptors, e.g., PC60BM and PC70BM, were initially quite promising, non-fullerene ac-

ceptors (NFAs), such as ITIC and Y6 discussed in the previous chapters, have en-

abled further increase of PCEs. [5,231,232] The reasons were already given in the pre-

vious chapter, lying primarily in their better absorption in the visible and near-

infrared spectral regions and their better energy level tunability, driving efficiencies

up to 19%. [17,18] In contrast, fullerene acceptors only reveal absorption up to 500nm,

whereby the light harvesting can be improved up to 800nm by choosing suitable donor

as PTB7-Th. [67] Besides the drawback of lower absorption in the visible wavelength

range, fullerene systems also exhibit considerable voltage loss due to formation of

triplet excitons, including an additional formation pathway of geminate back charge

transfer (BCT). [21,47,233] While the previous chapter focused on the impact of (non-)

halogenated NFA systems on overall triplet formation, the following chapter will con-

centrate on the experimental opportunities to unravel all different triplet formation

pathways utilizing two fullerene-based systems. Prior to the analysis of the spin-

sensitive toolkit for triplet state detection in organic semiconductors, the necessity of

the research goal of preventing triplet states in terms of device performance and sta-

bility will be elaborated.

Charge carrier recombination via molecular triplet states has been identified as

a significant non-radiative voltage loss pathway, both in fullerene- and NFA-based

OSCs. [49,180,234,235] As already defined in the previous chapter, triplet states are espe-

cially responsible for the non-radiative voltage loss ∆Vnr. Thereby, non-radiative re-

combination in OSCs affects the open-circuit voltage VOC by reducing the carrier life-

time from the intrinsic radiative limit. [184,236] For instance, as noted in the last chap-

ter, the fraction of charge carriers in PM6:Y6 that recombine via the NFA triplet is

≈ 90%, and similar triplet recombination proportions were found for fullerene accep-

tors. [49,63,190] Non-radiative voltage losses can be quantified by the electrolumines-

cence external quantum efficiency EQEEL using the relation ∆Vnr = −kBT
e ln(EQEEL);

where kB is the Boltzmann constant, T the temperature and e the elementary charge.

Since the EQEEL depends on the fraction χ of radiative recombination events, the non-

radiative triplet recombination reduces EQEEL by a factor of 10 in these devices. The

loss of VOC due to triplet recombination can thus be estimated to be ≈ 60meV in these

OSCs. [49] Hence, the detailed analysis and understanding of triplet formation pathways

is necessary to prevent these crucial voltage losses.
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In addition to a reduction in device performance, long-lived triplet excitons are detri-

mental to OSC stability, presenting a fundamental barrier for commercial applications.

Thereby, the interaction with oxygen is one of the major issues. [170,237,238] The presence

of environmental molecular oxygen can either result in oxide radical formation (O·
2) by

electron transfer from an excited molecule or, alternatively, in singlet oxygen (1O2) for-

mation by energy transfer from the excited triplet state to oxygen in its triplet ground

state. [22,237,239] Sudakov et al. investigated oxygen-related degradation in NFA-based

OPV blends and found an increased production of O·
2 due to mobile electrons on the

NFA, destabilizing the donor polymer. [22] Thus, preventing triplet exciton generation

in OSCs is also a step towards reducing degradation and extending device lifetimes.

The reasons given require the elimination of triplet formation to be one of the key fo-

cuses in OSC research to further improve device performance and operational lifetime.

Detecting and characterizing triplet states in organic semiconductors is generally an

understudied topic in the field of OSC, as there are only a few techniques for probing

triplet states accurately. This chapter presents an experimental framework combin-

ing triplet sensitive methods to uniquely identify triplet states and their respective for-

mation pathways. The methods employed are photoluminescence detected magnetic

resonance (PLDMR), transient electron paramagnetic resonance (trEPR), and transient

absorption (TA). This combination of optical and magnetic resonance spectroscopies

has already been applied in the previous chapter and has also been proven useful in

literature to study triplet states in organic semiconductors. [47,49,63,127,240] This chapter

presents these three methods as a complementary set of techniques, including their

strengths and limitations, enabling a thorough study of triplet excitons in OSCs. The

demonstrated framework is thereby applied to two fullerene-based OSC systems, since

they reveal all the major possible triplet formation pathways, as further described be-

low.

8.2 Geminate and Non-Geminate Pathways for

Triplet Exciton Formation

The two main pathways to populate T1 states in NFA-based OSCs have already been in-

troduced in the previous chapter. Fullerene-based OSC possess an additional consid-

erable triplet formation pathway: geminate BCT. This supplemental population path-

way therefore requires a more detailed analysis, which is accomplished by combining

the triplet sensitivity techniques presented in this experimental framework, each of

which addresses a specific (sub)set of triplet formation pathways to molecular T1. The
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Figure 8.1: Formation pathways of molecular triplet states T1. a) Intersystem crossing (ISC):
Population of T1 via direct ISC after optical excitation of the singlet states S1. b) Geminate
back charge transfer (BCT): Optical excitation of S1 is followed by charge transfer to 1CT.
1CT states do not separate to free charges (FC), instead they undergo spin-mixing with 3CT
states and relax spin-allowed via geminate BCT to T1 states. c) Non-geminate BCT: Optical
excitation of S1 is followed by charge transfer to 1CT, which are separating into FC. Spin-
statistical non-geminate recombination of FC leads to the formation of 3CT states, which
undergo BCT to molecular T1 states.

three pathways are consolidated in Figure 8.1, which will be referred to throughout

the chapter: a) Direct intersystem crossing (ISC) after optical excitation of S1 states;

b) Geminate BCT from triplet CT states
(

3CT
)
, formed by spin-mixing from singlet CT

states
(

1CT
)

states which do not separate into free charges (FC) carriers; c) BCT from
3CT states, formed spin-statistically via non-geminate recombination from FC. As al-

ready discussed in ch. 2.3, long-living T1 states are formed only if they are energeti-

cally below 3CT states, whilst higher T1 states relax spin-allowed to energetically lower

triplet states. [241,242] As 3CT states can be readily converted into 1CT due to their small

energetic offset, their presence is also not expected to significantly impact device per-

formance. [49] Thus, T1 states are only problematic if they are energetically below CT

states. The offset between the CT states and the energetically lowest S1 states (usually

S1 of the donor in fullerene-based blends and S1 of the acceptor in NFA-based blends)

is typically small (< 0.2eV) to reduce the energy losses associated with charge genera-

tion. [21,243,244] Given the large∆EST energy gap of the molecular states in organic semi-

conductors, the T1 states of the respective donor or acceptor are almost always below

the CT states. [178,179,245] Thereby, these low-lying T1 states can be populated via any

of the three pathways described above, forming energetically trapped triplet excitons

on the respective molecule. Thus, the full understanding of the complex and overlap-

ping population mechanisms is achieved by the application of multiple experimental

techniques to unravel all present T1 formation pathways.

The demonstrated experimental framework of PLDMR, trEPR and TA to study recom-

bination via T1 states is developed by employing two fullerene-based OSC model sys-

tems, both exhibiting comparable efficiencies: PM6:PC60BM and PTB7-Th:PC60BM. [26]

The full names and chemical structures are given in ch. 4.1.2. The polymers PM6 and
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PTB7-Th have been chosen as they represent commonly used donor materials for ef-

ficient fullerene- and NFA-based OSCs. [67,74,88,204,246] The selection of fullerene accep-

tors to demonstrate this experimental framework is motivated by two reasons: First,

many NFA blends do not exhibit the geminate BCT pathway to T1 states. [49] Conversely,

fullerene blends often exhibit geminate BCT T1 formation, making the application of

magnetic resonance even more important. [47,189,233] Second, the fullerene component

does not contribute significantly to the observed TA spectrum in the visible and near-

infrared regions. [16,47,186] Thus, the use of fullerene blends avoids the complex super-

position of, e.g., polymer and NFA spectral features and dynamics, which simplifies

the interpretation of the data. These reasons make fullerene acceptor blends an ideal

model system to study the three main T1 formation mechanisms and emphasize the

complementarity of optical and magnetic resonance techniques. The following para-

graphs first reveal strengths and limitations of the individual techniques, cooperated

with experimental results of the detection and formation of T1. This analysis is followed

by a discussion about the complementary of all three triplet-sensitive techniques to

give a full picture of generation pathways in OSCs.

8.2.1 Photoluminescence Detected Magnetic Resonance

As already mentioned in ch. 6, PLDMR spectroscopy can be employed as pulsed or

steady-state technique with, in regard of both, optical and microwave excitation. In

the investigation of organic semiconductors, continuous-wave PLDMR is most com-

monly applied, as employed in this and in the previous chapter. [22,135,247] Continuous

illumination can thereby also yield spin polarization of triplet sublevels by unequal

recombination rates or triplet accumulation with subsequent annihilation processes,

e.g., TTA. The enhanced spin polarization together with the exceptional optical detec-

tion significantly increases the experimental sensitivity of PLDMR. Thus, PLDMR is

able to detect any triplet excitations that are coupled to the photoluminescence of the

sample, probing triplet excitons formed by all three T1 generation pathways described

in Figure 8.1. [247] The increased sensitivity allows PLDMR to resolve the half-field (HF)

signal (see ch. 2.1.3), representing another major advantages of this method. As the

probability of these HF transitions increases with the strength of dipolar coupling be-

tween localized electron spins (see eq. 3.24), and their magnetic field position depends

on the strength of the ZFS parameters (see eq. 3.25), these signals provide an additional

tool for determining the molecular location of a T1 state. [22,47,60] Thereby, even minor

T1 pathways can be probed, as further described below. Therefore, HF signals together

with the analysis of the full-field (FF) signal provides a useful method to identify all

triplet excitons and assign their molecular localization.
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Figure 8.2: PLDMR spectra of the neat materials and blends with half-field (HF) and full-
field (FF) signals. (Red) PLDMR spectrum of a neat PC60BM film. The HF T1 signal of
PC60BM is visible at 168.1mT, whilst the FF T1 and polaron features are present between
320− 350mT. (Light green) PLDMR spectrum of a neat PTB7-Th film. The HF T1 signal
of PTB7-Th is visible at 166.8mT, whilst the FF T1 manifests as the two spectral ‘wings’ at
296 and 376mT. (Dark green) PLDMR spectrum of the PTB7-Th:PC60BM blend film. The
HF T1 signal of PTB7-Th is visible at 165.6mT, slightly shifted from the neat film due to the
changes in the polymer chain ordering upon blending with PC60BM. The HF signal of the
PC60BM T1 is weakly visible at 168.1mT. The FF PTB7-Th T1 is visible between 280−390mT
with a small PC60BM T1 contribution from 320−350mT. (Light blue) PLDMR spectrum of a
neat PM6 film. The HF T1 signal of PM6 is visible at 165.3mT, whilst the FF T1 is the visible
between 280−390mT. (Dark blue) PLDMR spectrum of the PM6:PC60BM blend film. The
HF T1 signals of PM6 and PC60BM are visible at 165.3mT mT and 168.1mT, respectively. The
FF PM6 T1 is visible between 280−390mT. All PLDMR spectra were acquired at T = 10K.

Figure 8.2 displays the PLDMR spectra of neat films of PC60BM (red), PTB7-Th (light

green), PM6 (light blue) and the PTB7-Th:PC60BM (dark green) and PM6:PC60BM (dark

blue) blends (EasySpin simulation parameters for each sample can be found in Table

10.4 in the Appendix). All spectra consist of a full-field (FF) region (260−410mT, cor-

responding to ∆mS = ±1 transitions), and HF signals (160−172mT, ∆mS = ±2 transi-

tions). In the following, the individual spectra are described in more detail.

PLDMR of PC60BM

PLDMR of neat PC60BM (Figure 8.2, red) shows a relatively narrow T1 feature in the

FF spectrum between 320−350mT, which can be described with the ZFS parameters

D/h = 360MHz and E/h = 50MHz. In addition, a HF signal due to PC60BM T1 states

is also detected at 168.1mT, which can be easily distinguished from the HF signals of

the polymer in the blends. Two additional features (sharp negative signals) are super-
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imposed on the T1 signal at 336.25mT (g = 2.0040) and 336.65mT (g = 2.0012), dis-

played enlarged in Figure 8.3 (left). These negative dips (marked with "+" and "-") can

be assigned to the anion PC60BM−, as already known from literature, and the cation

PC60BM+, respectively. [248–250] The presence of these polarons indicate good charge

carrier generation already in neat PC60BM.

PLDMR of PTB7-Th:PC60BM

Turning to the polymers, neat PTB7-Th (Figure 8.2, light green) shows a broader T1

spectrum in the FF region between 290−380mT, consistent with ZFS parameter D/h =
1190MHz (high ordering prevents the determination of the ZFS parameter E). The

higher D value leads to a shifted HF signal at 166.8mT in contrast to PC60BM (see eq.

3.25). Additionally, the spectrum reveals a large ordering factor, λ, as already seen in

PLDMR spectra of the previous chapter. As a reminder, the ordering factor provides

information about the orientational distribution of the molecules in the sample and

is reflected by the outer ‘wings’ in the PLDMR spectra. [52,58,251] The ordering factor λ

is extracted here for Θ and φ, where Θ is the angle between the molecular z-axis and

the applied magnetic field, and φ is the in-plane angle. If λ is zero, all molecular ori-

entations occur with the same probability. For PTB7-Th, the ordering for Θ is λΘ = 11,

corresponding to an extremely narrow orientational distribution of the molecules in

the direction of the applied magnetic field. Upon blending PTB7-Th with PC60BM

(Figure 8.2, dark green), a broad T1 feature of the polymer is again clearly visible in

the FF and HF signals of the blend. However, the ZFS parameter D increases from

D/h = 1190MHz in pristine PTB7-Th to D/h = 1310MHz in the blend, while the order-

ing factor decreases to λΘ = 7.5. The variation in ZFS parameter also induces a change

in the HF position to neat PTB7-Th. The change in these values suggest that blending

PTB7-Th with PC60BM affects the polymer chain ordering in the PTB7-Th domains.

This is probably given due to fullerene intercalation within the polymer sidechains as

known for these blends, which will be further discussed below. [252] Additionally, the

blend shows a positive (∆ PL/PL > 0) CT peak with two negative signals at g = 2.0012

and g = 2.0037, displayed enlarged in Figure 8.3 (middle). The lower g value is identical

to the negative polaron PC60BM−, as detected in neat PC60BM, whilst the higher g value

likely represents the positive polaron PTB7-Th+ on the polymer (PC60BM− marked as

"-" and PTB7-Th+ marked as "+"). [253]

PLDMR of PM6:PC60BM

Regarding the other polymer PM6 (Figure 8.2, light blue), the PLDMR spectrum re-

veals a broad T1 feature between 280−390mT, corresponding to ZFS parameters D/h =
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Figure 8.3: Enlarged PLDMR spectra (320−350mT) of neat PC60BM (left), PTB7-Th:PC60BM
(middle) and PM6:PC60BM (right). Neat PC60BM shows two sharp negative signals, corre-
sponding to the cation PC60BM+ and the anion PC60BM− (marked as "+" and "-" respec-
tively). The blends show a positive (∆PL/PL > 0) peak with two negative signals of differ-
ent strengths. The peak at higher magnetic field (lower g value) corresponds to PC60BM−,
whilst the peak at lower magnetic field (higher g value) corresponds to the positive polaron
PTB7-Th+ and PM6+, respectively. The blends also show a contribution of PC60BM T1 in
the FF spectrum, implying undissociated charge carriers in fullerene rich domains.

1500MHz and E/h = 70MHz. This polymer also shows a preferential orientation of the

molecules, whereby a reduced ordering ofλΘ = 5.5 is observed in constrast to PTB7-Th.

When blending PM6 with PC60BM (Figure 8.2, dark blue), the broader polymer triplet

is again clearly visible in the FF and HF signals. Thereby, the PM6 T1 ZFS parameters

remain the same before and after blending with PC60BM and the ordering factors re-

duces only slightly to λΘ = 5.0. This is in clear contrast to PTB7-Th:PC60BM, where

the ZFS parameters and ordering factors of PTB7-Th change significantly upon blend-

ing. Thus, the ordering of the polymer chains in PM6 is less disrupted upon mixing

with PC60BM, when compared to PTB7-Th. As the previous blend, the PLDMR spec-

trum shows a positive CT peak with two negative signals at g = 2.0012 and g = 2.0034,

displayed enlarged in Figure 8.3 (right). The lower g value is again identical to the nega-

tive polaron PC60BM−, whilst the higher g value is similar to PTB7-Th+ and most likely

represents the positive polaron PM6+ on the PM6 (PC60BM− marked as "-" and PM6+

marked as "+"). [253]

Detecting Minor Triplet Formation Pathway on PC60BM

Minor triplet channels are difficult to detect even with triplet sensitive measurements.

However, the high experimental sensitivity of PLDMR enables to resolve a weak PC60BM

T1 contribution in the HF signal at 168.1mT for both blends PTB7-Th:PC60BM and

PM6:PC60BM (Figure 8.2). Additionally, the enlarged PLDMR spectra in Figure 8.3 show

a contribution of PC60BM T1 in the FF region (320−350mT), as also verified by EasySpin

simulations (see Table 10.4 in Appendix). Thus, without PLDMR, minority T1 genera-

tion pathways could easily be missed. When considering the formation mechanism for
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PC60BM T1 states in the blends, they are energetically too high (ET1 ≈ 1.5eV) to be pop-

ulated by BCT from the CT states, especially in these low band gap polymer:fullerene

systems with large S1 − CT energetic offset to the acceptor. [241] Furthermore, as the

PC60BM T1 will be higher in energy than the T1 states of PM6 and PTB7-Th, any PC60BM

T1 states formed near the donor:acceptor interface would be expected to relax into the

lower lying polymer T1 states or 3CT states. [245] However, fullerene rich domains or

agglomerates are often found in polymer:fullerene bulk heterojunction blends. [252,254]

Thus, the PC60BM T1 states observed must be located in isolated PC60BM domains and

populated by S1 states not reaching the donor:acceptor interface. This observation re-

inforces the importance of ensuring that domain sizes are on the order of the exciton

diffusion length to enable efficient charge generation and suppress T1 formation via

direct SOC-induced ISC from undissociated S1 states. [255]

8.2.2 Transient Electron Paramagnetic Resonance

While PLDMR is an extremely sensitive method to detect all present triplet excitons, it

has its limitations in differentiating between T1 triplet formation mechanisms. In con-

trast, trEPR is not employed as a steady-state technique but instead uses short laser

pulses to generate characteristic spin polarization on the triplet sublevels. trEPR typi-

cally has time resolutions in the order of hundreds of nanoseconds and can probe spin

polarizations up to several microseconds. [51,256] Thereby, trEPR is as PLDMR sensitive

to all states with unpaired spins, including molecular T1 states, spin-correlated radical

pairs (or CT states), and free charge carriers. [47,189,233]The spin polarization of trEPR

signals additionally provides information about the formation of geminate T1 states,

i.e., SOC-induced ISC and geminate BCT (pathways in Figure 8.1a and b). [51,256] As al-

ready explained in ch. 3.3.2 and in the previous chapter, direct ISC mediated by SOC

from S1 states result in a spin-selective population of the zero-field triplet sublevels

|X〉, |Y〉 and |Z〉, manifesting as a characteristic polarization pattern of aaaeee, eeeaaa,

eeaeaa, aaeaee, aeaeae or eaeaea when probing the high-field triplet levels |T−〉, |T0〉
and |T+〉. In contrast to that, geminate BCT from 3CT to T1 states, which has not been

visible in the NFA-based blends in the previous chapter, is obtained by selective pop-

ulation of the high-field spin states and results in a characteristic pattern of aeeaae or

eaaeea (see ch. 3.3.3).

Contrary to PLDMR, non-geminate recombination does not produce spin polariza-

tion high enough to be measured in trEPR. The spin-statistical recombination of un-

correlated free charge carriers to T1 via 3CT first results in an equal population of the

|T−〉, |T0〉 and |T+〉 sublevel. The equal population will rearrange in a Boltzmann distri-

bution within the spin-lattice relaxation time, but in the low-field (∼ 330mT) regime,
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8 Experimental Framework for Probing Triplet Recombination Pathways in OSCs

as explored here with X-band EPR, the established spin polarization is too low for the

reduced sensitivity of microwave detection. [52]

To access the pathways of geminate triplet excitons present in the studied polymer:

fullerene blends, Figure 8.4 and Figure 8.5 display the trEPR spectra for PM6:PC60BM

and PTB7-Th:PC60BM, respectively, with EasySpin parameters given in Table 10.5 of

the Appendix. Thereby, the spectra are obtained at 1µs and 5µs after the laser pulse to

account for the time-dependent changes in spin polarization.

trEPR of PM6:PC60BM

The trEPR spectrum of PM6:PC60BM at 1µs (Figure 8.4a) shows a clear response of the

blend to resonance conditions between 290 − 400mT (trEPR spectra shifted in con-

trast to PLDMR spectra in Figure 8.2 due to the use of a cavity with a different mi-

crowave resonant frequency νMW). Here, the ZFS parameters D/h = 1300MHz and

E/h = 140MHz are comparable to neat PM6 (Table 10.5) and the ZFS parameters ob-

tained from PLDMR measurements, assigning this feature to the T1 states of PM6. The

minor differences in D values between the two magnetic resonance techniques are ad-

dressed below. In contrast to PLDMR, the minor pathway of the PC60BM T1 states is

not observed in trEPR spectra owing to the lower sensitivity of this method, as also
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Figure 8.4: trEPR spectra of PM6:PC60BM blends studied. a) trEPR spectrum at 1µs. PM6 T1

feature visible between 290−400mT with a single eeeaaa component (red dashed line, equal
to overall simulation), indicating T1 formation via direct ISC from undissociated S1 states.
The central aeae feature is assigned to CT states. b) trEPR spectrum at 5µs. The PM6 T1

feature possesses two contributions: First, a component with aeaeae pattern, representing
the inverted ISC contribution from the 1µs spectrum (red dashed line). Second, a compo-
nent with eaaeea pattern, characteristic of T1 states formed via geminate BCT (green dotted
line). All trEPR spectra were acquired at T = 80K and exictation of 532nm. Measurements
and evaluation performed by A. Privitera.
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discussed below. However, trEPR can derive the formation pathways of the occupied

PM6 T1 states: Spectral simulations of the T1 triplet signal yield a ZFS population of

[px, py, pz]1µs = [0.14,0.52,0.34], corresponding to an eeeaaa polarization pattern (red

dashed line in Figure 8.4a). This spin polarization can be attributed to photogener-

ated S1 states that do not reach the donor:acceptor interface but instead undergo SOC-

induced ISC to the PM6 T1 state. In addition, the spectrum shows an intense, spec-

trally narrow central feature (B ≈ 346mT) with an aeae polarization corresponding to

CT states in the blend (see ch. 3.3.3).

Figure 8.4b shows the trEPR spectrum of PM6:PC60BM at 5µs after the laser pulse.

A clear evolution of the polarization pattern can be observed, with the structure be-

coming more complex. The ZFS parameters of D/h = 1220MHz and E/h = 40MHz still

correspond to T1 on PM6. However, in addition to the SOC-induced ISC visible at 1µs,

there is an additional contribution from geminate BCT as frequently observed in poly-

mer:fullerene blends. [189] The contribution of SOC-induced ISC changes the ZFS pop-

ulation to [px, py, pz]5µs = [0.39,0.20,0.41] at 5µs, corresponding to an aeae polarization

pattern (red dashed line in Figure 8.4b). This spectral inversion in contrast to 1µs can

be attributed to an unequal decay rate of the three high-field triplet sublevels. [49,257]

However, a reliable fit can only be obtained with an additional polarization pattern

(green dotted line in Figure 8.4b). This result can be attributed to the population of

PM6 T1-states by geminate BCT and thus contrasts with the NFA-based donor:acceptor

blends from the previous chapter, as described below. Similar to 1µs, the trEPR spec-

trum at 5µs shows an intense and narrow central peak, whereby the pure absorption

feature indicates free charges absorbing microwaves. [256]

trEPR of PTB7-Th:PC60BM

Turning to the polymer PTB7-Th, Figure 8.5a and b show the trEPR spectra of PTB7-

Th:PC60BM at 1µs and 5µs after laser pulse with triplet signals between 300−390mT.

The T1 ZFS parameters D/h = 1050MHz and E/h = 200MHz are consistent with the

neat PTB7-Th (Table 10.5) and comparable to values obtained from PLDMR, with de-

viations discussed below. Hence, this feature is also attributable to the T1 states on

the polymer. Both trEPR spectra cannot be well described by a SOC-induced ISC con-

tribution only, requiring the consideration of geminate BCT. Therefore, both spectra

are simulated with two species: The first contribution is described by SOC-induced

ISC with similar ZFS population of [px, py, pz]1µs = [0.37,0.33,0.30] and [px, py, pz]5µs =
[0.35,0.33,0.32], corresponding to an aaaeee polarization pattern (red dashed lines in

Figure 8.5). The second contribution with an eaaeea polarization pattern confirms the

presence of geminate BCT in the T1 formation pathways in PTB7-Th:PC60BM (green

123



8 Experimental Framework for Probing Triplet Recombination Pathways in OSCs

 Magnetic Field [mT]

tr
E

P
R

 In
te

ns
ity

 

trEPR data

SOC-induced ISC
Geminate BCT

Simulation

a) b)
trEPR data

SOC-induced ISC
Geminate BCT

Simulation
5 µs1 µs

 Magnetic Field [mT]

tr
E

P
R

 In
te

ns
ity

 

Figure 8.5: trEPR spectra of PTB7-Th:PC60BM blends studied. a) trEPR spectrum at 1µs.
The PTB7-Th T1 feature visible between 300−390mT with two contributions: First, a com-
ponent with aaaeee pattern, indicating T1 formation via direct ISC from undissociated S1

states (red dashed line). Second, a component with eaaeea pattern, characteristic of T1

states formed via geminate BCT (green dotted line). The central ae feature is assigned to CT
states. b) trEPR spectrum at 5µs. PTB7-Th T1 feature possesses the same two contributions:
First component with aeaeae pattern from ISC to T1 states (red dashed line), second com-
ponent with eaaeea pattern from T1 states formed via geminate BCT (green dotted line). All
trEPR spectra were acquired at 80K and exictation of 532nm. Measurements and evalua-
tion performed by A. Privitera.

dotted line in Figure 8.5). In addition, both trEPR spectra exhibit a strong, narrow cen-

tral peak with ea feature associated with CT states. [256]

Comparing the trEPR spectra of the fullerene-based blends, geminate BCT is found

to occur in PTB7-Th:PC60BM at both 1µs and 5µs. In contrast, in PM6:PC60BM, this

pathway is observed only at 5µs, whereby simultaneously the CT states visible at 1µs

turn into free charges by 5µs. Since the spin mixing between
∣∣1CT

〉
and

∣∣3CT0
〉

of the

SCRP occurs on timescales of tens of nanoseconds, faster than the time resolution of

the trEPR measurements, the observed CT states can be considered as an admixture

of both states. The eventual appearance of free charges in PM6:PC60BM suggests that

the CT states are on average more weakly bound than in PTB7-Th:PC60BM. Figure 8.3

already showed that the polaron signals (positive and negative free charges) in PLDMR

are much more intense in PM6:PC60BM in contrast to PTB7-Th:PC60BM, indicating a

larger fraction of electrons and holes are far enough apart to no longer interact mag-

netically. The geminate BCT rate strongly decreases with electron-hole distance, while

more separated charge carriers are also expected to reach the donor-acceptor interface

less frequently. Thus, more weakly bound CT states with larger average electron-hole

separation can result in a slower geminate BCT process in PM6:PC60BM.
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Comparison of Fullerene- and NFA-based OSC Systems

The NFA-based OSC systems studied in the previous chapter only exhibited SOC-

induced ISC to T1 states as geminate formation pathways. Conversely, the de-

scribed trEPR measurements reveal the presence of T1 states occupied by geminate

BCT in fullerene-based OSC blends, as also reported in literature. [47,189,233,235] The

PLDMR measurements already suggested intercalation of fullerene molecules within

the alkyl side chains of the donor polymer, resulting in mixed polymer/fullerene re-

gions. [254,258–261] In addition, PLDMR revealed local fullerene domains, which are

known to increase solar cell efficiency by driving charge separation in the mixed re-

gions to pure fullerene domains. [254,262,263] However, if the fullerene concentration in

these mixed regions falls below the percolation threshold for efficient electron trans-

port, charge separation is hindered and geminate recombination will result. [262–265]

Therefore, poorly-connected fullerene domains provide the possibility for geminate
3CT formation from 1CT states on nanosecond timescales, followed by BCT to T1

states. [266,267] In contrast, many efficient NFA OSCs have been shown to possess good

phase purity, which has previously been shown to facilitate CT state dissociation and

reduce BCT T1 formation. [205,268–270] Thus, the engineering of good phase purity in the

donor:acceptor bulk heterojunction appears to be beneficial for reducing BCT T1 gen-

eration pathways in OSCs.

8.2.3 Transient Absorption Spectroscopy

Analysis of trEPR spectra enables the distinction between geminate T1 formation path-

ways, i.e., SOC-induced ISCs and geminate BCT. To also explore T1 formation via non-

geminate BCT (pathways in Figure 8.1c), TA spectroscopy is a valuable method that is

widely employed to study photophysical processes in OSCs. [49,186,190,271] In contrast

to the other two methods described, TA is not intend to manipulate paramagnetic

spin states, but instead provides insight into the evolution of optically bright and dark

states on time scales from femtoseconds to milliseconds. Therefore, TA is also well

suited to probe optically dark T1 states in OSC, i.e., by using photoinduced absorp-

tion (PIA) signatures (see Figure 7.3) typically located in the near-infrared (NIR), as a

unique fingerprint for the presence and localization of these states on the respective

molecules. [49,63,180,190,234]

Theoretically, TA can distinguish between the presence of T1 formation pathways

by direct ISC and geminate BCT (i.e., monomolecular processes), and non-geminate

BCT (i.e., bimolecular processes). While monomolecular T1 generation pathways ex-
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8 Experimental Framework for Probing Triplet Recombination Pathways in OSCs

hibit no fluence dependence on the optical excitation power, bimolecular events show

strong fluence dependence. [49,63,190] However, in the presence of significant bimolecu-

lar pathways, i.e., non-geminate BCT, the fluence dependent T1 formation dominates

the monomolecular processes, making the latter invisible. Nevertheless, many fullerene-

and NFA-based OSCs possess a dominant amount of non-geminate BCT (as discussed

in the previous chapter), making TA an important technique to reliably detect the pres-

ence of this process. [49,63,180,190,234]

TA of PM6:PC60BM

Figure 8.6a presents the time-dependent TA spectra of PM6:PC60BM in the NIR region

up to 1800ps after photoexcitation at 600nm. At 0.2−0.3ps, the TA spectra show a PIA

feature centered around 1175nm which decays on picosecond timescales. Since this

PIA feature is also observed in neat PM6 films, it can be attributed to S1 states in PM6.

The rapid quenching of this S1 PIA signal indicates ultrafast electron transfer to the ac-

ceptor PC60BM. Within hundreds of picoseconds, the TA spectra show the formation

of a new PIA band between 1500 and 1650nm. This feature can be attributed to photo-

induced absorption of formed T1 on these timescales. Since the T1 PIA signature for

PC60BM is found at 720nm, this PIA feature can be assigned to T1 states on the donor

PM6. [272,273]

 ∆
T

/T
 [x

10
 ]-3

a) b)

Wavelength [nm]

N
or

m
al

iz
ed

 ∆
T

/T
 [a

.u
.]

-2.0

-1.5

-1.0

-0.5

0.0
1.0

0.8

0.6

0.4

0.2

0.0
0.1 1

Time [ps]

µ
µ

µ
T1 PIA

Figure 8.6: TA spectroscopy of PM6:PC60BM. a) Time-dependent TA spectra in the NIR re-
gion after photoexcitation at 600nm with a fluence of 2.8µJ cm−2. At early timescales, PM6
S1 PIA is centered at at 1175nm, decaying within picoseconds due to electron transfer. At
hundreds of picoseconds, formation of a new PIA band between 1500−1650nm indicates
recombination into PM6 T1 states. b) TA kinetics extracted between 1500−1650nm for dif-
ferent fluences. The fluence dependence of the T1 PIA reveals T1 formation via bimolecular
recombination, i.e., non-geminate BCT. Measurements and evaluation performed by A. J.
Gillett.
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8.2 Geminate and Non-Geminate Pathways for Triplet Exciton Formation

To investigate whether these T1 states are populated by bimolecular recombination,

i.e., non-geminate BCT, Figure 8.6b depicts the kinetics between 1500− 1600nm (T1

PIA) for three different fluences of 0.8µJ cm−2, 2.8µJ cm−2, and 6.0µJ cm−2. The for-

mation of this PM6 T1 PIA signature shows a strong fluence dependence, indicating

that non-geminate BCT plays a large part in PM6 triplet population. Combined with

the results of magnetic resonance techniques, a full picture of T1 formation pathways,

including SOC-induced ISC, geminate BCT, and non-geminate BCT, can be drawn for

PM6:PC60BM blends.

As already addressed in the previous chapters, triplet-polaron annihilation (TPA),

also often called triplet-charge annihilation (TCA), is a central bimolecular process in

OSC. [49,135,173] It is a primary non-radiative quenching pathway of T1 and thus, directly

responsible for increased non-radiative voltage loss ∆Vnr in OSCs with significant T1

formation. [49,179,235] The TA spectra show that the rise in T1 PIA begins to flatten out

towards 2µs in the highest fluence measurement of 6.0µJcm−2, attributable to a com-

peting impact of TPA. This effect is especially expected to be more pronounced under

higher excitation fluences in the sub-nanosecond range, since the TPA rate depends on

the charge carrier density and mobility in the film. [49,63,190]

TA of PTB7-Th:PC60BM

Having verified the bimolecular formation process in PM6:PC60BM, we can now ad-

dress the eventual appearance of non-geminate BCT in the second blend PTB7-

Th:PC60BM. Figure 8.7a shows the time-dependent TA spectra of PTB7-Th:PC60BM in

the NIR region up to 1900ps after photoexcitation at 700nm. The TA spectra show two

PIA signatures at 0.1− 0.15ps: One PIA feature peaking at 1125nm and one broader

PIA band extending towards 1450nm. Since this also occurs in neat donor PTB7-Th

films [26], it can be attributed to S1 states on the PTB7-Th. As in PM6:PC60BM, the rapid

quenching of the PTB7-Th S1 PIA within picoseconds indicates ultrafast electron trans-

fer from the polymer to the fullerene. The earlier PIA signature at 1125nm can be at-

tributed to formed hole polarons located on the PTB7-Th. [274]

In contrast to PM6:PC60BM, the T1 formation here is noticeable by a broadening of

the low energy edge of the hole polaron PIA (1250−1300nm), which increases within

hundreds of picoseconds. Figure 8.7b shows the kinetics, extracted between 1250−
1300nm, for different fluences (0.6µJcm−2, 1.2µJcm−2 and 3.6µJcm−2). The clearly vis-

ible fluence dependence for later timescales indicates a bimolecular formation mecha-

nism. This result suggests that the extracted signature corresponds to the PIA of PTB7-

Th T1 states, which is consistent with literature reports, and overlaps with the PIA of

hole polarons. [274]
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Figure 8.7: TA spectroscopy of PTB7-Th:PC60BM blend studied. a) Time-dependent TA
spectra in the NIR region after photoexcitation at 700nm with a fluence of 3.6µJ cm−2. The
PTB7-Th S1 PIA band around 1400nm decays within the first picoseconds due to electron
transfer to PC60BM, leaving behind the PTB7-Th hole polaron PIA at 1125nm. Over hun-
dreds of picoseconds, a new PIA band on the low energy edge of the hole polaron around
1300nm begins to grow in, indicating recombination into PTB7-Th T1 states. b) TA kinetics
extracted between 1250−1300nm for different fluences. The fluence dependence of the T1

PIA region growth shows that T1 formation occurs following the bimolecular recombination
of free charge carriers. All TA measurements were performed at T = 293K. Measurements
and evaluation performed by A. J. Gillett.

8.3 Complementarity of PLDMR, trEPR and TA

The analysis showed that by leveraging the strengths of the three techniques, a com-

plete picture of T1-formation pathways in OSCs can be obtained, which are summa-

rized in Table 8.1. The following section discusses concluding the complementarity

and important differences of the three techniques presented by comparing their indi-

vidual characteristics.

Beginning with a comparison of the magnetic resonance techniques, both PLDMR

and trEPR provide a direct way for the study of T1 states. Both methods are typically

performed at cryogenic temperatures to slow exciton kinetics and enhance spin po-

larization. In trEPR, sample excitation is provided by nanosecond laser pulses, giving

the technique, depending on the Q factor of the resonator (see ch. 4.3.1), a time reso-

lution of hundreds of nanoseconds up to microseconds. In contrast, PLDMR is based

on continuous optical excitation, enabling only steady-state populations to be probed.

While trEPR produces a characteristic spin polarization on the T1 states after the short

laser pulse, allowing to distinguish between population mechanisms, the T1 formation

pathways in PLDMR cannot be easily resolved. However, the higher energy of optical
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photons compared to microwave photons allows for higher sensitivity of optical detec-

tion, making PLDMR sensitive to all T1 states that are coupled to luminescence, includ-

ing minor pathways. [247] Additionally, steady-state conditions can enhance spin polar-

ization on the T1 state due to unequal recombination rates or accumulation, leading

to annihilation effects such as TTA. The resulting exceptional sensitivity of this method

thus allows the detection of usually low spin polarized pathways, such as non-geminate

BCT.

The comparison between PLDMR spectra and trEPR spectra showed slight differ-

ences in the ordering and ZFS parameters. The reason being that trEPR studies all

(highly) spin-polarized triplet states via detection of microwave absorption and emis-

sion, while PLDMR studies only the triplet states associated with luminescence, e.g.

via TTA or (reverse) ISC. [139,153] The higher ordering parameter in PLDMR suggests that

the PLDMR signal primarily stems from ordered (crystalline) polymer domains, where

TTA is efficient [207,208], rather than from amorphous domains, which are also probed

by trEPR. The same effect is visible upon mixing PTB7-Th with PC60BM: while PLDMR

shows an extreme change in order and ZFS parameters upon blending, trEPR exhibits

only minor changes, allowing the conclusion that crystalline domains are most affected

when mixed with PC60BM.

In order to reliably assign bimolecular processes, TA spectroscopy is a valuable tech-

nique. Since this ultrafast optical spectroscopy method is not dependent on spin po-

larization, its strength lies here in the detection of non-geminate BCT and is able to

assign this process by fluence-dependent measurements. TA spectroscopy can track

the formation of T1 with excellent time resolution from femtoseconds to milliseconds,

allowing the study of photophysical processes up to room temperature. As a result,

this method is most comparable to real devices, in contrast to magnetic resonance,

which is performed at cryogenic temperatures. The combination of all three spin-

sensitive measurement techniques provides a detailed insight into the exciton path-

ways in fullerene-based blends (Table 8.1): While TA detects non-geminate BCT in both

fullerene blends, trEPR detects SOC-induced ISC and BCT of geminate triplet excitons.

PLDMR confirms triplet excitons produced by all three pathways due to its high sen-

sitivity, while additionally detecting minor PC60BM pathways. All three measurement

methods confirmed that the long-lived triplet states are formed on the polymer by de-

termining PIAs, ZFS parameters, or positions of HF signals. Given the energy difference

to CT states, these polymer triplet states are unable to contribute to the device perfor-

mance, increasing the crucial voltage loss and presenting a target for device degrada-

tion.
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Table 8.1: Summary of T1 formation pathways detected by each technique in PM6:PC60BM
and PBT7-Th:PC60BM. While PLDMR detects T1 states by all formation pathways, trEPR
can distinguish between geminate pathways, i.e., geminate BCT and SOC-induced ISC. TA
confirms the presence of non-geminate BCT. All techniques identify T1 states on the donor
(D), while PLDMR detects also weak signitures of T1 states on the acceptor (A). ZFS param-
eters are given for trEPR and PLDMR for the dominant donor triplet signal.

Blend
Non-geminate

BCT

Geminate

BCT

SOC-induced

ISC

D/h, E/h

[MHz]
T1 location

PM6:PC60BM
TA

-

trEPR (5µs)

trEPR (1µs)

trEPR (5µs)

1300, 140

1220, 40
D

PLDMR 1500, 70 D, A (weak)

PTB7-Th:PC60BM
TA

trEPR (1µs)

trEPR (5µs)

trEPR (1µs)

trEPR (5µs)

1050, 200

1143, 164
D

PLDMR 1470, 180 D, A (weak)

8.4 Conclusion

This chapter showed that the application of the complementary techniques of PLDMR,

trEPR, and TA spectroscopy can generate a complete picture of triplet T1 formation

pathways in OSCs. By applying this approach to two fullerene-based OSC model sys-

tems, the ability to unravel the role of triplet states in OSCs has been demonstrated

by identifying both, the molecular localization and the formation mechanism for the

broad spectrum of T1 states in these systems. Thus, in addition to exhibiting the non-

geminate pathway and SOC-induced ISC to T1 states, the measurements have shown

that fullerene-based blends frequently exhibit also the geminate BCT mechanism. [47,235]

This is in clear contrast to the more efficient NFA-based OSC systems from the previ-

ous chapter, whose geminate BCT pathway appears to be absent, consistent with their

improved performance. [49] The geminate BCT mechanism is thereby attributed to iso-

lated fullerene molecules trapped in the alkyl side chains of the donor polymers, sug-

gesting that good purity of the donor and acceptor phases is key to suppressing this

process. [254,258,259,261] The previous and this chapter have shown that the presented

experimental framework is applicable to both fullerene and NFA blends and will be

valuable for the future research task of engineering out recombination pathways via T1

states in OSCs.
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8.5 Additional Information

8.5 Additional Information

Contribution to this chapter

This chapter is based on a collaborative work: A. J. Gillett1 performed and evaluated

the TA measurements (section 8.2.3, Figure 8.6, Figure 8.7). A. Privitera2,3 and W. K.

Mayers4 conducted, evaluated and fitted the trEPR measurements (section 8.2.2, Fig-

ure 8.4, Figure 8.5). The samples for TA and magnetic resonance measurements were

prepared by A. J. Gillett1. The TA measurements were performed in the Cavendish Lab-

oratory at the University of Cambridge, the setup specifics can be found in the Exper-

imentals (ch. 4.3.5). The trEPR measurements were performed at the Centre for Ad-

vanced ESR at the University of Oxford. The setup principle is comparable to trEPR

setup given in the Experimentals (ch. 4.3.1) with specific components given in Ref. [26].

1Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge, UK
2Clarendon Laboratory, University of Oxford, Parks Road, Oxford, UK
3Department of Chemistry, University of Torino, Via Giuria, Torino, IT
4Centre for Advanced ESR, Inorganic Chemistry Laboratory, University of Oxford, South

Parks Road, Oxford, UK
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9 Summary

The present thesis addressed the identification and characterization of spin states in

optoelectronic materials and devices using multiple spin-sensitive techniques. For

this purpose, a systematic study with focus on triplet states as well as associated loss

pathways and excited state kinetics was carried out. The research was based on com-

paring a range of donor:acceptor systems, reaching from organic light emitting diodes

(OLEDs) based on thermally activated delayed fluorescence (TADF) to organic photo-

voltaics (OPV) employing fullerene and multiple non-fullerene acceptors (NFAs). By

developing new strategies, e.g., appropriate modeling, new magnetic resonance tech-

niques and experimental frameworks, the influence of spin states in the fundamental

processes of organic semiconductors could be investigated. Thereby, the combina-

tion of techniques based on the principle of electron paramagnetic resonance (EPR), in

particular transient EPR (trEPR) and optically detected magnetic resonance (ODMR),

with all-optical methods, such as transient electroluminescence (trEL) and transient

absorption (TA), have been employed. As a result, excited spin states, in particular

molecular and charge transfer (CT) states, were investigated in terms of kinetic behav-

ior and associated pathways, which revealed a significant impact of triplet states on

efficiency-limiting processes in both optoelectronic applications.

First, the characterization of the excited state kinetics in exciplex-based OLEDs was

carried out by trEL on the model system of m-MTDATA:3TPYMB. For the analysis, a

new suitable kinetic model for electrically driven TADF OLEDs including second order

effects was developed. This model is especially useful for trEL on exciplex-based TADF

OLEDs, as the non-absorbing exciplex states render the rates extraction in trPL infea-

sible and the higher triplet density in electrical excitation additionally enhances the

probability of annihilation effects. A suitable fit procedure was developed for the ap-

plication of this kinetic model to investigate the influence of efficiency-limiting effects

in operational OLEDs, whereby a thoroughly analysis revealed triplet-triplet annihila-

tion (TTA) to be the dominant second-order effect. Remarkably, TTA accounts for a

significant part to triplet depopulation in these exciplex-based TADF OLEDs as a result

of a moderate reverse intersystem crossing (RISC) rate and high triplet density, lead-

ing to TTA depopulating the triplet states by 50% at room temperature. Since TTA is a

less efficient triplet harvesting mechanism in contrast to the TADF characteristic RISC

process, these results revealed an important efficiency-limiting loss channel.
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To get a deeper insight into the role of the triplet states in donor:acceptor systems,

magnetic resonant conditions were applied. Therefore, a technique of transient opti-

cally detected magnetic resonance (trODMR) was developed, presenting a spectral and

time-resolved method that directly probes spin-states associated with photolumines-

cence (trPLDMR) or electroluminescence (trELDMR). The advantages of the technique

lie in the direct PL or EL detection and additional temporal component in contrast to

continuous-wave (cw) ODMR application, allowing to precisely determine the differ-

ent signals’ spectral contributions with absolute sign and amplitude. Noteworthy, the

previously investigated electrically driven devices revealed significant differences in in-

termediate triplet states in comparison to optically excited thin films. Optical excita-

tion must therefore be treated with special caution, since additional spin states could

be studied, although the emitting final state may be identical in devices and thin films.

Thereby, this method has proven its usefulness in donor:acceptor systems not only on

TADF-based OLEDs and thin films, but also on OPV materials employing state-of-the-

art NFAs, where the involvement of even molecular triplet excitons in luminescence

has been evidenced.

To extend the studies on OPV systems, further spin-sensitive techniques, in partic-

ular cwPLDMR and trEPR, corroborated with TA measurements, have been applied to

provide a strong insight into molecular triplet states and associated efficiency-limiting

processes. These complementary methods were applied on the one hand to state-of-

the-art donor:acceptor combinations employing (non-) halogenated donors PBDB-T,

PM6 and PM7 and acceptors Y6 and Y7 to indentify long-lived triplet states and their

generation pathways to the NFA in all blends. Thereby, the major contributions ev-

idenced in all blends was hole back transfer (HBT) from CT states, formed via non-

geminate recombination of free charge carriers. Remarkably, the blends with best per-

forming halogenated donors also yielded a geminate triplet pathway by spin-orbit cou-

pling (SOC) induced intersystem crossing (ISC). Regarding the impact of halogenation

on excited state kinetics, in particular the competing singlet depopulating ISC and hole

transfer (HT) rates, shifting HOMO levels or heavier halogen atoms were determined

to have a minor influence. However, increased ISC yield with halogenated donors in-

dicate incomplete charge carrier generation in these blends, suggesting an adverse im-

pact of domain aggregation. Thus, halogenation of OPV materials may show better

device performance but not avoid or eventually even enhances triplet generation.

To compare state-of-the-art NFA acceptors with traditionally used fullerene accep-

tors, the spin-sensitive methods were additionally applied to fullerene-based OSCs,

PTB7-Th:PCBM and PM6:PCBM. Furthermore, the focus was concluding on the com-

plementarity of the spin-sensitive methods PLDMR, trEPR and TA, as each of these
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methods is suitable for investigating a specific (sub)set of triplet formation pathways.

While PLDMR is able to detect all triplet states with high sensitivity, including minor

triplet pathways, trEPR reveals spin dynamics of geminate pathways. TA pursues the

experimental framework through assigning non-geminate back charge transfer (BCT),

giving the opportunity to disentangle all present pathways in OPV materials. Conse-

quently, geminate BCT could be identified and assigned in fullerene-based blends in

addition to the non-geminate pathway and SOC-induced ISC, standing in clear con-

trast to better performing NFA-based blends. The presence of this geminate BCT is

suggested to be caused by isolated fullerene molecules trapped in the alkyl side chains

of the donor polymer.

The results of the fullerene- and NFA-based studies both indicate that, in addition to

photophysical properties, morphology plays an important role, whereby good purity

of the donor and acceptor phases in the diffusion length exciton size could reduce or

even suppress triplet loss processes. Furthermore, they pay attention that the future

research goal should lie in preventing the triplet formation pathways in state-of-the-

art donor:acceptor combinations to make a sizable efficiency step in plateauing OSC

efficiencies.

To conclude, this thesis contributed to the deeper understanding of optoelectronic

materials and devices by investigating involved spin states, excited state kinetics and

associated efficiency-limiting pathways. The extensive studies on different materials

and devices for application in OLEDs and OPVs revealed the necessity for both sys-

tems to prevent the identified loss processes, especially represented by accumulation

or formation of triplet excitons. The powerful toolbox of spin-sensitive techniques and

evaluation methods developed in this thesis was thereby able to provide an insight and

solution approaches to the important future research goal of increasing the efficiency

of organic optoelectronic devices.
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Zusammenfassung

Die vorliegende Arbeit befasste sich mit der Identifizierung und Charakterisierung von

Spinzuständen in optoelektronischen Materialien und Bauelementen unter Verwen-

dung mehrerer spinsensitiver Techniken. Dazu wurde eine systematische Studie mit

Schwerpunkt auf Triplett-Zuständen sowie den damit verbundenen Verlustpfaden und

der Kinetik der zugehörigen angeregten Zustände durchgeführt. Der Schwerpunkt lag

auf dem Vergleich einer Reihe von Donor:Akzeptor-Systemen, die von organischen

Leuchtdioden (engl. organic light emitting diodes, OLEDs), basierend auf thermisch

aktivierter verzögerter Fluoreszenz (engl. thermally activated delayed fluorescence,

TADF), bis hin zu organischer Photovoltaik (OPV), unter Verwendung von Fulleren

und mehreren Nicht-Fulleren Akzeptoren (NFAs), reichten. Durch die Entwicklung

neuer Strategien, z.B. adäquater Modellierung, neuer Techniken im Bereich der Mag-

netresonanz und experimenteller Konzepte, konnte der Einfluss von Spinzuständen

auf die grundlegenden Prozesse organischer Halbleiter untersucht werden. Dabei

wurden Techniken, die auf dem Prinzip der Elektronenspinresonanz (engl. electron

paramagnetic resonance, EPR) basieren, insbesondere transientes EPR (trEPR) und op-

tisch detektierte Magnetresonanz (ODMR), mit rein optischen Methoden, wie tran-

sienter Elektrolumineszenz (trEL) und transienter Absorption (TA), kombiniert. Resul-

tierend wurden angeregte Spinzustände, insbesondere molekulare und Ladungstrans-

fer (engl. charge transfer, CT) Zustände, im Hinblick auf das kinetische Verhalten und

assoziierten Exzitonpfaden untersucht, wobei ein bedeutender Einfluss von Triplett-

Zuständen auf effizienzlimitierende Prozesse in beiden optoelektronischen Anwen-

dungen aufgezeigt wurde.

Zunächst wurde die Kinetik der angeregten Zustände in Exciplex-basierten OLEDs

anhand trEL am Modellsystem m-MTDATA:3TPYMB charakterisiert. Für die Ana-

lyse wurde ein neues kinetisches Modell für elektrisch betriebene TADF-OLEDs ent-

wickelt, das Effekte zweiter Ordnung berücksichtigt. Dieses Modell ist besonders

nützlich für trEL an Exciplex-basierten TADF-OLEDs, da die nicht absorbierenden

Exciplex-Zustände die Ratenextraktion in trPL unpraktikabel machen und die höhere

Triplettdichte bei elektrischer Anregung zusätzlich die Wahrscheinlichkeit von Anni-

hilationseffekten erhöht. Für die Anwendung dieses kinetischen Modells wurde ein

geeignetes Fit-Verfahren entwickelt, um den Einfluss von effizienzlimitierenden Effek-

ten in betriebsfähigen OLEDs zu untersuchen. Dabei zeigte eine ausführliche Analyse,
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dass Triplett-Triplett-Annihilation (TTA) der dominierende Effekt zweiter Ordnung

ist. Bemerkenswerterweise trägt TTA in diesen Exciplex-basierten TADF-OLEDs auf-

grund einer moderaten RISC-Rate (engl. reverse intersystem crossing) und einer hohen

Triplettdichte zu einem erheblichen Teil zur Triplettdepopulation bei, wobei der TTA

Anteil bei Raumtemperatur bis zu 50% erreicht. Da TTA im Gegensatz zu dem für TADF

charakteristischen RISC-Prozess ein weniger effizienter Triplett-Erntemechanismus

ist, zeigten diese Ergebnisse einen wichtigen effizienzlimitierenden Verlustweg auf.

Um einen detaillierteren Einblick in die Rolle der Triplett-Zustände in

Donor:Akzeptor-Systemen zu erhalten, wurden die optoelektronischen Material-

systeme mit Magnetresonanzmethoden untersucht. Dazu wurde die Technik der

transienten optisch detektierten Magnetresonanz (trODMR) entwickelt, die eine spek-

trale und zeitaufgelöste Methode darstellt, mit der Spinzustände in Verbindung mit

Photolumineszenz (trPLDMR) oder Elektrolumineszenz (trELDMR) direkt untersucht

werden können. Die Vorteile der Technik liegen in der direkten PL- oder EL-Detektion

und der zusätzlichen zeitlichen Komponente, wodurch die spektralen Beiträge der

verschiedenen Zustände mit absolutem Vorzeichen und Amplitude genau bestimmt

werden können. Interessanterweise zeigten die zuvor untersuchten elektrisch be-

triebenen OLEDs signifikante Unterschiede in den intermediären Triplett-Zuständen

im Vergleich zu optisch angeregten Dünnfilmen. Optische Anregung muss daher mit

besonderer Vorsicht behandelt werden, da trotz identisch emittierendem Endzustand

von OLEDs und Dünnfilmen zusätzliche Spinzustände untersucht werden könnten.

Die entwickelte Methode hat ihre Nützlichkeit in Donor:Akzeptor-Systemen nicht

nur an TADF-basierten OLEDs und Dünnfilmen bewiesen, sondern auch an auf

modernsten NFA basierenden OPV-Materialien, wobei hier auch die Beteiligung von

molekularen Triplett-Exzitonen an der Lumineszenz nachgewiesen werden konnte.

Zur Erweiterung der Forschung an OPV-Systemen wurden weitere spinsensitive

Techniken, insbesondere cwPLDMR und trEPR, in Verbindung mit TA-Messungen

angewendet, um einen detaillierten Einblick in molekulare Triplett-Zustände und

damit verbundene effizienzlimitierende Prozesse zu erhalten. Diese komplementären

Methoden wurden einerseits auf die neuesten Donor:Akzeptor-Kombinationen mit

den (nicht-) halogenierten Donoren PBDB-T, PM6 und PM7 und den NFAs Y6 und Y7

angewandt, um langlebige Triplett-Zustände und ihre Entstehungspfade zum NFA zu

untersuchen. Dabei ergab den Hauptbeitrag in allen Mischungen der Lochrücktrans-

fer von CT-Zuständen, die durch Rekombination von freien Ladungsträgern entste-

hen (engl. non-geminate recombination). Die Mischungen mit den vielversprechen-

den halogenierten Donoren ergaben sogar zusätzlich einen Übergang vom angeregten

Singulett zum Triplett-Zustand (engl. intersystem crossing, ISC), induziert durch
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Spin-Bahn Kopplung (engl. spin-orbit coupling, SOC). Hinsichtlich der Auswirkun-

gen der Halogenierung auf die Kinetik der angeregten Zustände, insbesondere auf

die konkurrierenden Singulett-depopulierenden ISC- und Lochtransferraten, wurde

ein vernachlässigbarer Einfluss der Verschiebung von HOMO-Niveaus oder schwe-

reren Halogenatomen festgestellt. Die erhöhte ISC-Ausbeute mit halogeniertem Donor

weist jedoch auf eine unvollständige Ladungsträgergenerierung in diesen Mischungen

hin, was auf einen konkurrierenden negativen Einfluss der Domänenaggregation hin-

deutet. Somit wurde gezeigt, dass Halogenierung die allgemeine Leistung zwar erhöht,

die Bildung von Triplett-Exzitonen aber nicht verhindert oder eventuell sogar verstärkt.

Um die modernen NFA-Akzeptoren mit den traditionell verwendeten Fulleren-

Akzeptoren zu vergleichen, wurden die spinsensitiven Methoden zusätzlich auf

Fulleren-basierte OSCs, PTB7-Th:PCBM und PM6:PCBM, angewendet. Darüber

hinaus lag der Schwerpunkt auf der Komplementarität der spinsensitiven Metho-

den PLDMR, trEPR und TA, da jede dieser Methoden für die Untersuchung eines

bestimmten (Teil-) Bereichs von Triplettbildungswegen geeignet ist. Während

PLDMR sämtliche Triplett-Zustände mit hoher Empfindlichkeit nachweisen kann,

einschließlich schwach beteiligter Triplettpfade, ermöglicht trEPR die Untersuchung

der Spindynamik von Triplettexzitonen, die aus einer gepaarten Photoanregung

(engl. geminate pair) stammen. TA erweitert das experimentelle Konzept durch die

Zuweisung von Ladungsrücktransfer aus Rekombination von freien Ladungsträgern,

wodurch alle vorhandenen Pfade in OPV-Materialien entschlüsselt werden können.

Folglich konnte gepaarter Ladungsrücktransfer in Fulleren-basierten Kombinationen

zusätzlich zum nicht-gepaarten Pfad und SOC-induzierter ISC identifiziert und zu-

geordnet werden, was in deutlichem Gegensatz zu den effizienteren NFA-basierten

Mischungen steht. Das Auftreten dieses gepaarten Rücktransfers wird auf isolierte

Fullerenmoleküle zurückgeführt, die in den Alkylseitenketten des Donorpolymers

gefangen sind. Die Ergebnisse der Fulleren- und NFA-basierten Studien deuten darauf

hin, dass neben den photophysikalischen Eigenschaften auch die Morphologie eine

wichtige Rolle spielt, wobei eine gute Reinheit der Donor- und Akzeptorphasen in der

Größe der Exzitonsdiffusionslänge Triplett-Verlustprozesse reduzieren oder sogar un-

terdrücken könnte. Darüber hinaus sollte das Hauptziel der weiteren Forschung darin

bestehen, die Pfade zur Triplettbildung in modernen Donor:Akzeptor-Kombinationen

zu unterbinden, um einen beträchtlichen Effizienzsprung bei den momentan sättigen-

den OSC-Effizienzen zu erreichen.

Zusammenfassend hat diese Arbeit zu einem tieferen Verständnis von optoelek-

tronischen Materialien und Bauelementen beigetragen, indem sie die beteiligten

Spinzustände, die Kinetik der angeregten Zustände und die damit verbundenen Ver-
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lustpfade untersuchte. Anhand der umfangreichen Studien zu verschiedenen Ma-

terialien und Bauelementen für die Anwendung in OLEDs und OPVs konnte für

beide Forschungsbereiche die Notwendigkeit aufgezeigt werden, die identifizierten

effizientlimitierenden Prozesse zu verhindern. Das in dieser Arbeit vorgestellte leis-

tungsstarke Portfolio an spinsensitiven Techniken und Evaluierungsmethoden konnte

einen Einblick und Lösungsansätze für das weitere Forschungsziel liefern, die Effizienz

von organischen optoelektronischen Bauelementen zu steigern.
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10 Appendix

Appendix to ch. 5: Kinetic Modeling of Transient

Electroluminescence reveals E�ciency-Limiting Process in

Exciplex-Based TADF OLEDs

Python-Script for Fitting trEL Data:

For fitting the transient EL measurements from Figure 5.2, an iterative procedure (for-

ward Euler method) was used, in which the rate equations are solved by stepwise inte-

gration with a timestep ∆t , small enough to properly model the data. The fitting was

realized by a standard Levenberg-Marquardt algorithm, implemented in the Scipy li-

brary (v. 1.1.0) in Python (v. 3.7.6), using the simulated rate equation model as fitting

function. The script used for the iterative solution of the rate equations including cal-

culation of loss processes and contribution to EL looks as follows:

def trEL(x,kr,knr,kT,kisc,krisc,kTP,kTT,kST,kSP,j,T,E):

Input parameter:

x −> time vector
kr, knr, kT, kisc, krisc −> direct transition rates
kTP, KTT, kST, kSP −> 2nd order transitions
j −> operating current
T −> temperature
E −> energy

y = 6.86e−11 # epsilon_r=2.9 (in cm)

e = 1.6e−19 # elementary charge

d = 70e−7 # OLED emission layer thickness (in cm)

dt = 0.0000001 # time step

n = int(0.01/dt) # steps in simulated time interval

n1 = int(n/2) # turn−off point

# State vectors

S1 = np.zeros(n) # Singlet population

T1 = np.zeros(n) # Triplet population

m = np.zeros(n) # Polaron population

tim = np.zeros(n) # Time vector population

tim[0] = −n1*dt



10 Appendix

EL = np.zeros(n) # EL−signal from Singlet
dEL = np.zeros(n) # normalized EL

# Loss processes

TTA_loss = np.zeros(n) # non−radiative TTA loss
TTA_sing = np.zeros(n) # TTA singlet repopulation

RISC_loss = np.zeros(n) # Triplet depopulation by RISC

kT_loss = np.zeros(n) # non−radiation Triplet decay

# Contributions to EL

n_TTA = np.zeros(n) # TTA recombination

n_RISC = np.zeros(n) # RISC

n_pol = np.zeros(n) # Polaron contribution

n_TTA_norm = np.zeros(n)

n_RISC_norm = np.zeros(n)

n_pol_norm = np.zeros(n)

# Scaling krisc with Boltzmann factor:

z = ((1/200)−(1/T))*(1/8.61733e−5)
krisc = krisc*math.exp(z*E)

# Interative simulation on complete time vector

for i in range(1,n):

if i<n1: #Time interval with OLED on

tim[i] = tim[i−1]+dt
m[i] = m[i−1] + (j/(e*d) − y*m[i−1]*m[i−1])*dt
S1[i] = S1[i−1]+(−(kr+knr)*S1[i−1]+krisc*T1[i−1]−kisc*S1[i−1]

+(1/4)*kTT*T1[i−1]*T1[i−1]−kST*T1[i−1]*S1[i−1]
−2*kSP*m[i−1]*S1[i−1]+0.25*y*m[i−1]*m[i−1])*dt

T1[i] = T1[i−1]+(−kT*T1[i−1]−krisc*T1[i−1]+kisc*S1[i−1]
−2*kTP*m[i−1]*T1[i−1]−(5/4)*kTT*T1[i−1]*T1[i−1]
+0.75*y*m[i−1]*m[i−1])*dt

EL[i] = kr*S1[i]

#Loss processes of Triplet States

TTA_loss[i] = (5/4)*kTT*T1[i]*T1[i]
TTA_sing[i] = (1/4)*kTT*T1[i]*T1[i]
RISC_loss[i] = krisc*T1[i]
kT_loss[i] = kT*T1[i]

#Contribution to EL

n_TTA[i] = n_TTA[i−1]+((1/4)*kTT*T1[i−1]*T1[i−1]
−(kr+knr+kisc)*n_TTA[i−1])*dt

n_RISC[i] = n_RISC[i−1]+(krisc*T1[i−1]
−(kr+knr+kisc)*n_RISC[i−1])*dt

n_pol[i] = n_pol[i−1]+(0.25*y*m[i−1]*m[i−1]
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−(kr+knr+kisc)*n_pol[i−1])*dt

if n1<=i and i<n: # Time interval after turnoff, transient decay

tim[i] = tim[i−1]+dt
m[i] = m[i−1] +(− y*m[i−1]*m[i−1])*dt
S1[i] = S1[i−1]+(−(kr+knr)*S1[i−1]+krisc*T1[i−1]−kisc*S1[i−1]

+(1/4)*kTT*T1[i−1]*T1[i−1]−kST*T1[i−1]*S1[i−1]
−2*kSP*m[i−1]*S1[i−1]+0.25*y*m[i−1]*m[i−1])*dt

T1[i] = T1[i−1]+(−kT*T1[i−1]−krisc*T1[i−1]
+kisc*S1[i−1]−2*kTP*m[i−1]*T1[i−1]
−(5/4)*kTT*T1[i−1]*T1[i−1]+0.75*y*m[i−1]*m[i−1])*dt

EL[i] = kr*S1[i]

#Loss processes of Triplet States

TTA_loss[i] = (5/4)*kTT*T1[i]*T1[i]
TTA_sing[i] = (1/4)*kTT*T1[i]*T1[i]
RISC_loss[i] = krisc*T1[i]
kT_loss[i] = kT*T1[i]

#Contribution to EL

n_TTA[i] = n_TTA[i−1]+((1/4)*kTT*T1[i−1]*T1[i−1]
−(kr+knr+kisc)*n_TTA[i−1])*dt

n_RISC[i] = n_RISC[i−1]+(krisc*T1[i−1]
−(kr+knr+kisc)*n_RISC[i−1])*dt

n_pol[i] = n_pol[i−1]+(0.25*y*m[i−1]*m[i−1]
−(kr+knr+kisc)*n_pol[i−1])*dt

# normalize contribution to EL on steady−state singlet population
n_TTA_norm = n_TTA/(S1[n1−100])*100
n_RISC_norm = n_RISC/(S1[n1−100])*100
n_pol_norm = n_pol/(S1[n1−100])*100

# normalize simulation

for i in range(1,n):

dEL[i] = EL[i]/EL[n1−100]

# interpolate dEL output on x−vector (to allow fitting)
dEL_out = np.interp(x,tim,dEL)

# Outputs

return dEL_out, tim, TTA_loss, TTA_sing, RISC_loss , kT_loss, n_TTA, n_RISC, n_pol,

n_TTA_norm , n_RISC_norm , n_pol_norm
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Transformation of TTA rate

The TTA process is split up into three parts, either forming a quintet, triplet or the

singlet state. Hence, the individual loss-rates with respect to the original triplet popu-

lation are given by the probability of the transition multiplied with the number of lost

triplets (0 for quintet, 1 for triplet and 2 for singlet) or transferred to the singlet state (0

for quintet, 0 for triplet and 1 for singlet) in the process. This results in rates of 5
9 k

′
TT

for the depopulation of the triplet state and 1
9 k

′
TT for the population of the singlet state

through TTA. Defining kTT = 9
4 k

′
TT, these rates can be transformed to the following:

dT1

d t
= ...−

(
0 · 5

9
+1 · 3

9
+2 · 1

9

)
= ...− 5

9
k

′
TT

kTT= 9
4 k

′
TT= ...− 5

4
kTT

dS1

d t
= ...+

(
0 · 5

9
+0 · 3

9
+1 · 1

9

)
= ...+ 1

9
k

′
TT

kTT= 9
4 k

′
TT= ...+ 1

4
kTT

(10.1)

Appendix to ch. 7: Triplet States and their Generation

Pathways in (Non-) Halogenated PBDB-T:Y-Series

Table 10.1: Energy values for donor polymers PBDB-T, PM6, PM7 and acceptors Y6, Y7.
S1 and CT energies of experimentally determined values are taken from given references
(Averaged values). Triplet energies are determined by subtraction of calculated ∆EST from
S1. CT singlet and triplet energies are treated as isoenergetic. Triplets in blends are localized
on acceptor molecules populated by different formation mechanisms (ng = non-geminate).
The CT value for PM7:Y7 is assumed to be identical with PM6:Y6 because PM6 and PM7
have identical energy levels.

Material T1 [eV] ∆ EST [eV] T1, T2 [eV] CT [eV] Triplets Mechanism Ref.

PBDB-T 1.85 0.40 1.45 ISC [175,275]

PM6 1.92 0.41 1.51 ISC [191,276]

PM7 1.92 0.41 1.51 ISC [277]

Y6 1.39 0.56, 0.35 0.83, 1.04 ISC [71,200,205,275,276,278]

Y7 1.40 0.55, 0.34 0.85, 1.06 ISC [279]

PBDB-T:Y6 1.35 Y6 HBT (ng) [214]

PM6:Y6 1.37 Y6 ISC, HBT (ng) [49,88,205,275,278]

PM7:Y6 1.37 Y6 ISC, HBT (ng) [193]

PBDB-T:Y7 1.36 Y7 HBT (ng) [193]

PM6:Y7 1.38 Y7 ISC, HBT (ng) [214]

PM7:Y7 1.38 Y7 ISC, HBT (ng) n.a.
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EasySpin Simulation Parameter

Table 10.2: Parameter for PLDMR spectral simulations using the MATLAB tool EasySpin for
spin-coated substrates of Figure 7.1 and Figure 10.1. Parameters given are the ZFS parame-
ters D and E , ordering factors λΘ,λφ, the spectral linewidth with Gaussian and Lorentzian
contributions [Gaussian Lorentzian] and the weight of the signal. *: E value cannot be de-
termined due to high ordering.

Donor Acceptor CT-state

Film D/h, E/h [MHz] λθ,λφ LW [mT] Weight D/h, E/h [MHz] λθ,λφ LW [mT] Weight LW [mT] Weight

Y6 940, 200∗ 11.0, 0 [6.8 0] 0.7
[0 2.5]

[0 0.9]

0.30

-0.19

PBDB-T
1500, 120

1500, 120

7.1, 0

-1.5, 4.0

[4.5 0]

[0 8.9]

0.37

0.27
[1 1.4] 0.36

PM6

1500, 120

1500, 120

1500, 75

11.4, 0

-2.0, 8.0

-1.0, -5.0

[4 0]

[0 8]

[0 5]

0.40

0.12

0.28

[0 1] 0.20

PM7

1510, 120

1510, 120

1510, 50

8.0 0

-2.0 7.0

-2.0 0

[4 0]

[0 8]

[0 7]

0.48

0.20

0.20

[0 1.4] 0.12

PBDB-T:Y6 1040, 200∗ 4.5, 0 [7 0] 0.20 [0.8 1.8] 0.80

PM6:Y6 1020, 200∗ 5.5, 0 [7 0] 0.15 [0.8 2.2] 0.85

PM7:Y6 1000, 200∗ 5.5, 0 [7 0] 0.38 [0.9 2.5] 0.62

Table 10.3: Parameter for trEPR spectral simulations using the Matlab tool EasySpin for
dropcasted samples from Figure 7.2 and Figure 10.3. Parameters given are the ZFS pa-
rameters D and E , ordering factors λΘ,λφ, relative zero-field populations, and the spectral
linewidth with Gaussian and Lorentzian contributions [Gaussian Lorentzian].

Donor Acceptor

Film D/h, E/h [MHz] λθ,λφ [px py pz ] Lw [mT] D/h, E/h [MHz] λθ,λφ [px py pz ] Lw [mT]

Y6 945, 215 0, 0 [0.00 0.66 0.34] [0 2]

Y7 850, 240 0, 0 [0.00 0.62 0.42] [0 1.5]

PBDB-T 1460, 95 0.68, 0.44 [0.00 0.51 0.49] [0 2.3]

PM6 1455, 100 0.42, -0.1 [0.00 0.56 0.44] [0 2.7]

PM7 1510, 120 0.35, 0.1 [0.00 0.53 0.47] [0 2.0]

PM6:Y6 995, 210 0.42, -0.1 [0.00 0.66 0.34] [0 3.2]

PM7:Y6 880, 160 0.35, 0.1 [0.00 0.66 0.34] [0 2.0]

PM6:Y7 900, 200 0.42, -0.1 [0.00 0.60 0.40] [0 4]

PM7:Y7 925, 200 0.35, -1.0 [0.00 0.60 0.40] [0 2.1]
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Additional PLDMR and trEPR spectra

PLDMR for donors PBDB-T, PM6, and PM7

Figure 10.1 shows PLDMR spectra of neat PBDB-T, PM6, and PM7 on spin-coated sub-

strates. The position of the HF signal and the width of the FF signal are similar (see Ta-

ble 10.2). All donors show a preferential molecular ordering on the substrate, whereby

they exhibit, in contrast to NFAs, a coexistence of edge-on and face-on orientation. [202,203]

The additional orientation leads to a shoulder in the HF signals and wings in the FF sig-

nal at 315 and 360mT.
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Figure 10.1: PLDMR spectra of the neat PBDB-T, PM6, and PM7 on spin-coated substrates.
The position of the HF signal and the width of the FF signal are similar. Additionally, all
PLDMR spectra show a considerable ordering.
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PLDMR for donor:Y7 blended thin films

Figure 10.2 shows PLDMR spectra of neat NFA Y7 and donors PBDB-T, PM6 and PM7

and their blends PBDB-T:Y7, PM6:Y7 and PM7:Y7. The same presence of NFA triplet

excitons can be found, whereby the width of the spectra are almost identical for Y6

blends in ch. 7. The measurements were performed on drop-cast samples, whereby

only the ordering factor is higher for spin-coated substrates, as the molecules show

preferential orientation on the substrate (face-on or edge-on orientation).
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Figure 10.2: PLDMR spectra of neat materials Y7, PBDB-T, PM6, and PM7 as well as their
blends PBDB-T:Y7, PM6:Y7 and PM7:Y7 on drop-cast samples. The position of the HF signal
and the width of the FF signal reveal Y7 triplet excitons in all blends.

trEPR for neat polymer, Y7 and donor:y7 blends

Figure 10.3 shows the trEPR spectra for neat polymers (left, recorded with Amplitude

Minilite II, see sec. 4.3.1) and donor:Y7 blends (right, recorded with Ekspla PL2210, see

sec. 4.3.1) with simulation parameters given in Table 10.3. Analogous to Figure 7.2,

blends with donor PM6 and PM7 show ISC yield, while there is no visible trEPR signal

in PBDB-T:Y7. Signal reduced in Y7 blends due to lower laser excitation power.
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Figure 10.3: trEPR spectra of neat PBDB-T, PM6, PM7 (left) and their blends PBDB-T:Y7,
PM6:Y7 and PM7:Y7 (right) on dropcasted samples. The width of the FF signal reveal Y7
triplet excitons in blends PM6:Y7 and PM7:Y7.

Appendix to ch. 8: Experimental Framework for Probing

Triplet Recombination Pathways in Organic Solar Cells

Table 10.4: Results of EasySpin simulations with axial (D) and rhombic (E) zero-field split-
ting parameters, ordering factors for distribution alongΘ andφ (λΘ, λφ), spectral linewidth
with Gaussian and Lorentzian contributions [Gaussian Lorentzian], weight (according to
normalized spectra) and g-factor. PC60BM shows two negative signals, likely corresponding
to PC60BM anion and cation. *: E value is determined from dropcast samples due to high
ordering of spin-coated samples. **: E value can not be determed due to high ordering.

Donor Acceptor CT-state

Film D/h, E/h [MHz] λθ,λφ LW / mT Weight D/h, E/h [MHz] λθ,λφ LW / mT Weight LW / mT Weight g

PC60BM 360, 50 -1, 0 [2.5, 0] 1.00
[0 0.3]

[0 0.2]

-0.03

-0.07

2.0012

2.004

PTB7-TH 1190, 180∗ 11, 0 [5 0] 0.78
[0 2]

[0 0.8]

0.22

-0.43

2.0042

2.0047

PTB7-TH:

PC60BM

1310, 180∗∗

1470, 180∗∗

7.5, -4

3, -4

[6 0]

[5 0]

0.0037

0.0064
320, 30 -1, 0 [2.5 0] 0.52

[0 1.8]

[0 0.35]

[0 0.6]

0.48

-0.03

-0.06

2.0044

2.0012

2.0037

PM6 1500, 70
1, 2

5.5, 3

[9 0]

[5 0]

0.52

0.30
[0 1.5] 0.18 2.0045

PM6:PC60BM 1500, 70
0.5, 3

5, 3

[9 0]

[5 0]

0.42

0.11
360, 50 [0 4] 0.10

[0 2.8]

[0 0.5]

[0 0.4]

0.37

-0.15

-0.09

2.0025

2.0012

2.0034
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Table 10.5: Results of EasySpin simulations with axial (D) and rhombic (E) zero-field split-
ting parameters, with assignment to triplets on donor (D) and acceptor (A). Two differ-
ent populating mechanisms have been considered: SOC-induced ISC and geminate BCT
with populations of zero-field states ([p1 p2 p3]) and for high-field levels ([p+ p0 p−])
Only Lorentzian broadening was considered to avoid over-parameterizing the fitting; the
linewidth is reported in units of mT. Last column reports the normalized root-mean-square-
deviation (NRMSD) of the fit. Evaluation performed by A. Privitera.

ISC triplet Geminate BCT triplet

Film D/h, E/h [MHz] T1 [ p1 p2 p3 ] LW [mT] Weight [ p+ p0 p− ] LW /mT Weight NRMSD

PC60BM

1µs
-237, 39 A [0.34 0.40 0.26] 1.59 0.66 [0 1 0] 2.08 0.34 0.02

PC60BM

5µs
-256, 35 A [0.40 0.38 0.22] 2.04 0.78 [0 1 0] 3.11 0.22 0.01

PM6

1µs
1410, 125 D [0.28 0.36 0.36] 8 0.08

PM6

5µs
135, 0 D [0.34 0.43 0.23] 5 0.10

PTB7-TH

1µs
1100, 160 D [0.12 0.43 0.23] 11 0.03

PTB7-TH

5µs
1050, 160 D [0.47 0.28 0.25] 8 0.04

PM6:PC60BM

1µs
1300, 140 D [0.14 0.52 0.34] 12 0.16

PM6:PC60BM

5µs
1220, 40 D [0.39 0.2 0.41] 13 0.57 [0 1 0] 5 0.43 0.04

PTB7-Th:PC60BM

1µs
1050, 200 D [0.37 0.33 0.30] 9 0.63 [0 1 0] 13 0.37 0.03

PTB7-Th:PC60BM

5µs
[1143 164] D [0.35 0.33 0.32] 7 0.78 [0 1 0] 11 0.22 0.04
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