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Abstract
Foldable mobile phones are becoming reality nowadays due to the display technology of
organic light emitting diodes (OLEDs). However, the efficiency of these OLEDs has still
room for improvement, and therefore their loss processes need to be studied. Tripletpolaron quenching (TPQ) is one of the main processes that affects the efficiency of
OLEDs, especially at high luminance levels. TPQ is a bimolecular process in which
a triplet exciton state is quenched by a polaron, resulting in the effective loss of a
triplet exciton, thus in the loss of efficiency. In this study, a method is described to
quantify the TPQ process in host-guest systems, which includes photoluminescence (PL)
experiments at various temperatures and kinetic Monte Carlo (kMC) and optical simulations. This method disentangles the field-induced exciton dissociation and triplet
polaron quenching at typical OLED operating conditions and shows that rate-equations
oversimplify the TPQ processes in OLEDs. Although the complexity of processes occurring simultaneously, by employing this method the roll-off curves of devices containing
the green phosphorescent emitter bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato) Iridium(III) (Ir(ppy)2 (acac)) and yellow phosphorescent emitter bis(2-benzo[b]thiophen-2ylpyridine)(acetylacetonate) Iridium(III) (Ir(BT)2 (acac)) were characterized, resulting in
a typical Förster radius of 4 nm for triplet-polaron quenching: the quenching of a triplet
exciton on a guest by a hole on a host. Additionally, a triplet binding energy of 1.0 eV
was found. Using these parameters, TPQ and field-induced triplet dissociation can be
implemented in kMC simulations to obtain a more complete description of excitonic loss
processes in OLEDs in a mechanistic manner.
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1

Introduction

The demand for full color displays based on organic electroluminescent materials has increased due to their advantages in comparison with conventional optoelectronic devices
[1–3]. Advantages such as low-cost fabrication, device flexibility, self-emissivity, reduced
weight and thickness, possible transparency, high contrast ratios, viewing angle independency, energy efficiency and decreased switching times have led the industry to switch
from liquid crystal display (LCD) technology to organic light emitting diode technology
(OLED) [4–7].
Although this shift in industry is only witnessed recently, the fabrication of the first
efficienct OLED was already reported in 1987 by Tang and VanSlyke [8]. By using the
low molecular weight organic molecule 8-hydroxyquinoline aluminum (Alq3 ), Tang and
VanSlyke managed to construct an electroluminescent device with an external quantum
efficiency of 1 %, a luminous efficacy of 1.5 lm/W and a brightness of over 1000 cd/m2 .
Unlike Tang and van Slyke, in 1990 Burroughes et al. reported the fabrication of the first
OLED containing a conjugated polymer as the active layer, by utilizing poly(p-phenylene
vinylene) [9].
And now, roughly 30 years after the fabrication of the first OLEDs, these promising
organic materials have already been implemented in the mobile phones people use on a
daily basis, such as the latest Samsung Galaxies and iPhones, showing a typical contrast
ratio of 1:2,000,000, maximum brightness of 1200 cd/m2 and even flexible displays [10, 11].

1.1

Organic Semiconductors

Organic semiconductor materials are materials that are primarily made up of organic
atoms, i.e. carbon and hydrogen, and mostly a small amount of heteroatoms, i.e. sulfur,
nitrogen and oxygen. Apart from the fact that these materials are organic molecules,
these materials also show semiconducting properties, such as absorption and emission
of light (predominantly within the visible range of the spectrum) and a sufficiently high
conductivity [12].
Unlike inorganic semiconductors, which have a well-defined conduction- and valence band
and a relatively small bandgap, organic semiconductors have a bandgap which is defined
by the difference in energy between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) [13]. The HOMO and LUMO levels
originate from the atomic orbitals of the separate atoms that are present within the
molecule. These atomic orbitals interact with each other and can be mathematically
combined to form molecular orbitals, e.g. by using the method of linear combination
of atomic orbitals (LCAO) [12]. These molecular orbitals will be filled with electrons
from the various atoms, which will result in a highest occupied and a lowest unoccupied
molecular orbital.
2

Another important characteristic of organic semiconductors is the relative permittivity
(also: dielectric constant), which is a property of a material that affects the Coulomb
interaction between two charged bodies. Compared to inorganic semiconductors, the
relative dielectric constant for organic semiconductors is rather low, with a typical value of
r = 3 [12, 14]. Due to this low relative dielectric constant, the Coulomb force between e.g.
a hole and an electron is only slightly screened, which results in a significant correlation
between the charged species, expressed by an energy of typically 0.5 - 1 eV, which is
commonly referred to as the exciton binding energy [15]. Additionally, the low relative
permittivity causes the charges in these materials to polarize their surrounding, which
results in ’trapping’ of the charges in small potential wells. These charges, that polarize
their electronic surroundings, are referred to as polarons.
Lastly, a distinctive property of organic semiconductors is the transport mechanism of
charges in these materials. Unlike inorganic semiconductors, these materials have an
extrinsic conductivity, which implies that the charges in organic materials are due to
injection from the electrodes, doping or (field- or photoinduced) dissociation processes
[12]. These charges in organic semiconductors are subsequently transported by a so-called
hopping process, which is a thermally activated process that causes localized charges to
hop to discrete energy levels of adjacent molecules [16]. These discrete energy levels
are the result of the disorder in these organic materials, which causes molecular sites to
neither be equally spaced nor isoenergetic.
Commonly, a Gaussian model is used to describe the distribution of all these energetically
unique sites, with a typical Gaussian width of 0.05 - 0.10 eV [17]. To model the hopping
transport through these sites, the Miller-Abrahams (MA) model is frequently used [18].
This model utilizes the following expression for the hopping rate from an inital site i with
energy Ei to a final site j with energy Ej :


∆Eij + |∆Eij |
(1.1)
νij = ν0 · exp (−2αrij ) · exp −
2kB T
with ∆Eij = Ej − Ei . In this equation, ν0 is the effective hopping attempt frequency,
α is the inverse of the decay length, rij is the inter-site distance and kB T is the thermal
energy.

1.2

OLED devices

The working principle of an OLED device is as follows: electrical energy is converted into
radiant energy, i.e. light. In order to be able to convert this energy efficiently, a device
made up of different layers is required. A typical multilayer OLED device architecture
is shown below in Figure 1.1, together with its energy level structure and a schematic
illustration of the charge transport process.
Starting at the anode, holes are injected into the device at an energy equal to the Fermi
energy of the anode to the hole injection layer (HIL). Subsequently, holes are transported
via the hole transport layer (HTL) to the emissive layer (EML), at which they can form
excitons in combination with an electron and recombine to emit light. This required
electron is injected into the device from the cathode to the electron injection layer (EIL)
3

and is transported over the electron transport layer (ETL) to the EML, where it is
confined to form an exciton [12]. In order to obtain sufficient transport and be able
to emit the desired wavelength of light, energy levels (i.e. materials) should be chosen
carefully.

Figure 1.1: An schematic overview of a multilayer OLED device architecture together
with its energy level structure and schematic illustration of the charge transport processes.
From left to right: anode, hole injection layer (HIL), hole transport layer (HTL), emissive
layer (EML), electron transport layer (ETL), electron injection layer (EIL) and cathode.
Charges are injected and transported to the EML at which the carriers are confined as an
exciton, which can recombine radiatively or non-radiatively.
The excitons that are formed in the EML upon recombination of an electron and a hole,
can either be triplet or singlet excitons. Spin statistics show that triplet states have a
75 percent probability to be formed upon recombination of charges, while 25 percent is
attributed to the formation of singlet excited states [19, 20]. Due to the spin configuration
of a triplet exciton, the relaxation of such a state to its ground state, which involves a
spin flip, is a forbidden transition. Therefore, the transition is non-emissive. [21]. This
spin-forbidden transition can become radiative when spin-orbit coupling mixes singlet
and triplet character [22]. These processes are schematically represented in Figure 1.2.
The relaxation from a singlet to the ground state is called fluorescence, while that from
the triplet state is called phosphorescence.
In this figure, it can be seen that processes such as ISC and reverse intersystem crossing
(RISC) can be employed to increase the quantum efficiency of such devices. In firstgeneration OLEDs, fluorescent emitters were used, which led to a maximum quantum
efficiency of 25% [16]. In second-generation OLEDs, triplet states are being ’harvested’
by employing ISC, originating from a heavy metal atom embedded in the core of the organic emitter which mixes triplet and singlet character of the exciton state. Due to these
relatively slower and more complex processes, triplet excitons have a typical lifetime of a
4

Figure 1.2: Schematic overview of triplet and singlet exciton decay, i.e. phosphorescence
and fluorescence, respectively. New generation OLEDs use the principle of intersystem
crossing (ISC) and reverse intersystem crossing (RISC) in order to have more light emission.
microsecond, while singlet excitons have a typical lifetime in the order of nanoseconds [12].
Devices employing phosphorescent emitters would, by efficiently employing ISC, theoretically be able to reach an internal quantum efficiency (IQE) of 100% [19]. Third-generation
OLEDs, also known as thermally-activated delayed fluorescence (TADF) OLEDs, utilize
RISC by ensuring a relatively small energy difference between the singlet and triplet
states [23]. Due to this relatively small energy difference, triplet states can be thermally
activated and be promoted to a singlet state, which results in the possibility of reaching
100% IQE in fluorescent devices [24].
From now on, the focus will remain on second-generation OLEDs, which employ triplet
harvesting. These OLEDs are responsible for the green and red light radiating from our
modern smartphone displays [25]. While the IQE of these OLEDs could reach 100%, the
increased lifetime of a triplet exciton enhances the probability of intermolecular interactions to occur, such as triplet-triplet annihilation (TTA) and triplet-polaron quenching
(TPQ) [26]. Triplet-triplet annihilation describes the process in which two triplets interact, resulting in the loss of at least one triplet, while triplet-polaron quenching describes
the process in which a triplet is lost due to the interaction with a polaron. Both processes
play an important role in the loss of internal quantum efficiency, especially at high luminance levels, i.e. at high triplet densities [27, 28]. Additionally, these processes play a role
in the degradation of OLEDs, since the high energies involved are capable of breaking
chemical bonds, especially when blue phosphorescent emitters are involved [29, 30]. The
relative contribution of these loss processes have been highly debated, but recent studies
have shown that TPQ is the dominant process in causing the internal quantum efficiency
to decrease at high luminance levels [28, 31–33]. This lowering of the efficiency at high
current densities is well known as the efficiency roll-off of OLEDs.

5

1.2.1

Triplet-Polaron Quenching

As mentioned before, TPQ is a main contributor in the loss of efficiency and degradation
in OLEDs. It is a bimolecular process in which a triplet and a polaron interact resulting
in the loss of the triplet exciton. In more detail, the energy of a triplet exciton located
on a donor is transferred to a polaron on an acceptor molecule, resulting in the donor
returning to its ground state [34]. The excess of energy transferred to the acceptor is
subsequently lost due to vibrational relaxation processes, resulting in the loss of a triplet
state and in the loss of quantum efficiency. Consequently, polarons, which are essential
for an OLED to work, are playing a substantial role in the roll-off of these phosphorescent
devices.
To obtain a phenomenological description of the triplet excitons in a device, their volume
density can be described by the following rate-equation in the case of strong diffusion:
1
d[T ]
= GT − Γ · [T ] − · kTTA · [T ]2 − kTPQ · [T ] · nP − kF · [T ] · F,
dt
2

(1.2)

in which [T ] is the triplet exciton volume density, GT is the generation term, Γ is the sum
of the radiative and non-radiative decay rate coefficient, kTTA is the bimolecular TTA rate
coefficient, kTPQ is the bimolecular TPQ rate coefficient, nP is the polaron volume density,
kF is the field-induced dissociation rate coefficient and F is the applied electric field [12].
It should be noted that the TPQ rate coefficient represents the sum of the TPQ rate
coefficients due to electron and hole quenching, i.e. kTPQ = kTPQ,e + kTPQ,h . According
to Sandanayaka et al., in TADF devices these quenching rates are shown to be different,
which emphasizes the importance of disentangling these processes and characterizing
them with separate parameters [35]. Worth noting in the rate-equation described in
Equation 1.2 is, except from the TPQ rate, the field-dissociation rate. In earlier studies,
the importance of dissociation of triplet states has already been noticed for various hostguest systems. Host-guest systems are systems in which emitting molecules (guests) are
embedded in host materials to obtain high efficiencies, on which will be elaborated later
[36]. In these studies, it was found that the field-induced dissociation is one of the main
contributors to the efficiency roll-off in the investigated devices [1, 37, 38]. However, in
well-designed OLEDs, the dissociation will only play an indirect role, since the dissociated
charges are not lost in the OLED, but will recombine again to form an exciton. This
indirect role of dissociation involves the enhancement of TPQ, since dissociation leads to
an increase in the polaron density.
In literature, TPQ measurements and the quantification of the rate coefficient kTPQ have
been reported. Oyama et al. have measured TPQ for unipolar devices by using timeresolved photoluminescence measurements and employing the following equation:
kr + knr
τ1
=
,
τ2
kr + knr + kTPQ · nP

(1.3)

in which kr + knr = Γ [39]. The parameters τ1 and τ2 were extracted from a biexponential
fit of the transient photoluminescence data. By using these parameters and a simulated
polaron density without taking into account the concentration-dependent mobility, the
TPQ rate coefficient was calculated. Reineke et al. employed a mathematically more
6

complex model to fit the TPQ rate coefficient. In spite of the complexity of this model,
the field-dependent mobility was not taken into account [37]. Additionally, Hertel et al.
have determined the TPQ rate coefficient by using a similar equation as described in
Equation 1.3. In order to get an expression of the polaron density as function of the
current density, the authors assumed that the charge transport can be described assuming
ideal Ohmic contacts and using the space-charge-limited current model with a constant
mobility and neglecting a diffusion contribution (Mott-Gurney square law) [40].

1.3

Scope and Outline

In this study, triplet-polaron quenching will be investigated. In order to investigate
this process, mechanistic modelling will be used, which provides a suitable method to
disentangle correlated processes in OLEDs. By being able to disentangle all the involved
processes regarding TPQ, a better insight in their respective contributions is obtained.
Although a phenomenological description may seem straightforward, it will result in a
rather complex description of the excitons considering all the correlated processes and
their rate coefficients. Although a phenomenological description has didactic value, it
often oversimplifies the complex processes in an OLED.
In order to investigate triplet-polaron quenching, a beyond-the-state-of-the-art analysis
method of unipolar (hole-only) devices has been considered in this study. By applying
a voltage in reverse bias to such a device, only holes are injected from the anode, which
simplifies the bimolecular interactions to triplet-hole interactions, i.e. TPQ by holes
only. Unlike other published work on quantifying TPQ, in the formalism that will be
used in this study, in- and outcoupling effects will be taken into account, as well as the
energetic disorder and the field and concentration dependence of the mobility. The last
three effects will be implemented using kMC simulations, which describe the transport in
the investigated systems accurately. Additionally, kMC simulations will be used to obtain
the Förster radius for TPQ, which is the single parameter that is needed to describe the
TPQ rate in a mechanistic matter.
A flow chart containing the methods that are used to determine the Förster radius for
TPQ is shown in Figure 1.3. For every step, the corresponding section describing the
analysis is indicated. In this figure, it can be seen that our beyond-the-state-of-the-art
method consists of device fabrication, followed by performing transport measurements
and describing the results by using mechanistic modelling. Subsequently, by performing
dissociation measurements and describing the results with kMC simulations, the exciton
binding energy is obtained. Furthermore, by performing roll-off measurements, which will
be combined with the analysis of the exciton binding energy to obtain a description of
triplet-polaron quenching, a Förster radius for TPQ will be obtained. Additionally, the
Förster radius is also directly measured by analysing the overlap between the emission
and absorption spectrum of the emitter and the host (polaron), respectively.

7

Figure 1.3: Flow chart of the methods used in this study in order to determine the Förster
radius. All corresponding sections describing the analysis are indicated.
In the next sections of this thesis, a method in order to measure and describe TPQ will
be clarified. This method is employed to investigate the contribution of TPQ in phosphorescent OLED devices, as well as the field-induced dissociation. To obtain a stronger
validation of our understanding of these processes, various host and guest molecules have
been considered at various temperatures. In the section ’Experimental’, the various experimental methods will be described that were utilized in order to obtain meaningful
data. In the section ’Results’, the obtained results will be shown and interpreted and
will accordingly be discussed in the section ’Discussion and Conclusion’, in which also a
conclusion will be drawn. Furthermore, an outlook will be provided in section ’Outlook’,
which indicates the research that can prospectively be done to obtain an even better
understanding of TPQ and the processes that in an OLED affect the probability of the
final quenching process.
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2

Experimental

This chapter focusses on the experimental methods used in this study. First of all, the
unipolar devices will be discussed, and their step-by-step fabrication will be outlined.
Secondly, the experimental methods in order to investigate the transport in these devices
will be described. Thirdly, the photoluminescence measurements will be outlined which
will be followed by a description of the doping experiments which are used to determine
the polaron spectrum utilizing UV-vis-NIR spectroscopy. Finally, a brief description of
the simulations will be given.

2.1

Devices and Fabrication

In order to make the desired unipolar (hole-only) OLED architecture, different layers
were spincoated and thermally evaporated onto a substrate. The device architecture
that was used, was proposed by Hertel et al., which consists of a device structure containing a guest material with a deeper HOMO energy level than the host, which results in charge transport which is independent of the emitter [40]. This concept will
later result in a less complex transport characterization while performing kMC simulations. The design of the unipolar device is shown in Figure 2.1(a). In this figure, it can
be seen that the host and green-emitting guest molecules in this device were designed
to be 4,4’,4”-tris[3-methylphenyl(phenyl)amino]triphenylamine (m-MTDATA) and bis[2(2-pyridinyl-N)phenyl-C](acetylacetonato) Iridium(III) (Ir(ppy)2 (acac)) respectively, of
which the molecular structures are depicted in 2.1(b). In figure (a), it can be seen that
the HOMO energy level of the guest lies indeed deeper than the HOMO energy level of
the host. Additionally, in figure (b), the molecular structure of another guest molecule
is depicted, namely of bis(2-benzo[b]thiophen-2-ylpyridine)-(acetylacetonate) Iridium(III)
(Ir(BT)2 (acac)), which is a yellow emitter. Devices containing this emitter have also been
investigated and their results will also be discussed, but these devices are not described
in the this experimental section anymore, due to the analogy with devices containing
Ir(ppy)2 (acac). Their device architecture can be found in Appendix 7.1, Figure 7.1.
Furthermore, a different device architecture was studied as well, which contained a host
molecule with a deeper HOMO energy level than the emitter, see Appendix 7.5 Figure
7.8. The host and guest materials in this device were designed to be tris(4-carbazoyl-9ylphenyl)amine (TCTA) and Ir(ppy)2 (acac), respectively. Due to this offset in HOMO
energy, the transport will be more complex, as previously described. In these devices,
holes are trapped on guest sites and are therefore not able to hop from a guest to a host
site, easily. This effect will be further discussed in the section ’Effect of HOMO Offset
Energy’. The fabrication of these devices will not explicitly be discussed in this section,
since its analogous to the fabrication of m-MTDATA:Ir(ppy)2 (acac) devices.
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In Figure 2.1, it should be noted that the HOMO levels of both the host- and guest
molecules have been measured with ultraviolet photon spectroscopy (UPS), while their
LUMO levels have been estimated. However, for the other molecules the HOMO and
LUMO levels were taken from literature [41–46]. It should be noted that the LUMO
levels from literature were determined by various methods, namely by adding the optical
gap to the HOMO level or by measuring the reduction potential by cyclic voltammetry
(CV), resulting in a standard deviation of 0.2 eV for the considered energies. When
adding the optical gap to the HOMO level to obtain the LUMO level, it is not taken into
account that the transport gap, which is the exact difference between the HOMO and
LUMO levels, is larger than the optical gap. The difference between the optical gap and
the transport gap is the exciton binding energy, which can be approximately 0.5 or 1 eV
for singlets and triplets, respectively [15, 47]. By using the reduction potential measured
by CV, it is assumed that the energy levels in a solution near a metallic electrode are
similar to the energy levels in a thin film, which should be questioned [47]. To determine
the LUMO levels of Ir(ppy)2 (acac) (-1.8 eV), Ir(BT)2 (acac) (-2.0 eV) and m-MTDATA
(-1.7 eV), both the optical gap energy and the exciton binding energy were added to the
HOMO energy. The triplet binding energy for the phosphorescent emitters was assumed
to be 1.0 eV, while the singlet binding energy of m-MTDATA was assumed to be 0.5 eV.
Data supporting the assumption for the triplet binding energy will later be discussed in
the section ’Results’.

.
Figure 2.1: (a) Schematic energy diagram of the studied unipolar device including the
deposited thicknesses of each layer. (b) Molecular structure of host material m-MTDATA
and green and yellow emitters Ir(ppy)2 (acac) and Ir(BT )2 (acac), respectively.
The OLED stack was fabricated as follows: poly(3,4- ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), 20 nm) was spincoated onto a (treated) pre-patterend 120 nm
indium-tin oxide substrate, on which subsequently a HTL of m-MTDATA was evaporated
(50 nm). On top of this HTL, the EML consisting of Ir(ppy)2 (acac) was coevaporated
together with m-MTDATA, to approximately obtain a 7 wt% (9 mol%) Ir(ppy)2 (acac)
10

layer (50 nm). This combination of materials, termed a host-guest system, with a low
concentration of emitter (guest, Ir(ppy)2 (acac)) molecule, shows almost no concentration quenching [48]. Furthermore, in order to prevent deviations in the effective lifetime
due to the Purcell factor, another 100 nm of m-MTDATA was evaporated on top of the
EML [49]. The Purcell factor represents an environmental effect that affects the lifetime
due to resonant cavities at the anode [50]. Finally, to create an Ohmic contact between
the organic layers and the metallic electrode, a 10 nm thin organic layer of 4,4’-bis(Ncarbazolyl)-1,1’-biphenyl (CBP) was evaporated, which has a deep HOMO level [51]. By
inserting this CBP layer, the concentration of charge carriers at the interface is decreased
and therefore the mobility is enhanced. This is due to the fact that not all localized states
are being occupied near the interface and that the Coulomb forces are being restrained.
As anode, a layer of 10 nm molybdenum oxide (MoOx ) and a layer of 100 nm Al were
evaporated in order to complete the unipolar device.
Since excitons in this unipolar device will be photoexcited (which will be described in the
section ’Photoluminescence’) it is important to have a guest molecule with a deeper lying
triplet level than the host, such that triplet excitons are confined to the guest molecule,
emitting the correct wavelength. This is ensured by choosing m-MTDATA as the host
material, having a triplet energy of 2.61 eV, and Ir(ppy)2 (acac) as the guest material,
having a triplet energy of 2.38 eV, resulting in a triplet confinement energy higher than
0.2 eV [52, 53]. Although the LUMO level of the guest lies deeper than the LUMO of the
host, which could trap electrons on the guest, the complexity of the charge carriers in the
device should not increase since it is a unipolar device. Only photoexcited electrons could
be trapped at the LUMO of the guest during photoluminescence experiments. Besides
this, the HOMO levels ensure a well-defined hole transport and polaron density in the
device, resulting in clear TPQ measurements.

2.2

Transport

Transport measurements have been performed by applying both a steady-state and a
pulsed voltage over the sample while measuring the current through the device. The
steady-state method is used up to measuring a current in the order of 102 A/m2 , to
avoid damaging the sample. From that point on, pulsed voltages are used in order to
get a description of the current-voltage (J(V )) curve at higher voltages. To a first-order
approximation, both curves should overlap and give a full description of the J(V ) curve.
From the J(V ) curves, the transport characteristics can be determined and understood.
A helpful tool in this process is mechanistic modelling (kMC simulations), which will be
explained later in the subsection ’Simulations’. From these simulations, characteristic
parameters, such as the hopping attempt frequency ν1 and the disorder energy σ can
be determined. These parameters are subsequently employed to calculate the polaron
density, which is an essential parameter in the calculation of TPQ. To obtain accurate
values of these parameters, J(V ) curves have been measured at various temperatures and
at various thicknesses.
It has been shown that kMC simulations are able to describe the transport through a
device very well [54]. In contrast with other models, such as the Mott-Gurney square
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law, kMC simulations take into account the field and charge carrier density dependency
of the mobility while describing the transport through unipolar devices [55]. Although
adjustments to the Mott-Gurney law can be made to correct for the field, this formalism
fails to describe the transport at higher charge carrier densities [56]. This should be taken
into account, since the charge carrier concentration affects the mobility in the range of
concentrations that is present in the devices considered in this study [57]. Kinetic Monte
Carlo simulations take all these effects into account, resulting in a transport model which
accurately describes experimental data at various conditions.

2.3

Photoluminescence

Photoluminescence (PL) measurements have been performed with two different methods,
namely time-resolved photoluminescence (TRPL) and spectrally-resolved photoluminescence (SRPL). In order to do these measurements, a fast photodiode (FPD) (MenloSystems, FPD 510-FV) and a charged-coupled device (CCD) camera were used, respectively.
A simplified, schematic picture of the setup is depicted in Figure 2.2(a). By using this
figure and the contents of Figure 2.2(b), the PL measurements can be explained.
First, by using a wavefunction generator, a 100 µs voltage pulse is generated and set
over the sample. Secondly, this wavefunction generator triggers a pulsed nitrogen laser
of 337 nm (Stanford Research System, NL100), which photoexcites the host material of
the sample. To make sure that only the active area of the sample is illuminated, a 1 mm2
circular aperature is used. This photoexcitation is calibrated in such a way, that the
laser is triggered at exactly 50 µs to ensure a steady-state voltage over the sample during
the laser pulse. Subsequently, the excitons on the host that are photogenerated will
very efficiently transfer their energy to form triplets on the guest. Finally, these triplet
excitons decay and are measured by both the CCD camera and FPD under an angle of
approximately 30 degrees with the normal vector of the sample in a time window of 40
µs. In order to measure in the correct time window, both detectors are triggered by the
laser, just after the laser pulse. Additionally, the current through the device is measured
using a voltmeter, located in between the sample and the amplifier, which measures the
voltage over a known resistor. Therefore, the current through the device can be measured
while probing the PL signal. For all the devices, typical OLED operating conditions were
set and monitored using this setup [37]. Furthermore, the sample is loaded in a cryostat
to be able to measure at a range of temperatures.
In order to measure TPQ using this setup, the method proposed by Wehrmeister et al.
was employed [31]. A simplistic way of describing the method is as follows. By setting a
voltage over the sample and by subsequently increasing this voltage, an increasing current
density will go through the device, leading to more polarons in the device. Due to the
increased density of polarons, the probability of TPQ increases, resulting in a relative
decrease of the density of radiative excitons. Figure 2.3 shows the relative decrease in
radiative excitons for SRPL and TRPL measurements, respectively. For SRPL measurements, this will result in a decrease in the intensity of the spectrum, while for TRPL,
this will result in a decrease of the lifetime, i.e. the inverse slope of a mono-exponential
decay in a semi-log plot.
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Figure 2.2: (a) Schematic overview of the setup of the time-resolved and spectrally-resolved
photoluminescence measurements. A pulsed nitrogen laser photoexcites the sample, of
which the radiated photons are detected by a CCD camera and a FPD. The laser is triggered by the wavefunction generator, which also sets a voltage over the sample. The
detectors are accordingly triggered by the laser in order to measure the correct time window. (b) Schematic overview of the voltage and laser pulse, and measurement window
over the time, relative to each other.
To qualify TPQ in a more elaborate way, the rate-equation, described in Equation 1.2
could be considered. Although this is a phenomenological description, it can still provide
didactic value. By only taking into account the (non-)radiative rate and the TPQ rate,
the response function I(t) can be described as:
I(t)
= exp(−(Γ + kTPQ · nP ) · t),
I(0)

(2.1)

with I(0) the initial PL intensity. At zero applied voltage, the polaron density is negligible and the excitons can only decay radiatively or non-radiatively, while the radiatively
decayed excitons are measured. By increasing the voltage, the polaron density nP will
be non-zero and triplets can now also be quenched by polarons. So with every time step,
the triplet density decreases because of (non-)radiative decay and TPQ, while only the
radiatively decaying triplets are measured. Thus, the total decay will be faster.
In the case of TRPL, by fitting the mono-exponential Equation 2.1 to the time-resolved
data, the slope of the decay process can be determined on a logarithmic scale. Since the
decay will be faster for higher voltages, an increase in the slope (absolute value) will be
measured, see Figure 2.3(b). The slope represents the quantity Γ+ kTPQ ·nP , see equation
2.1, which defines the inverse of the lifetime of the triplets if TPQ occurs: τ10 . Thus by
an increase in voltage, the lifetime of the triplets will decrease. When there is no current,
the slope will simply be equal to Γ, which is commonly referred to as the inverse of the
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Figure 2.3: Panels (a) and (b) show the SRPL and TRPL data with increasing voltage,
respectively. For increasing the voltage, the probability for TPQ to occur will increase,
resulting in a decrease of the intensity of the SRPL in panel (a), while in panel (b) an
increase in the absolute slope of the TRPL data is visible.
effective lifetime: τ1 . Note that for fitting the TRPL data, a time window ranging from
0.2 to 2 µs is used to avoid measuring singlets at the nanosecond time scale and to avoid
inaccuracies due to the increasing noise-to-signal ratio at low intensities.
In the case of SRPL, the emission is not characterized by its decay time, but by its
time- and wavelength-integrated total intensity. Since by increasing the voltage over the
device the TPQ contribution will increase, a decreased contribution of radiative decay
will be measured, since the excitons that will be quenched by polarons cannot decay
radiatively anymore. The relative contributions of these processes will result in a decrease
in intensity of the measured spectrum, see Figure 2.3(a). The area under this spectrum
will represent the amount of photons that are measured, i.e. decay radiatively. This area
can be described as the integral over I(t), i.e. the integrated PL intensity Φ. In the case
of a current, this quantity is equal to:
Z ∞
Φ(J) =
I(t)dt = I(0) · τ 0 ,
(2.2)
0

with τ10 = Γ + kTPQ · nP . As one can quickly see, in the case of no voltage applied, τ10 is
reduced to Γ, which is equal to τ1 . Thus, if the PL intensity, measured while a current is
applied, Φ(J) is taken relatively to the PL intensity measured without an applied current,
Φ(0), the PL quantum efficiency (PLQE) will be the result:
PLQE =

Φ(J)
τ0
= ,
Φ(0)
τ

which is exactly the same equation as obtained from the TRPL derivation.
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(2.3)

2.4

Förster Radius

A mechanism in which an excitation energy can be transferred to another molecule is
Förster resonance energy transfer (FRET) [58]. It is assumed that this mechanism is
responsible for the transfer of energy from the triplet to the polaron in the TPQ process
[59]. Within this mechanism, the spectral overlap between the absorption of the acceptor
and the emission of the donor is an essential parameter in order to determine the Förster
radius, i.e. the distance between donor and acceptor which predominantly determines
the rate of FRET. Since TPQ includes the energy transfer from a triplet to a polaron, the
emission and absorption of those species have to be determined, respectively. To measure
the polaron absorption spectrum of the host material, the host must be doped. Since the
devices that are used in this study are unipolar devices, the host should be doped by an
oxidizing agent to create a radical cation. This reaction can be described as following:
Host + Oxidizing Agent → Host + · + Oxidizing Agent − .

(2.4)

To dope the host materials of our devices, the method proposed by Matsushima et al. was
employed [46]. By coevaporating MoOx with the host material onto a quartz substrate,
the composite material will make electron transfer from the host material to the MoOx
possible, since MoOx has a deeper conduction band (-5.8 eV) than the HOMO level of
the host material. This so-called interfacial charge generation, in which MoOx is used as
the oxidizing agent, can be observed by UV-vis-NIR spectroscopy in the form of polaron
peaks.
Different methods to dope the host material have been described in the literature. A
method suggested by Young et al. involved using a chemical doping to oxidize the host
material [60]. By oxidizing the host material in solution, the polaron peaks could also be
observed by UV-vis-NIR spectroscopy.

2.5

Simulations

In this study, kinetic Monte Carlo (kMC) and optical modelling simulations are used
in order to disentangle optoelectronic processes in disordered devices and in order to
simulate optical processes in OLED devices. To simulate the optical processes, Setfos
by Fluxim is an essential simulation tool for advanced modelling [61]. The simulation
tool that is used for kMC simulations is Bumblebee, which utilizes a cubic lattice with
intersite distances of rij = 1 nm, on which molecules are randomly distributed [62]. Note
that the kMC simulations have been performed by dr. A. Ligthart and are elaborated in
his thesis [63].
As mentioned earlier, in order to understand TPQ it is crucial to be able to describe
the transport through the device, since this will eventually lead to the quantification of
the polaron density. This parameter, which is actually a function of the position in the
device, has a significant importance, since it describes the species which will quench the
triplets and result in efficiency loss. By describing the charge transport in the investigated
devices, kMC simulations have been used to capture important effects in one model, such
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as the disorder and the field and charge carrier dependency of the charge carrier mobility.
In order to capture this rate in an equation, Ligthart et al. derived a detailed formula,
including in- and outcoupling efficiencies [63]:
RL
0
ηinc (x)ηoutc (x) ττ dx
η(J)
0
= RL
,
η(0)
η
(x)η
(x)dx
inc
outc
0

(2.5)

with τ10 = τ1 + kTPQ · nP (x, J). In these equations, τ is the effective lifetime in the absence
of TPQ, ηinc and ηoutc are the position dependent in- and outcoupling efficiencies of the
is the measured efficiency at current density J, normalized to
device, respectively, η(J)
η(0)
the measured efficiency at zero current, L is the device thickness, nP (x, J) is the position
and current dependent polaron density, and kTPQ is the desired triplet-polaron quenching
rate coefficient. The parameters such as the in- and outcoupling efficiencies were obtained
from Setfos simulations, while kMC simulations were used to provide the polaron density.
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3

Results

In this chapter the results that were obtained during this study are discussed. First, the
transport measurements will be presented, followed by the SRPL and TRPL measurements, i.e. the roll-off measurements. The exciton dissociation processes that are due to
the electric field will be substantiated under the subsection ’Field-Induced Exciton Dissociation’, which is followed by the subsection about the effect of the HOMO offset energy.
In section 3.5, the kMC simulations of TPQ are discussed, followed by the quantification
of the triplet-polaron quenching rate coefficient. Finally, the measured polaron spectra
and their use to quantify the Förster resonance energy transfer are discussed.

3.1

Transport

To obtain a proper description of the transport through our main device, of which the
energy diagram is schematically depicted in Figure 2.1, J(V ) measurements were performed at various temperatures and host material thicknesses, see Figure 3.1. In this
figure, the current density through the device is logarithmically plotted as function of
the voltage over the device and is compared to kMC simulation results. For the kMC
simulations, realistic transport and device parameters were used to obtain a description
of the experimentally measured J(V ) curves: an effective hopping attempt frequency to
the nearest-neighbour site of ν1 = 4.6 · 1010 s−1 , a wavefunction decay length of λ = 0.3
nm and an energetic disorder parameter of σ = 0.10 eV. This resulted in a hole mobility
in the limit of zero charge carrier density and zero electric field of µ0 = 3 · 10−9 m2 /(V·s).
In panel (a), the current density is plotted at various temperatures with a fixed host
material thickness of 150 nm. This data is represented by full curves, while the symbols
represent kMC simulation results. These are in good agreement with the experimental
results. In panel (b), the current density is plotted as function of the voltage for various
host material thicknesses, which is also compared to kMC simulation results. The symbols
again represent kMC simulation results which align with the experimental data, represented by the full curves. Note that for the thickness variations, undoped devices were
used, i.e. devices which do not include an emitter molecule, while for the temperature
variations, doped devices were used.
In Appendix 7.1, J(V ) data can be found for the case in which m-MTDATA is doped
with the yellow emitter Ir(BT)2 (acac), which gives similar results as the J(V ) data obtained by m-MTDATA devices which contain the green emitter Ir(ppy)2 (acac), see Figure
7.2. It should be taken into account that small differences can be due to the fact that
Ir(BT)2 (acac) has a slightly higher molecular mass. In Appendix 7.2, the J(V ) measurements for both doped (with Ir(ppy)2 (acac)) and undoped devices are plotted at various
temperatures, which show a small misalignment between the two curves at a similar temperature, see Figure 7.4. This can be attributed to the fact that transport of holes takes
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place over the host and that doping leads to an increase in disorder, which in turn leads
to a decrease of the current. Additionally, doped devices have a slightly higher thickness, due to the fact that the doping is coevaporated with the pure host material. The
increased thickness affects the current density.
The parameters which are used to desribe the J(V ) curves with kMC simulations provide
the input for simulating the polaron density in the device for a series of current densities,
which is required to solve Equation 2.5. The polaron densities at various voltages, thus
current densities, are shown in Appendix 7.3, Figure 7.5 in the case of 295 K (room
temperature) and 190 K.

Figure 3.1: (a) J(V) curves of m-MTDATA devices doped with 7 wt% Ir(ppy)2 (acac)
measured at various temperatures. The experimental data is compared to kMC simulation
results. (b) J(V) curves of undoped m-MTDATA devices measured for various thicknesses
of m-MTDATA. Also this experimental data is compared to kMC results.
Additionally, because of their interesting respective energy levels, J(V ) measurements of
devices containing TCTA and Ir(ppy)2 (acac) as the host and guest, respectively, have
also been measured. The device architecture including energy levels can be found in
Appendix 7.5, Figure 7.8. The transport measurements are shown in Figure 7.9. Panel
(a) of this figure shows the J(V ) curves of TCTA:Ir(ppy)2 (acac) devices, while panel (b)
shows the J(V ) curves of pure TCTA devices. Due to the low current densities in the
TCTA:Ir(ppy)2 (acac) devices (see panel (a)), which results from the trapping of holes
on the guest sites as earlier discussed, kMC simulations have not yet been successful at
reproducing the transport behaviour. Therefore, Master Equation (ME) models should
be employed in future analysis. Nevertheless, these devices will later on show interesting
roll-off curves.
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3.2

Roll-Off

By analysing the TRPL and SRPL data, as described in the subsection ’Photoluminescence’, the roll-off curves of m-MTDATA:Ir(ppy)2 (acac) devices were obtained at various
temperatures in the form of effective lifetime and PLQE data points respectively, see
Figure 3.2. In this figure, the PLQE data points are indicated as closed symbols in the
upper panel, while the lifetime data points are indicated as open symbols in the lower
panel. On the vertical axis, the PLQE and the relative effective lifetime are indicated
respectively, both relative to the value at zero bias applied to the device.

Figure 3.2: Roll-off curves obtained by SRPL (PLQE, upper) and TRPL (relative effective
lifetime, lower) measurements at various temperatures. The roll-off curves are relative to
the measurement in which no bias is applied to the device. The PLQE data is represented
by closed symbols, while the effective lifetime data is represented by open symbols.
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Let us first consider the room temperature roll-off curves. At a current density of 4000
A/m2 , the roll-off curve due to the decrease in PLQE (upper panel) shows a decrease
in signal of approximately 30% compared to the signal at very low current densities.
For the roll-off curve due to the decrease in effective lifetime, this decrease in signal is
approximately 15%. These curves resulting from the PLQE and the relative effective
lifetime should both obey Equation 2.3 and thus be equal. However, they show a significant difference, which suggests that the assumptions of Equation 2.3 are incorrect at
room temperature, i.e. Equation 2.1 is incorrect. Appendix 7.6 contains a figure in which
both roll-off curves are plotted in the same panel for various temperatures, see Figure
7.11. The difference between both measurements at room temperature suggests that an
additional process is occurring at higher voltages.
By considering the roll-off curves at lower temperatures, one might notice that the difference between both curves decreases. This can be easily observed, since the PLQE roll-off
does decrease with lower temperatures, while the relative effective lifetime remains nearly
constant. This suggests that the additionally occurring process is temperature dependent.
The described measurements and analysis were also performed for m-MTDATA:Ir(BT)2 (acac) devices at room temperature, see Appendix 7.1, Figure 7.3. In this figure, again
the PLQE and relative effective lifetime are both plotted as function of the current density
and compared to the roll-off curves of m-MTDATA:Ir(ppy)2 (acac) devices. As one can
see, the PLQE and lifetime roll-off curves for these two systems are very similar. That
should not be surprising, regarding the similar HOMO energy levels, molecular structures
and results of the transport measurements.
As mentioned before, by increasing the voltage over the sample, another process will play
a role, namely field-induced dissociation of the electron-hole pair. This process results
in an additional loss term. Assuming that this process causes the difference between the
roll-off curves at higher temperatures, it should be further analyzed. Since this process
is only affecting the SRPL data, this field-induced dissociation should be a relatively fast
process. In other words, while this process does not affect the lifetime from the TRPL
measurements (which is deduced from the data in the time window ranging from 0.2 to
2 µs), the dissociation should be occurring at the nanosecond timescale. That timescale
is not taken into account by determining the slope of the TRPL data. Since for the
SRPL measurements an additional decrease in the population of triplets is measured at
non-zero voltages, this process will affect the roll-off due to SRPL, resulting in a higherthan-expected roll-off.
Additionally, the effective lifetimes resulting from the measurements at various temperatures, see Figure 3.2(b), were evaluated. Noticeably, at zero bias a triplet lifetime of 1.23
± 0.02 µs was found at room temperature, while at 190 K the triplet lifetime was found
to be 1.47 ± 0.02 µs. This increase in triplet lifetime is also reported for Ir(ppy)3 and is
attributed to the temperature dependence of the population of the three triplet states.
The decay rate from the lowest-energy state is smaller than that of the highest-energy
state [64, 65].
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3.3

Field-Induced Exciton Dissociation

As we assume that field-induced exciton dissociation complicates the analysis of the PL
roll-off data at higher temperatures, we study this process in this section in more detail.
First, let us consider the initial and final states which play a role in this process. For
dissociation to be able to happen, an exciton needs to be dissociated into a hole and an
electron. Either the hole or the electron, or both, needs to hop from a guest site to a
host site. Since in the regular device, see Figure 2.1, the energy of the electron at the
guest site is lower than the energy at the host site, the electron is trapped on the guest
site. Therefore, it is more likely for a hole that is located on a guest site to hop to a
host site. However, except from the favorable HOMO offset, which is 0.1 eV for both
Ir(ppy)2 (acac) and Ir(BT)2 (acac) compared to m-MTDATA, the triplet binding energy
also needs to be overcome. To determine the triplet binding energy, PL measurements
have been performed on special types of devices. Knowing the triplet binding energy is
also necessary to carry out kMC simulations which are able to describe TPQ.

3.3.1

Exciton Binding Energy

In order to study the field-induced exciton dissociation and to quantify the exciton binding
energy, the device architecture shown in Figure 2.1 has to be adapted, so that the polaron
density in the device at any voltage is strongly reduced. As a result, TPQ will be
suppressed while field-induced dissociation will be the only loss process in the device. In
order to obtain a reduced polaron density, the hole injection layers (CBP and MoOx )
have been replaced by a 3 nm LiF layer, which prevents hole injection in reverse bias due
to its relatively high work function of -2.9 eV, see Figure 3.3(a) [66]. As a result of the
LiF hole blocking layer, the current density was decreased by approximately 6 orders of
magnitude when operated in reverse bias. See Appendix 7.7, Figure 7.12. For this current
density, it is assumed that TPQ is neglegible. Furthermore, impedance measurements
showed typical capacitor characteristics, from which the relative dielectric constant was
determined to be 3.0 ± 0.1 at a frequency of 100 Hz.
In Figure 3.3(b) the PL measurement results are plotted as function of the voltage over
the device, which are compared to kMC simulation results. Note that these devices have
been operated in reverse bias. On the left vertical axis, the PLQE is plotted, while on
the right vertical axis the effective lifetime is plotted. As can be seen in this figure, the
PLQE decreases by approximately 9% at a voltage of 32 V, while the effective lifetime
remains approximately constant at value of 1.2 µs. In the literature this combination of
results is ascribed to the dissociation of non-thermalized precursor states of the exciton
[1, 37]. However, kMC simulations show similar trends for both results. See Figure 3.3(b).
The simulation suggests that the constant lifetime is due to sequential dissociation and
recombination processes, which leads to an enhancement of the effective lifetime [53].
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From the kMC simulation results in Figure 3.3(b), one would conclude that the triplet
binding energy is in the range of 1.0-1.1 eV, which is comparable to the triplet binding
energy of 1.0 eV found experimentally for a similar molecule, namely Ir(ppy)3 , using
low-energy inverse photoemission spectroscopy [47].

Figure 3.3: (a) Energy diagram of a device containing a 3 nm hole-blocking LiF layer,
a 100 nm m-MTDATA layer, a 50 nm m-MTDATA layer doped with 7 wt% (9 mol %)
Ir(ppy)2 (acac), a 50 nm m-MTDATA layer and a 20 nm PEDOT:PSS layer. This device
has been operated in reverse bias in order to reduce the polaron density in the device.
(b) PL measurement results of the device described in (a) compared to kMC simulation
results with different triplet binding energies. On the left vertical axis, the relative PLQE
is plotted as function of the voltage, while on the right vertical axis the effective lifetime
is plotted. Experimental results are plotted as open symbols, while kMC simulation results
are plotted as closed symbols.
Additional dissociation measurements have been performed for a different device. This
device is shown in Appendix 7.4, Figure 7.6(a). The device consists of a 3 nm holeblocking LiF layer, a 200 nm fully doped m-MTDATA:Ir(ppy)2 (acac) layer and a 20 nm
PEDOT:PSS layer. This type of architecture was designed, because it would make it possible to measure the photocurrent originating only from the dissociation of triplet states.
In the regular device, displayed in Figure 3.3(a), the dissociated charges originating from
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the singlet dissociation would contribute significantly to the photocurrent. These singlets
originate from the two pure m-MTDATA layers in the device. It would be challenging
to disentangle the triplet photocurrent and the singlet photocurrent. Unfortunately, the
photocurrent due to the dissociation of triplets in the device shown in Figure 7.6(a), could
not be read from the detector, due to the low signals measured. Nevertheless, the roll-off
curves obtained by the SRPL and TRPL measurements at various temperatures were
obtained, see Appendix 7.4, Figure 7.6(b) and (c), respectively. In figure (b), the roll-off
curves due to the decrease in PLQE are plotted, even as the kMC simulation results.
These simulation results suggest that the triplet binding energy is larger then 1.1 eV.
The reason for this high triplet binding energy is that these simulations do not take into
account the Purcell effect, which plays an important role near the electrode of a device.
Since the device shown in Figure 7.6(a) contains doped m-MTDATA at the interface with
the electrode, the triplets will be affected by the Purcell effect. This effect decreases the
radiative lifetime, which could explain the lower-than-expected decrease in the roll-off
curve at 295 K in figure (b), compared to the results at 295 K in Figure 3.3(b).
In a PL experiment, light is absorbed predominately by a host molecule. Subsequently,
fast FRET to guest molecules takes place. In order to obtain more knowledge about
the role of the singlet precursor states, i.e. the singlet excitons on the host, similar PL
experiments have been performed on undoped devices, of which the energy diagram is
schematically shown in Figure 3.4(a). The PL measurement results are given in Figure
3.4(b), which shows the relative PLQE on the left vertical axis and the effective lifetime
measured at λ = 450 nm wavelength on the right vertical axis. The effective lifetime
results were obtained by measuring the PL intensity decay with a correlated single photon
counter setup, after excitation at a wavelength of 405 nm. The results obtained show
similar trends as for the triplet dissociation results. However the absolute values show
some differences: the singlets have a constant, effective lifetime of 1.8 ± 0.1 ns and the
relative PLQE shows approximately 17% roll-off, while for the triplet dissociation this
was measured to be approximately 9%. The latter would indicate that the singlet binding
energy of m-MTDATA is smaller than the triplet binding energy of Ir(ppy)2 (acac).
However, when further investigating the origin of the loss in the PLQE, we found that
the spectrum shows a non-uniform decrease. This is shown in Appendix 7.4, Figure 7.7.
Noticeable is that the singlet peak intensity of the spectrum at approximately 451 nm
remains almost constant when applying a voltage, while the tail at a wavelength above
500 nm decreases significantly. In studies on the PL spectra of m-MTDATA films, Graves
et al. found a long-lived contribution at a wavelength of 511 nm, which they attributed
to the presence of an excimer [67]. This is a charge transfer (CT) state in which a hole is
located on one m-MTDATA site while the electron is located on an adjacent m-MTDATA
site [68].
In addition, we see a shifted position of the singlet peak. In the literature, this peak
is located at a wavelength of approximately 430 nm. The observed shift can originate
from the red shift due to the excimer emission peak at higher wavelengths [69]. We
therefore suggest that the decrease of the tail shown in Figure 7.7 could be attributed
to the dissociation of m-MTDATA excimers. However, a remarkably long lifetime was
found by Graves et al. for these excimers. They found a lifetime in the microsecond range,
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which is significantly larger than the lifetime of approximately 10 ns that was found in
our experiments at a wavelength of 510 nm. Deviating morphologies originating from
different deposition conditions could be the reason for this difference.

Figure 3.4: (a) Energy diagram of a device containing a 3 nm hole-blocking LiF layer, a
200 nm m-MTDATA layer and a 20 nm PEDOT:PSS layer. This device has been operated
in reverse bias in order to strongly reduce the polaron density. (b) PL measurement results
of the device shown in (a). On the left vertical axis the relative PLQE is given as a
function of the voltage, while on the right vertical axis the effective lifetime measured at
450 nm is given as a function of the applied voltage.
One could now ask whether triplet dissociation or singlet precursor dissociation is responsible for the PLQE decrease visible in Figure 3.3(b). Experiments have been performed
to support the assumption of triplet dissociation. The PLQE decrease of 17 % due to
singlet dissociation visible in Figure 3.4, could be described by the following equation:
Φ(J)
=
PLQE =
Φ(0)

kr
kr +knr +rdiss (J)
kr
kr +knr

=

kr + knr
,
kr + knr + rdiss (J)

(3.1)

in which kr and knr are the radiative and non-radiative decay rate coefficients respectively
and rdiss is the field-induced dissociation rate. It is assumed that dissociated excitons do
not recombine, and that the free electrons and holes, originating from the dissociated
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excitons, do not lead to exciton-polaron quenching in such a device. In the case of mMTDATA singlets, the PLQE is equal to 0.83 at V =24 V. However, when introducing
Ir(ppy)2 (acac) to the full length of the m-MTDATA layer, which results in the device
shown in Figure 3.3(a), another term must be added to the equation for singlet PLQE.
In this case, singlets can also be transferred from m-MTDATA sites to Ir(ppy)2 (acac)
sites, which results in the following equation:
PLQE =

kr + knr + ktr
,
kr + knr + rdiss (J) + ktr

(3.2)

in which ktr is the transfer rate coefficient. When taking a look at the spectrum measured
during the PL measurements from the device displayed in Figure 3.3(a), one can see that
there is no contribution of the m-MTDATA visible in the spectrum. See Figure 3.5. In
this figure, the spectrum of the fully doped m-MTDATA:Ir(ppy)2 (acac) device is shown
for 0 V and 32 V, while in the inset the spectrum of pure m-MTDATA is shown. The
absence of any singlet emission in Figure 3.5 implies that the transfer rate is large, much
larger than all other terms in Equation 3.2. This suggests that the transfer of excitons
from host to guest is much faster than all other processes, which is also found in literature
for other systems [70].
This analysis supports the assumption that triplet excitons are dissociated in the device
shown in Figure 3.3(a), and that this dissociation is the main contributor of the decrease
in PLQE in Figure 3.3(b).

Figure 3.5: Spectrum of a 200 nm fully doped m-MTDATA:Ir(ppy)2 (acac) device at two
different voltages. The inset shows a pure m-MTDATA spectrum originating from singlet
excitons.
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3.4

Effect of HOMO Offset Energy

As discussed before, in order to dissociate a triplet exciton in a m-MTDATA:Ir(ppy)2 (acac)
devices, the hole must hop from a guest site to a host site, which is more favourable with
a 0.1 eV HOMO offset. However, the triplet binding energy of approximately 1.0 eV
counteracts this enhancement, resulting in a net energy of 0.9 eV stabilizing the exciton.
On the other hand, the to-be-formed exciplex state, in which the electron remains on the
guest site while the hole is located on the host site, is still Coulombically stabilized by an
energy of about 0.48 eV, if we assume a Coulomb interaction between an electron and a
hole at a 1 nm distance, and r = 3. Hence, the remaining energy stabilizing the exciton
is equal to 0.42 eV. Disorder of the system in combination with the applied field and the
thermal energy makes dissociation possible.
To test the hypothesis that the dissociation process is due to CT state formation with
the hole on a host molecule, PL measurements have been performed on TCTA devices
containing Ir(ppy)2 (acac) as the emitter. See Figure Appendix 7.5, Figure 7.8. This
device contains, as mentioned before in the section ’Devices and Fabrication’, an emitter
with a HOMO energy higher than the HOMO energy of the host. Since TCTA has a
triplet energy of 2.76 eV while Ir(ppy)2 (acac) has a triplet energy of 2.38 eV, the triplets
are perfectly confined on the emitter molecule [53, 71]. In Figure 7.10, the results from
both the SRPL and TRPL measurements at room temperature are plotted as function
of the voltage, which show a good alignment. This suggests that at room temperature
hardly any dissociation occurs in this device, so that the SRPL and TRPL measurement
results are equal. Haneder et al. also found this result for a device with the same relative
energy level structure considering the HOMO levels [1]. However, by looking closely to our
device and its energy levels (Figure 7.8), one could argue that the electrons are now more
favourable to dissociate, since a LUMO offset of 0.1 eV in favour of the dissociated species
is visible. We cannot exclude that. However, since the LUMO level of TCTA was not
measured by inverse UPS but was simply estimated by the adding the estimated triplet
binding energy and the triplet energy to the HOMO energy, this value only provides an
indication of the energy level and is not as accurate as the HOMO energy level.
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3.5

kMC Simulations of Triplet-Polaron Quenching

Now, having quantified the exciton binding energy, and having analyzed the observed
field-induced dissociation under reverse bias conditions, the roll-off curves of m-MTDATA
devices doped with Ir(ppy)2 (acac) can be considered again. Recalling Figure 3.2, it should
be noted that in this figure multiple processes occur at once, which should be separately
understood. First of all, the transport through the device decreases by decreasing the
temperature. Therefore, at a low temperature, a higher voltage is needed to obtain a
current density similar to its value at a higher temperature. A higher voltage over the
device leads to a decrease of the activation barrier for dissociation. On the contrary, at a
similar current at a lower temperature, the thermal energy has decreased. Additionally,
by lowering the temperature, the effective lifetime increases, as mentioned before. Due to
the latter effect, bimolecular processes such as TPQ are more likely to occur at these low
temperatures if all other parameters would remain equal. Another lifetime enhancement,
which originates from the sequential dissociation and recombination processes, should
also be taken into account. Logically, this effect would also influence the roll-off curves.
In order to disentangle all these processes, kMC simulations with the correct parameters
are needed. Rate-equations will not only become very complex, but will even not correctly
describe all processes occurring in these disordered materials.
Using kMC simulations by now knowing the triplet binding energy, the roll-off curves can
be simulated. By doing so, the TPQ process is assumed to be a Förster-type process,
with a rate given by:

6
1 RF,TPQ
rTPQ =
,
(3.3)
τ
R
in which τ is the exciton lifetime in absence of TPQ, RF,TPQ is the Förster radius and
R is the distance between the donor and the accepter. By adding field-induced exciton
dissocation to the simulation with a triplet binding energy of 1.0 eV, an attempt can
be made to describe the SRPL and TRPL data simultaneously. See Figure 3.6. In the
figure, the PLQE and relative effective lifetime are simulated for various Förster radii at
room temperature. From the figure, it can be seen that a Förster radius of 4 nm gives the
best description of both datasets. However, a 4 nm radius underestimates the PLQE loss
while it overestimates the relative lifetime decrease, slightly. A minor correction in the
triplet binding energy could result in a more optimized alignment between experimental
and simulated data. Additionally, this can also be done for all of the other temperatures.
When finalizing this thesis, the results of such simulations were not yet available.
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Figure 3.6: The PLQE (upper) and relative effective lifetime (lower) as function of the
current density over the device. These graphs show both the experimental data as well as
the kMC simulation results for various Förster radii obtained by simulating the unipolar
device with a triplet binding energy of 1.0 eV.

3.6

Triplet-Polaron Quenching Rate Coefficient

We can now also use the experimental results to answer the question whether the phenomenological method for quantifying the efficiency loss due to TPQ is applicable, using
a rate coefficient kTPQ which is obtained using Equation 2.5. By considering that indeed
exciton dissociation is the responsible process for the difference between the SRPL and
TRPL data in Figure 3.2, the TRPL measurements will give a more correct description
of the roll-off due to triplet quenching by holes. Using this data, the relative efficiency
η(J)
obtained by TRPL measurements results in the TPQ rate coefficient kTPQ,h shown
η(0)
in Figure 3.7. The necessary ingredients in order to calculate these rate coefficients, such
as the polaron density and the light in- and outcoupling, are all shown in Appendix 7.8.
For this analysis, three temperatures were considered, which result in a wide range of
current densities. In the figure, it can be seen that the rate coefficient increases above a
current density of approximately 2000 A/m2 . At lower current densities and at the two
lowest temperatures considered (190 K and 230 K), the rate coefficient is equal to (0.7 ±
0.3) ·10−18 m3 /s.
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An explanation for the inaccuracy in the rate coefficient data could be that the TRPL data
does not cover the pure TPQ process. We remark that the effective lifetime did increase
at lower temperatures, as mentioned in the section ’Roll-Off’. In addition, a lifetime
enhancement was measured for devices containing a high built-in potential, studied under
reverse-bias conditions. This effect was attributed to the sequential dissociation and
recombination of charges, which was discussed in the section ’Exciton Binding Energy’.
Since these effects have not fully been taken into account within this analysis, the results
can be easily questioned.
Therefore, rate-equations do not cover the complexity of such a system and mechanistic
modelling should be considered. By using kMC simulations, we are able to take these
effects into account easily and provide a more accurate description of TPQ.

Figure 3.7: The triplet-polaron quenching rate coefficient for quenching by holes as function of the current density, determined by Equation 2.5.
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3.7

Spectral Overlap Measurements of the Förster
Radius

In order to determine the Förster radius for TPQ experimentally from an independent
method, the overlap between the absorption spectrum of the acceptor and the emission
spectrum of the donor can be measured. Since the acceptor molecule is in this case a
polaron, the absorption spectrum of this polaron must be obtained. As described in
section 2.4, Matsushima et al. proposed a method for doping the acceptor with MoO3
to create a radical cation from which the polaron spectrum can be measured [46]. This
method has been employed in order to dope m-MTDATA and obtain a radical cation
of this species. Subsequently, the absorption spectra have been measured for layers
containing doped m-MTDATA, for various doping concentrations.
From the overlap of the m-MTDATA polaron spectrum with the normalized PL spectrum
of Ir(ppy)2 (acac), the Förster radius can be calculated, using to the following expression
[12, 72]:
R
2
ID (λ) A (λ) λ4 dλ
9
ln(10)
κ
η
PL
6
R
,
(3.4)
·
RF,TPQ
=
128 π 5 n4 NA
ID (λ)dλ
in which κ2 is the dipole orientation factor, ηPL is the PL efficiency, n is the refractive
index, NA is the Avogadro constant, ID (λ) is the emission spectrum of the donor and A is
the molar absorption coefficient of the acceptor. In the case of m-MTDATA:Ir(ppy)2 (acac)
devices, the PL efficiency is 0.94, the transition dipole orientation factor is 2/3 (assuming isotropic samples) and the refractive index is 1.7 [73, 74]. To obtain the absorption
coefficient, the earlier described method was employed, which resulted in the absorption
spectra for various MoO3 :m-MTDATA mole ratios, shown in Figure 7.14(a), Appendix
7.9.
Moreover, in Figure 7.14(b) of this appendix, the relation between the height of the
peak of m-MTDATA (at 350 nm) and the mole ratios is plotted, which fits a second
order polynomial. Since it is assumed that the doping is a unimolecular process, only the
doping concentrations which fit the linear fit are taken into account, which resulted in the
wavelength dependent absorption coefficient shown in Figure 3.8. On the left vertical axis,
this absorption coefficient is plotted, while the right vertical axis represents the normalized
PL efficiency of the donor, which in this case is Ir(ppy)2 (acac). In Appendix 7.9, Figure
7.15, a similar overview is given for a system containing m-MTDATA:Ir(BT)2 (acac). For
the calculation of the Förster radius for this device, the PL efficiency of Ir(BT)2 (acac)
was assumed to be similar to the PL efficiency of Ir(ppy)2 (acac).
Using this data, the Förster radii for the TPQ energy transfer were calculated for both
m-MTDATA:Ir(ppy)2 (acac) and m-MTDATA:Ir(BT)2 (acac) devices, resulting in a radius
of 5.0 ± 0.1 and 5.5 nm ± 0.2 , respectively. This value is significantly higher than the
Förster radius that was found from the kMC simulation results.
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Figure 3.8: On the left vertical axis, the absorption coefficient of the radical cation of
m-MTDATA is shown for various mole ratios of MoO3 :m-MTDATA, while on the right
vertical axis, the normalized PL efficiency of the emitter Ir(ppy)2 (acac) is shown.
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4

Discussion and Conclusion

In this study, a beyond-the-state-of-the-art method has been described to characterize
both triplet-polaron quenching and field-induced exciton dissociation. For that purpose,
9 mol% unipolar m-MTDATA:Ir(ppy)2 (acac) and 8 mol% m-MTDATA:Ir(BT)2 (acac)
host:guest systems have been investigated by measuring their transport and photoluminescence. Firstly, the transport through such a device was measured, from which
characteristic parameters could be extracted using kinetic Monte Carlo simulations. Secondly, photoluminescence measurements were carried out at various temperatures and
the PL signal was spectrally- and time-resolved. These methods have subsequently been
used to describe the roll-off of the PLQE and the effective lifetime as function of the current density. These roll-off curves showed a significant difference at higher temperatures,
which can be explained by the influence of field-induced exciton dissociation.
To disentangle field-induced exciton dissociation and triplet-polaron quenching, devices
with a large built-in voltage were fabricated and measured in reverse bias at various
temperatures. In these devices, no significant polaron density was present, so that tripletpolaron quenching could be neglected. Since in these devices the energetic barrier for
dissociation is somewhat decreased by a positive HOMO offset, triplet dissociation is
possible at room temperature. Again, spectrally- and time-resolved photoluminescence
measurements were carried out, which again showed a difference in their respective roll-off
curves. Although the PLQE showed a decrease of 6.5 % at a field of 1.5 · 108 V/nm at
room temperature, the effective lifetime remained nearly constant. In the literature, the
obervation of a constant effective lifetime is commonly attributed to the dissociation of
singlet exciton states on the host. However, by utilizing kMC simulations the constant
lifetime could be attributed to the enhancement of the lifetime due to dissociation and
recombination processes in such a device. These measurements have been performed at
various temperatures, resulting in less dissociation at lower temperatures. It has also
been shown that the transfer from singlets on the host to the guest followed by ISC
is a very fast process with nearly 100 % efficiency. That excludes the influence of the
dissociation of singlet-precursor excitons to the roll-off. From kMC simulations, the
triplet binding energy was estimated to be 1.0 eV. That value yields a good agreement
between the simulation and experimental results. Additionally, it was found that by
designing an OLED stack with an energetic unfavourable HOMO offset for dissociation,
room temperature dissociation did not play a significant role. For that purpose, the
m-MTDATA host was replaced by TCTA. The two differently measured roll-off curves
for these devices were approximately equal, and were only affected by triplet-polaron
quenching.
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By including Förster type TPQ and field-induced dissociation in kMC simulations, a
fair description of the experimental data could be obtained. A comparison with the
experimental data resulted in an estimated Förster radius of approximately 4 nm for
m-MTDATA:Ir(ppy)2 (acac) devices. The Förster radius was also calculated from the
overlap of the emission spectrum of the donor and the polaron spectrum of the acceptor,
which resulted in a value of 5.0 ± 0.1 nm. The method used for measuring the polaron
spectrum utilized interfacial charge transfer by doping the host material with MoO3 .
However, measuring and analyzing these polaron spectra is not straightforward.
From this study, we conclude that describing OLED processes in a mechanistic manner
is a necessity in order to disentangle all processes. Rate-equations describe the various
processes in an oversimplified manner, e.g. by assuming spatially uniform triplet and polaron densities. This has been seen by analysing our data using such a phenomenological
approach. From such an approach, the effective rate coefficient kTPQ is found to be a
function of the current density. Although kMC simulations give a fairly good description
of the TPQ and dissociation processes, there is still room for improvement. What is not
yet taken into account, is the temperature dependence of the effective lifetime, enhancing
the probability of bimolecular processes such as TPQ at low temperatures. Additionally,
it was shown that for devices with a high built-in potential, measured in reverse bias,
the effective lifetime was constant over a range of voltages. From simulations it was later
shown that for low temperatures and high voltages, the effective lifetime did increase (not
included in this study). This can be understood by assuming that excitons dissociate,
hop to different sites slowly, and eventually recombine again, resulting in a relative large
enhancement of the lifetime. However, this effect is not taken into account while studying regular, low built-in potential devices. For these devices, it has been concluded that
exciton dissociation occurs, although the details regarding the lifetime are not taken into
account.
By including the effect of the temperature on the effective lifetime of the triplets, Equation
2.5 should be modified to:
RL
τ0
ηinc (x)ηoutc (x) τ (T
dx
η(J)
)
0
= RL
,
(4.1)
η(0)
ηinc (x)ηoutc (x)dx
0

1
with τ10 = τ (T
+ kTPQ · nP (x, J, T ). Note that also the polaron density is temperature
)
dependent in this equation. Another improvement would be to increase the signal-tonoise ratio for TRPL measurements, since this data has eventually been used to calculate
the TPQ rate coefficient.

The use of rate-equations is unnecessary when all energy and interaction parameters are
known and can be included in kMC simulations. From these simulations, it follows that
TPQ can be studied best when the roll-off curve for a regular device is measured at low
temperatures, at which field-induced dissociation does not play a role. By employing
the analysis method that we have discussed in this thesis, the TPQ rate-determining
parameter, which is the Förster radius, can then be easily determined for a wide range
of host-guest systems.
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5

Outlook

In this study, triplet-polaron quenching and field-induced dissociation processes have been
intensively investigated for one system, namely for m-MTDATA:Ir(ppy)2 (acac). In order
to obtain a more complete understanding of these processes, more systems should be
considered, systems in which both the guest and host will be varied. For both changes,
a brief exploration has been made already, since both m-MTDATA:Ir(BT)2 (acac) and
TCTA:Ir(ppy)2 (acac) systems have been investigated. Regarding the Förster radius for
TPQ, studying systems for which the overlap between the acceptor and donor is varied
systematically would be interesting. A variation of the Förster radius would ideally show
a strong correlation with the roll-off curve, which could be used to further investigate the
process mechanism.
Additionally, studying triplet-polaron quenching by electrons would enhance the relevance
to applications, since electron and hole quenching occur both in operational devices.
Oyama et al. have investigated both the contribution of holes and electrons to TPQ in
unipolar CBP:Ir(ppy)2 (acac) devices, from which it was concluded that electrons do not
quench the triplets [39]. This would be very interesting to investigate for more systems,
since electrons are created in the unipolar (hole-only) devices in this study due to fieldinduced dissociation. As already mentioned in the discussion, their contribution is as of
yet not taken into account due to the unknown parameters describing their interactions.
Thus, after having investigated their interaction, the kMC simulations for bipolar devices
would be more complete.
Another interesting research direction would be to broaden the knowledge regarding the
exciton binding energy, which determines in part the field-induced exciton dissociation. In
this study, we have shown that the exciton binding energy can be calculated by combining
PL measurements and kMC simulations. Since this process could play an important role
at room temperature, it is important to understand it well and characterize it for multiple,
commonly used fluorescent and phosphorescent materials. In this study we have shown
that for TCTA:Ir(ppy)2 (acac) devices, the roll-off as reflected by the decrease of the PLQE
and the effective lifetime are not showing a significant difference. This was ascribed to
the absence of field-induced exciton dissociation. Therefore, it would be interesting to
look into more of such well-designed OLEDs, and to investigate whether this difference
is also absent in their roll-off curves.
Furthermore, the polaron spectra that have been measured in this study can be used to
experimentally quantify the Förster radius, and thus the energy transfer process. However, this quantification is not as straightforward as it might look in this study. In this
study a chemical doping method for host material was also suggested, reported by Young
et al. [60]. The method was also carried out, but did not succeed due to a fast reaction between the oxidizing agent and the solvent. Although this did not result in useful
data, other methods described in literature were considered. Aside from measuring the
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polaron spectrum by doping the material with MoO3 , methods such as charge modulation spectroscopy have been described in literature. Dhanker et al. use this method in
combination with electrochemical doping in a three-electrode system to measure both the
unipolaron and bipolaron spectrum of N,N-Bis(3-methylphenyl)-N,N-diphenylbenzidine
(TPD). It is also reported that polaron spectra can be obtained by performing charge
modulation spectroscopy in combination with photovoltaic devices or organic field-effect
transistors [75, 76].
Finally, all important parameters, such as the Förster radius and the exciton binding
energies, should be implemented in kMC simulations. Although in this study a lot had
already been implemented, there is still room of improvement. As already mentioned in
the discussion, the effective lifetime depends on the temperature, which is not taken into
account in this study while performing kMC simulations. The effective lifetime increases
at low temperatures, causing bimolecular processes to be more likely. In addition, the
correct LUMO levels should also be implemented into the kMC simulations, whereas they
are as of yet only estimated. In order to determine these, inverse UPS measurements
should be performed on the relevant materials.
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Appendix

In this Appendix, the additional information is presented to which is referred in the main
chapters. This information can be supportive to statements or measurements in the main
chapters, and can also provide broadening of the subject, i.e. when different materials
have been measured. In other words, the main text describes one fully explained case and
method, while the Appendix adds information or supplementary results to this study.

7.1

Ir(BT)2(acac) Devices

Aside from the device containing m-MTDATA as host material and Ir(ppy)2 (acac) as the
guest molecule, devices with Ir(BT)2 (acac) as the emitter have also been investigated.
The device architecture of these devices is depicted in Figure 7.1. Note that the only
difference in the energy levels of Ir(BT)2 (acac) compared to Ir(ppy)2 (acac), is the lower
lying LUMO level, which is -2.0 eV for Ir(BT)2 (acac) instead of -1.8 eV for Ir(ppy)2 (acac),
see Figure 2.1.

Figure 7.1: Device architecture including energy levels and thicknesses of the mMTDATA:Ir(BT)2 (acac) host:guest OLED devices studied.
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The J(V ) curves of both the Ir(ppy)2 (acac) and Ir(BT)2 (acac) devices (see Figure 2.1 and
7.1 respectively) have been measured at various temperatures, see Figure 7.2. Note that
these devices have been measured in reverse bias, i.e. with MoOx being the anode. The
J(V ) curves of both devices align very well, especially at the higher range of temperatures.
This indicates that both emitters have the same effect on the current density through the
host material.

Figure 7.2: Current density - voltage curves for devices containing m-MTDATA as the
host material and respectively Ir(BT)2 (acac) and Ir(ppy)2 (acac) as the guest material,
measured at various temperatures.
For these m-MTDATA:Ir(ppy)2 (acac) and m-MTDATA:Ir(BT)2 (acac) devices, the rolloff curves due to the decrease in PLQE and relative effective lifetime have been measured
and analyzed, see Figure 7.3. These two sets of curves do not show a significant difference
between two similar measurements.
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Figure 7.3:
Roll-off curves for both m-MTDATA:Ir(BT)2 (acac) and mMTDATA:Ir(ppy)2 (acac) devices measured at room temperature, indicated by closed and
open symbols, respectively.
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7.2

Transport in Doped and Undoped m-MTDATA
Devices

In Appendix 7.1, the J(V ) curves of m-MTDATA devices doped with Ir(BT)2 (acac)
and Ir(ppy)2 (acac) were plotted for various temperatures. Since these J(V ) curves show
no large differences, the J(V ) curves of the host material, m-MTDATA, was measured
as comparison. This J(V ) curve is plotted down below in Figure 7.4 and shows some
deviation from the doped device. These deviations could arise due to the presence of the
emitter molecule, which increases the disorder and lowers the mobility.

Figure 7.4: J(V) curves of pure m-MTDATA devices and of m-MTDATA devices doped
with 7 wt% Ir(ppy)2 (acac), measured at various temperatures.
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7.3

Polaron Density

In Figure 7.5, the polaron densities at 190 K (panel (a)) and 295 K (panel (b)) are
shown for three applied reverse bias voltages. The area in between the two dashed lines
represents the EML. These bias voltages are set over a device which is shown in in
Figure 2.1. As can be seen in this figure, the polaron density increases slightly when
increasing the voltage, especially at low voltages. It is also observed that the polaron
density decreases by reducing the temperature.

Figure 7.5: The polaron density of a regular m-MTDATA:Ir(ppy)2 (acac) device, see Figure 2.1, plotted as function of the distance from the anode. Panel (a) shows the polaron
density profile at 190 K for a series of applied voltages, while panel (b) shows this profile
for 295 K. The area in between the two dashed lines represents the EML.
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7.4

Dissociation

Additional field-induced dissociation measurements of triplet excitons have been performed by measuring the PLQE and the effective lifetime in the single-layer devices
shown in Figure 7.6(a). The resulting roll-off curves are shown in Figure 7.6(b) and (c)
below, in which panel (b) shows the PLQE as function of the voltage, and panel (c) the
relative effective lifetime. In panel (b), it is clearly visible that the dissociation processes
are suppressed by decreasing the temperature. In panel (c), it can be seen that the relative effective lifetime is relatively constant, considering an error margin of 2 % for this
type of measurements.
For two temperatures, the PLQE is simulated as function of the voltage at various triplet
binding energies. This simulation data suggests an exciton binding energy greater than 1.1
eV. This does not correspond to the earlier found exciton binding energy of approximately
1.0 eV. This difference in exciton binding energy can be ascribed to the difference in device
architecture.

Figure 7.6: (a) The measured single-layer device together with its energy levels and layer
thicknesses. (b) Experimentally measured PLQE as function of the voltage at various
temperatures, compared with kMC simulation results which are simulated with an exciton
binding energy of 1.1 eV. The experimental data is indicated with closed symbols, while
the kMC simulation results are indicated with cross-like symbols. (c) Relative effective
lifetime of the triplets as function of the voltage.
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In the PL experiments performed on the undoped, pure m-MTDATA devices shown in
Figure 3.4(a), a decrease in the PLQE of approximately 17% is measured. See Figure
3.4. This roll-off, due to the dissociation of singlets, shows a non-uniform decrease in the
intensity of the spectrum, as shown in Figure 7.7. Noticeable is that the intensity of the
peak of the spectrum remains constant, while the signal of the tail decreases significantly.
In the literature, a peak at a wavelength of 511 nm is attributed to an excimer state [67].

Figure 7.7: Fluorescence spectrum of m-MTDATA for a series of applied voltages. The
spectrum shows a non-uniform decrease in intensity: the peak at 451 nm remains constant,
while the tail at a wavelength above 500 nm decreases significantly.
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7.5

TCTA Devices

Figure 7.8(a) shows the device architecture of unipolar (hole-only) devices containing
TCTA and Ir(ppy)2 (acac) host and guest materials, respectively, with energy levels obtained from the literature and from UPS measurements [71]. The LUMO energy of TCTA
was estimated by adding the triplet energy to the HOMO energy plus the triplet binding
energy, which was assumed to be 1 eV. Figure 7.8(b) shows the molecular structure of
TCTA.

Figure 7.8: (a) Schematic energy diagram of the studied unipolar device including the
deposited thicknes of each layer. (b) Molecular structure of the host material TCTA.
In Figure 7.9(a), the J(V ) curves measured under reverse bias of the device displayed in
Figure 7.8 are shown for various temperatures. In this figure, it is noticeable that the
current densities have a low value compared to doped m-MTDATA devices, which is due
to the trapping of holes at the guest sites. In panel (b) of this figure, the J(V ) curves for
pure TCTA devices are shown, i.e. devices without emitter.
In Figure 7.10, the roll-off curves measured by TRPL and SRPL are shown as function
of the voltage. Note that the device was operated in reverse bias. On the left vertical
axis the PLQE is plotted, while on the right vertical axis the relative effective lifetime is
shown. As can be seen in the figure, the two dissociation measurements do not show a
significant difference.
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Figure 7.9: (a) J(V) curves for TCTA:Ir(ppy)2(acac) devices measured at various temperatures. (b) J(V) curves for pure TCTA devices measured at various temperatures

Figure 7.10: PL measurement results of the device shown in Figure 7.8. On the left
vertical axis the PLQE is plotted as function of the voltage, while on the right vertical
axis the relative effective lifetime is plotted as function of the applied voltage.
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7.6

Roll-Off

In Figure 7.11, the roll-off for m-MTDATA:Ir(ppy)2 (acac) devices as obtained from the
PLQE and the relative effective lifetime are plotted in one figure. Although this figure
looks quite complex and packed, one can clearly see that by decreasing the temperature,
the two roll-off curves show more similarity than at higher temperatures. Moreover, at
a temperature of 190 K, these curves seem to overlap quite well. This suggests that the
description given in Equation 2.3 is wrong and that a temperature-dependent process is
affecting the PLQE data.

Figure 7.11: Roll-off curves obtained by SRPL (PLQE) and TRPL (relative effective
lifetime) measurements at various temperatures: 295 K, 250 K, 220 K and 190 K. The
roll-off curves are relative to the measurement in which no bias is applied to the device.
The PLQE data are plotted as closed symbols, while the effective lifetime data are plotted
as open symbols.
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7.7

LiF Devices

In Figure 7.12, the J(V ) curves are plotted for the m-MTDATA:Ir(ppy)2 (acac) devices
displayed in Figure 3.3(a) and Figure 2.1. The J(V ) curve of the device used for measuring
dissociation processes, thus excluding TPQ, is represented by black squares, while the red
triangles represent the J(V ) curve for the regular devices. One can see that the current
density for the devices containing LiF is significantly lower than the devices using CBP
and MoOx . For the J(V ) curve represented by the black squares, the bias direction is
indicated in the figure.

Figure 7.12: J(V) curves of devices containing a 3 nm hole-blocking LiF layer (black)
followed by a Al layer compared with regular devices using M oOx and Al as the cathode
material (red), see Figure 3.3(a) and Figure 2.1, respectively.
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7.8

Ingredients TPQ Calculation

In order to solve Equation 2.5 for kTPQ , several parameters should be known. The light
in- and outcoupling efficiencies, ηinc and ηoutc respectively, are obtained from SETFOS
simulations and can be found in Figure 7.13. The upper panel shows the absorption rate
of the m-MTDATA, which was determined by simulating an excitation pulse of 1 W/m2
at a wavelength of 337 nm, which is similar to the experiments. The lower panel shows
the external quantum efficiency (EQE) as function of the distance assuming an internal
quantum efficiency (IQE) of ηIQE = 0.94 for the emitter molecule Ir(ppy)2 (acac) [73]. The
outcoupling is simulated under an angle of 30 degrees with the normal vector of the device
at a wavelength of 520 nm. Note that the area in between the dashed lines represents
the EML and that all optical constants were obtained by ellipsometry measurements.
The polaron density, which is a crucial parameter in order to determine the TPQ rate
coefficient, has been obtained from kMC simulations and was displayed earlier in Figure
7.5 for various temperatures and various voltages.

Figure 7.13: In- and outcoupling shown for an m-MTDATA:Ir(ppy)2 (acac) device, see
Figure 2.1, simulated with SETFOS. In the upper panel the absorption rate as function
of the distance from the anode is shown, simulated with an excitation pulse of 1 W/m2 at
a wavelength of 337 nm. In the lower panel the EQE is shown, simulated with an IQE of
ηIQE = 0.94. The area in between the dashed lines represents the active area of the device.
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7.9

Quantifying the Förster Radius

In order to quantify the Förster radius for TPQ, the absorbance spectrum of the acceptor
molecule and the emission spectrum of the donor are required. In Figure 7.14(a), the measured absorbance is plotted as function of the wavelength for various m-MTDATA:MoO3
mole ratios and for pure m-MTDATA. In this panel, three peaks are present, resulting
from the absorbance of pure m-MTDATA (I) and the absorbance of the m-MTDATA polaron (II, III). Panel (b) shows the height of peak I as function of the mole ratios, which
fit a second order polynomial. Since electron transfer is assumed to be a unimolecular
process, only the data points fitting the linear fit were considered.

Figure 7.14: (a) The absorbance for devices containing m-MTDATA doped with various
mole ratios of M oO3 . On the vertical axis, the measured absorbance is shown and on
the horizontal axis the corresponding wavelength. Three peaks are displayed, I at 350
nm, II at 440 nm and III at 1160 nm, as discussed in the text. (b) The m-MTDATA
peak absorbance, representing peak I in panel (a), as function of the M oO3 :m-MTDATA
mole ratio. The black squares represent the experimental data, while the red dotted line
represents a polynomial fit. The blue dotted line represents a linear fit at lower mole
ratios.
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In Figure 7.15, the polaron spectrum of m-MTDATA is plotted on the left vertical axis,
characterized by its absorption coefficient, while on the right vertical axis the normalized
PL efficiency of Ir(BT)2 (acac) is shown. For this system, the overlap was also calculated,
which resulted in a Förster radius of 5.5 ± 0.2 nm.

Figure 7.15: On the left vertical axis, the absorption coefficient of the radical cation of
m-MTDATA is shown for various mole ratios of MoO3 :m-MTDATA, while on the right
vertical axis, the normalized PL efficiency of the emitter Ir(BT)2 (acac) is shown.
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