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ABSTRACT

The need of high quality and efficient displays is continuously increas-
ing. The organic light-emitting diode (OLED) technology is certainly
one of the most important in this sense, thanks to their high contrast,
excellent color purity and wide viewing angle. Despite being already
widely used in commercial products, scientific research on OLED
materials is still ongoing to improve their efficiency and durability.

A new technology which might replace currently used emissive
materials in OLED is the so called thermally-activated delayed fluo-
rescence (TADF). With these emitters, the display efficiency can be
improved without the need of expensive and pollutant heavy metal
atoms. This PhD project is focused on these materials and their use in
OLEDs. The study of TADF OLEDs presented in this thesis has been
structured in three main parts.

The first study allows to clarify a frequent misconception about
these emitters: the portion of excitons leading to an emissive event,
usually approximated to 100%, can actually be much lower when
electrically excited. A method to estimate this value is provided from
the analysis of transient and steady state optical measurements.

In a state-of-the-art OLED, the emission layer (EML) consists of two
or more components. The adjustment of each material component
and the optimization of the concentration largely impact the OLED
performance. In the second study, OLEDs containing different concen-
trations of the TADF molecule in the emissive layer are investigated.
Several experimental techniques are used and, with the use of software
simulations the effect of emission layer composition on the charge and
excitonic processes is analysed.

The key aspect which must be improved in order to make TADF
a suitable technology in commercial products, is the lifetime. Two
studies about this topic have been included in this thesis.

To effectively measure the lifetime of emissive devices, one would
need to operate them for several thousands of hours. This approach is
definitely not applicable on a large scale, when a multitude of different
devices need to be tested, since it requires a lot of time and resources.
Such characterization is therefore typically done under accelerated
stressing conditions, with high currents and/or temperatures. The use
of appropriate scaling laws allows to estimate the durability of the
device in standard operating conditions from the accelerated ones. In
the first study described in this work, several identical TADF OLEDs
have been stressed with different current at different temperature,
and the complete set of luminance decay is fed into a global fitting

xiii
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ABSTRACT

algorithm. With this approach the expected lifetime can be estimated
in a shorter amount of time, yet with a high accuracy.

To improve the device lifetime, a detailed understanding of the
processes causing it is necessary. The second study on device lifetime
goes more into detail of the degradation processes occurring in a
specific TADF OLED stack. The devices are stressed with constant
current, and during stressing interruption a series of experimental
techniques are used. Electrical device simulations are used to model
these OLEDs and qualitatively identify the degradation causes. Specif-
ically, it is found that the generation of trap states causes a variation
of the charge injection and accumulation inside the device.



INTRODUCTION

In the first part of this introduction I will briefly dive into the organic
light emitting diodes (OLEDs) technology, compare it with liquid
crystal displays (LCDs) and describe the different generations which
brought us to the current level of efficiency and lifetime. In the second
part, the general structure of an OLED is introduced together with the
concept of excitons. Finally, the physics behind thermally activated
delayed fluorescence (TADF) emitters is described in detail, since this
luminescence mechanism is at the heart of all the studies carried out
in this PhD work and also the European project TADFlife, from which
this work received financial support.

1.1 DISPLAY TECHNOLOGIES

The display market is continuously growing. At the moment of writing
it is valued 148.4 billion USD, and it is expected to reach 177.1 billion
USD by 2026.[1] Displays are nowadays used everywhere: TVs, laptops,
phones, tablets, medical-based equipment and virtual/augmented
reality (VR/AR). Scientific research is extremely important in order to
meet the demand for displays with better quality, higher efficiencies
and be able to meet requirements for new applications.

In the last decades different technologies have been developed. The
most common technology, talking about flat panels, is liquid crystal
displays (LCDs). In an LCD several components are necessary: a back-
light, polarizers, liquid crystal cells and color filters. The polarized
light originated from the back of the screen passes through the liquid
crystal cells, that are placed before the second polarizer. The applica-
tion of an electric field across the liquid crystal cell induces a rotation
of the polarization of the light. In this way the intensity of the light
leaving the screen can be controlled. In color displays each pixel is
composed by three sub-pixels with a different color filter in front. This
brief, and surely oversimplified, description of LCDs is necessary to
fully understand the differences, advantages and weaknesses of the
OLED technology, which is the subject of this thesis.

An OLED is an thin film device made of organic materials (carbon-
based compounds). It consists of several organic layers sandwiched
between two electrodes and when current is applied to the device,
light is generated and emitted. The variate of colors in a display are
achieved by a combination of three sub-pixels (red, green and blue)
and, in contrast with the LCD technology, each sub-pixel is an emitting
device, therefore no back-light is necessary. This fact allows OLED
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displays to have two really important advantages compared to LCDs:
an almost infinite contrast ratio (since when a black image is displayed
the pixel is literally switched off) and a wider viewing angle.[2, 3]
Another key property of OLEDs is the possibility to produce flexible
displays. At the moment of writing already several devices containing
flexible displays are on the market, such as foldable phones or tablets.
Additional advantages of this technology are the very fast response
time, important especially in the gaming industry, the possibility to
produce paper-thin or transparent displays and the high pixel density.
On the other hand, there are a few weaknesses of this technology
compared to LCDs, such as: shorter lifetime - especially caused by
the blue sub-pixel - and slightly poorer color accuracy. Additionally,
the cost of OLED screens is still higher than LCDs. The main reason
being the higher level of maturity of LCD technology with its large
fabrication capacity. The cost difference is expected to further decrease
in coming years as the production volume of OLED displays increases.

80
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Figure 1.1: OLED market forecasts 2021-2026. Others contains: automotive,
notebook PC, gaming, tablet, AR/VR, monitor, others. Adapted
from source: DSCC-2021.

1.2 OLED GENERATIONS

In the last decades, continuous research has brought the OLED tech-
nology on the market, specifically in terms of new materials, device
concept and improved manufacturing. In Figure 1.1 the OLED market
forecasts clearly show an increase in any application. When evaluating
a new emissive molecule or device structure, different characteristics
are evaluated: device efficiency, lifetime, the color coordinates and
environmental issues, which of course must be avoided.

Blue emitters have always been challenging in OLED displays in
respect of efficiency and lifetime.[4] In the first generation of emitters,
purely fluorescent materials were used. Fluorescent emitters have an
intrinsic limit in the internal quantum efficiency (IQE) of 25%, and
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considering the fact that only a reduced portion of light is effectively
able to leave the device in the correct direction, the maximum external
quantum efficiency (EQE) of this type of OLED was only ~5 %.[5] With
the second generation, the use of heavy-metal compounds induced
phosphorescence to be the main physical process behind emission,
and larger efficiencies were reached.[6] However, the long living triplet
states, combined with the large bandgap required in blue emitters, give
rise to high energy excited states, which might cause a degradation of
the OLED.[7] Blue pixels in nowaday’s displays employ a combination
of fluorescent (1% generation) and triplet-triplet-fusion (TTF) emitters,
in which TTF allows to reach a theoretical IQE limit of 62.5%.

In the 3™ generation, TADF emitters are used. TADF OLEDs have
gained the attention of both academic and industrial research in the
last years.[8, 9] The main property of these materials is their ability
to up-convert non-radiative triplet states into radiative singlet ones,
which allows moving the limit of 25% internal quantum efficiency
in normal fluorescent OLEDs up to theoretically 100%.[10, 11] With
respect to the 2nd™ generation, the use of heavy-metal atoms, which
are not ideal for environmental and high cost reasons, is avoided.
These factors make TADF a very interesting technology for replacing
fluorescent and phosphorescent emitters in today’s commercial OLED
products. However, the device stability and efficiency has still to be
improved and both are within the focus of active ongoing research.[12,
13]

In recent years the so called hyperfluorescent technology has been
introduced. It consists of a combination between TADF and other ma-
terials and they are usually indicated as 4" generation. In Section 1.6.3
a brief description of this technology is provided.

1.3 MOTIVATION

The goal of this PhD project is to gain insights into device mechanisms
and processes in TADF OLEDs, which can help the community to
improve the efficiency and lifetime of these devices. To tackle this goal
I first studied the emissive material, then the performances of actual
OLEDs, and at the end the degradation of these devices.

The first study reported in this thesis (Chapter 3) focuses on TADF
films (not embedded in a complete device). In particular, the effect
of non-radiative decay rates on the EQE is evaluated. Additionally, a
fitting algorithm was implemented to estimate the exciton decay rates
from optical experiments with single film devices.

The performance of an OLED depends not only on the emissive
layer, but also on the entire stack. Specifically, charge injection and
transport, excitonic and other effect such as spontaneous orienta-
tion polarization (SOP), play an important role. In order to analyse
these effects, a simple evaluation of the efficiency or standard current-
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voltage-luminance (JVL) is not sufficient. Instead, a more sophisticated
approach is required to draw precise conclusions. In Chapter 4 an
in-depth analysis is provided, where a combination of several experi-
mental techniques and simulations allows a detailed investigation of
an OLED stack. This study has been conducted on four OLEDs with a
different concentration of the emissive molecule.

As clearly stated in this introduction, it is fundamentally important
to understand and reduce the degradation of TADF emitters. This
topic is faced in the last two chapters of this thesis. In the first part of
this study (Chapter 5) the device degradation under different accel-
erated stressing conditions has been investigated. The data analysis
is done using a global fit algorithm, which is based on a widely-used
analytical model describing the degradation of organic and inorganic
LEDs. With this approach two main results can be achieved: provide
an estimation of the OLED'’s lifetime in standard operation conditions
from accelerated ones; estimate the luminance decay at any specific
temperature and current. The second part of this study (Chapter 6) is
centered on understanding the degradation mechanisms in a TADF de-
vice. An advanced electro-optical characterization is performed during
stress interruptions in which steady-state, transient and impedance
measurements are carried out. With the support of device modeling
the physical processes happening during degradation can be identi-
fied.

1.4 BASIC OLED STRUCTURE

An OLED is a multi-layer structure where each layer has its specific
purpose (see Figure 1.2). Starting from the substrate side, we have the
bottom contact, the hole-injection layer (HIL), the hole-transport layer
(HTL), the electron-blocking layer (EBL), the emissive layer (EML),
the hole-blocking layer (HBL), the electron-transport layer (ETL), the
electron-injection layer (EIL) and the top contact. Upon applying a
sufficiently high voltage between the electrodes, electrons and holes
are injected through the respective injection and transport layers. The
encounter of an electron and a hole inside the EML generates an
exciton, and when it decays radiatively a photon is emitted. Each layer
indicated before must therefore be optimized in order to obtain good
performance in terms of efficiency, stability and emitted color. [14]

In the following, a brief description of each layer is given. In Fig-
ure 1.2, a schematics of the injection-exciton formation-recombination
processes are shown in the energy diagram. As anode, indium-tin-
oxide (ITO) is the most widely used material. Its electrical conductivity,
optical transparency and high work function make this material a per-
fect solution for display applications. [16] OLED samples fabricated
for research, as the ones studied in this thesis, are made by evap-
orating the organic layers on top of glass substrates which already
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Figure 1.2: (a) Energy diagram of an OLED during operation adapted from
[15]. Electrons and holes are injected from the cathode and the
anode respectively. In the EML the two charge carrier types meet
and excitons are formed. When an exciton decays radiatively, a
photon is emitted. ® 4: anode work function, ®¢: cathode work
function, ®y;: built-in potential, V: applied voltage, A: effective
voltage across the OLED, q: elementary charge.

contain predefined ITO structures. As cathode, metals with a low work
function are used, in order to facilitate injection of electrons into the
device. Often, materials like calcium or aluminum are used.[17] In
order to promote injection of holes to the HOMO level and electrons
to the LUMO level of the organic materials, HIL and EIL are necessary.
Frequently PEDOT:PSS is spin-coated on top of the ITO contact as
HIL. [18] The EIL consist of a few nanometers of LiF. [19] A crucial
role in the OLED’s performance is played by the transport layers. A
good transport layer must possess several characteristics: high charge
carrier mobility, to ensure balanced charge injection; a good alignment
of the HOMO((HTL)/LUMO(ETL) level with respect to the EML’s
ones, to guarantee low charge accumulation and good injection; high
thermal stability, to avoid fast degradation[20]; high exciton energies,
to ensure no diffusion of excitons from the EML. Regarding the HTL,
the most common materials used in OLEDs are triarylamine deriva-
tives, spiro-derivatives, carbazole derivatives and fluorene deriva-
tives like 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC), N,N’-
bis-(1-naphthyl)-N,N’-diphenyl benzidine (x-NPD), tris(4-carbazoyl-9-
ylphenyl)amine (TCTA), N,N’-di-1-naphthalenyl-N,N’-diphenyl-[1,1":
4',1":4",1”’-quaterphenyl]-4,4”’-diamine (4P-NPD), N,N’-bis(I)naphthyl)-
N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (NPB),N,N’-bis(metatolyl)-
N,N’-diphenylbenzidine (TPD), 4,4",4”-tris((3-methylphenyl)phenyl



INTRODUCTION

amino)triphenylamine (m-MTDATA) etc.[20-23] The typical hole mo-
bility of these HTLs is roughly one or two order of magnitude higher
than the electron mobility of ETLs. Commonly used ETLs are: tris(8-
quinolinolato) aluminum (Alq;), 4-biphenyloxolate aluminium(III)
bis(2-methyl-8-quinolinato)-4-phenylphenolate (BAlq) 1,3,5-tri(phenyl-
2-benzimidazole)benzene (TPBi), 3-phenyl-4(10-naphthyl)-5-phenyl-
1,2,4-triazole (TAZ), 4,7-Diphenyl-1,10-phenanthrolin (BPhen), and
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP). [20, 24—26] Ad-
ditional layers could be included to block charge carriers escaping the
EML. In this case an HBL might be evaporated in between the ETL
and the EML, and an EBL in between the HTL and the EML. A good
HBL must have a deep HOMO level, such that the energy barrier from
the HOMO of the EML is sufficiently high to guarantee that no holes
escape to the cathode side (on the other side, the energy barrier from
the LUMO of the EML to the one of the EBL must be large enough).
It is important that the HBL and EBL possess also a LUMO/HOMO
which is aligned with the one at the respective transport layer and the
EML, such that energy barriers are avoided. [27] In most cases, the
previously mentioned transport layers play the role of blocking layers
as well, so that the two properties can be combined into a single layer.

The EML is the layer where electrons and holes recombine, gener-
ating light. The EML is usually composed by the emissive material,
embedded into a host matrix. The choice of the host molecule is ex-
tremely important for several reasons, which are briefly described in
the following paragraphs. One of the most important property of the
host material is the triplet energy. In order to confine triplet excitons
on the emissive molecule, a large triplet energy is required. In case of
blue emitters a triplet energy of at least 3eV is necessary.[28] Another
important aspect of the host material is its ability to ensure a balanced
charge transport. This characteristic is important for the OLED op-
eration in terms of efficiency and lifetime. Ideally, charge transport
occurs on host molecules, and therefore a balanced electron and hole
mobility is desirable.[29, 30] However, having transport on the host or
guest molecules might depend on the relative concentration between
the two, as investigated in Chapter 4.[31]

Besides the electrical characteristics, it has been shown that the
host molecule can also influence the energetic states of the emissive
molecule, which results in a change of the excitonic transfer properties.
[32, 33]

The most important component of an OLED, the emissive material,
is described in Section 1.6.

1.5 EXCITONS

An exciton is a quasi-particle which is generated from an encounter of
an electron and an hole. The two charges are attracted to each other
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thanks to their Coulomb interaction. Excitons can be distinguished
in two types, depending on the properties of the material in which
they form: Wannier-Mott excitons and Frenkel excitons. Wannier-Mott
excitons form usually in materials which possess a large dielectric
constant (~ 11-16), like inorganic semiconductors. The large dielectric
constant causes the binding energy of the exciton to be small (14.7 meV
for Si, 4.7meV for GaAs, 2.7meV for Ge) and therefore the distance
between the positive and negative charges is large (4-10nm). Frenkel
excitons instead form in materials with a low dielectric constant (=
3-4), like organic semiconductors. In this case the binding energy of
the exciton is much larger and therefore the electron-hole pair is closer,
forming small-range excitons (0.5-1 nm).

Since the exciton is a composition of two particles with half-integer
spin, an electron and a hole, the total spin can be either o (singlet
exciton) or 1 (triplet exciton). The energy of the two states is not
identical, the singlet exciton has a larger energy than a triplet exciton
(the singlet-triplet energy difference is a key factor in TADF emitters,
and is described in the next chapter). When an exciton recombines,
energy is released in different forms: heat, creation of a defect state
and photochemical changes of the excited material (classified as non-
radiative recombination) or by the generation of a photon (radiative-
recombination). Of course in the context of OLEDs, the goal is to
minimize the first one and maximize the second one such that the
efficiency of the device is maximized. The terms fluorescence and
phosphorescence are used to refer to the radiative recombination of a
singlet and triplet exciton, respectively. The generation of singlet and
triplet excitons is not equal, and it is governed by spin-statistics. In
the case of electrical excitation, only 25% of excitons are singlet, while
75% are triplets.

TADF are fluorescent materials with the peculiarity of being able to
take advantage of the large triplet population. A key role is played by
the energy difference between the singlet and triplet states, which will
be discussed in Section 1.6.1.

Once an exciton is formed, it can move from molecule to molecule.
Exciton transport is governed by two non-radiative mechanisms, Dex-
ter and Forster energy transfer, shown in Figure 1.3. These two mecha-
nisms describe the transfer of excited states from a donor molecule (D)
to an acceptor molecule (A). The asterisk in Figure 1.3 indicates the
excited molecule. Forster energy transfer is a mechanism in which no
direct movement of charge is involved and the process is governed by
the dipole-dipole interaction (Coulomb coupling). The Forster transfer
rate can be quantified as:

kr =k
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Figure 1.3: Schematics of Forster (a) and Dexter (b) energy transfer mecha-
nisms.

where k is the rate constant of the excited D without the presence
of A, x is the orientation factor, N4 is the Avogadro’s number, ¢p
is the luminescence quantum yield of D, n is the refractive index,
Rpa is the distance between D and A and J; is the spectral overlap
between the emission of D and the absorption of A. The formula
can be re-written by defining the Forster radius, Ry. Dexter transfer
instead involves the actual transfer of electrons. This mechanism is
governed by the exchange integral and it decays exponentially with
the distance between D and A. The transfer rate can be indicated as:

kp = Z%Kz - Js - e 2Roa/L (1.2)
where K is a constant and L is the sum of the van der Waals radii.
Rpa and Js; have already been defined above. It is noteworthy that
both Forster and Dexter transfer rates are proportional to J;, which
is the spectral overlap between the donor emission spectra Ip(v) and
the acceptor absorption spectra a(v):

Js = /Ooo Ip(v)a(v)dv (1.3)

therefore a good overlap between the emission spectra of D and
absorption spectra of A is required for both mechanisms.

In general, Dexter transfer is considered a short-range interaction
~ 1nm), while Forster transfer is still efficient at longer range (=~
10nm).[34] Another difference between the two transfer mechanisms is
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that Forster transfer is in general more efficient for singlet states, while
Dexter transfer for triplet states. This result is a consequence of the
different spin-wavefunctions contained in the Coulomb and exchange
coupling, governing the Forster and Dexter transfer respectively. For
additional details, the reader is referred to the literature.[35]

1.6 THERMALLY-ACTIVATED DELAYED FLUORESCENCE (TADF)

The peculiarity of these fluorescent emitters is that non-emissive triplet
states are efficiently converted into singlet states, which can radiatively
decay. The process of conversion from triplet to singlet states is called
reverse-intersystem crossing (RISC). In this section I will dive in detail
about the physics of TADF emitters and the main processes which
influence the RISC process. Afterwards, an overview of the different
molecular structures of TADF emitters is provided.

1.6.1  Singlet-triplet energy levels and reverse intersystem-crossing process

In Section 1.5 an introduction of excitons is given. The present section
provides a more detailed discussion about the exciton energy and
transition which occurs in TADF systems. A complete picture of the
exciton energy and transitions in organic material is well described
by the Jablonski diagram, see Figure 1.4. Sp is the ground state, Sy,
Sy, T1 and T, are the first and second singlet and triplet excited
states. For each of these states the vibrational states are indicated.
In this scheme several transfer and relaxation processes are shown:
fluorescence, intersystem-crossing (ISC), reverse intersystem-crossing
(RISC), vibrational relaxation and internal conversion.

v Fluorescence

&>n warnvnP  Intersystem-crossing
<‘1:J v Reverse intersystem-crossing
w wannan  Vibrational relaxation
wamaap  Internal conversion
S >—_——
2 —
TZ
WD
WV
S
1
2 S 3
2 S >
ev S
f g
SO

Figure 1.4: Example of a Jablonski diagram of a TADF system. The singlet
states are indicated with S, while triplet states with T.
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The RISC process is the key element in TADF compounds. This
mechanism consist of a transition of an exciton from a triplet state
to a singlet one. This process is energetically unfavourable, since the
triplet state has a lower energy with respect to the singlet one. In
TADF molecules the energetic difference between singlet and triplet
is so small that solely the thermal energy at room temperature is
sufficient to guarantee a strong RISC. It is clear that reducing the
energy splitting between singlet and triplet states will favor the RISC
mechanism.[10] Details about how to design TADF molecules in order
to minimize the energy splitting will be discussed in the next section.

Besides the energetic aspect, during the RISC process the spin of the
exciton must change from the singlet to the triplet state. With the use
of heavy atoms such as iodine, bromine or transition metal atoms like
Pt, Ir or Ru, the spin-flip process is enhanced by spin-orbit coupling
(SOC).[36] In TADF materials instead, an efficient RISC process can be
achieved without the use of heavy elements. The role of SOC in TADF
materials is currently subject of intense research.[37] In several studies
it has been suggested that the SOC between charge transfer triplet and
singlet states is mediated by vibronically-coupled local excited triplet
states. [38—40] In some molecules the hyperfine coupling is responsible
for the spin-transition.[41] Going more in detail about this mechanism
goes beyond the scope of this work.

In Figure 1.5, a simplified schematics of a TADF system is shown.
S1 and T; are the first excited singlet and triplet states while Sy is the
ground state (the y-axes represents the energy). k¢ is the fluorescence
decay rate, knrs and knyt are the non-radiative decay rate associated
to the singlet and triplet states, ki is the inter-system crossing rate
(transfer from the singlet to the triplet state) and ks is the reverse-
intersystem crossing rate (transfer from the triplet to the singlet state).
In this description phosphorescence is omitted, since I am dealing
with fluorescent materials the radiative decay rate of the triplet state
can be considered negligible.

S, \krisc
kisk) LE
ke Kors Kot
S

Figure 1.5: Simplified schematic illustration of a TADF system. S, is the
singlet ground state, S; and T, are the singlet and triplet ex-
cited states. Five processes are considered: radiative and non-
radiative decay of S; (k¢; knrs), intersystem-crossing (kisc), reverse
intersystem-crossing (kyisc) and non-radiative decay of Ty (knrt).
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Referring to Figure 1.5, I can now discuss the energy splitting
between the singlet and triplet states. The singlet and triplet energy is
well described by Cai et al.:[42]

Es=Eo+K+] (1.4)
Et=E+K—-] (1.5)
AEg = E, — E; = 2] (1.6)
2
1% (555 ) tone@lpu)p (1) (1)
1— 1N

where E;, E;, Eg represent the singlet energy, triplet energy and the
one-electron orbital energy without electron-electron interaction. K
is the classic Coulombic repulsion energy and r; — r; is the distance
between the two charges. | is the exchange energy and, assuming the
same half-filled orbital configuration of S; and Tj, the matrix element
for | can be expressed as Equation 1.7. (1) and (2) represents the
two charges occupying the frontier molecular orbital. ¢y and ¢y, are
HOMO and LUMO wavefunctions.

From this formulation it is clear that AE; is proportional to the
overlap integral between the HOMO and LUMO wavefunctions, and
inversely proportional to the distance between the two charges.[43]
Therefore, one way to reduce the overlap integral is to design molecules
with spatially separated HOMO/LUMO. In this case the so called
donor-acceptor (D-A) units, located far away from each other in the
molecule, enables the creation of charge-transfer states (CT) [44]. An-
other rule which can reduce AE; is to have the D and A units or-
thogonal to each other.[45, 46] However, it must be noted that the
fluorescence decay rate (k¢) depends quadratically on the product
@1 (2)@r(1).[43] Therefore, an excessive reduction of the wavefunction
overlap is not beneficial to the overall emission, since k¢ would also be
reduced.

1.6.2  Typical donor-acceptor systems

One of the most common structures of pure organic TADF molecules
is the donor-acceptor architecture with usually multiple D-A units.
Having spatially separated D-A units allows for a small AE,;. How-
ever, to ensure an integral molecular system, required for fluorescent
emission, an appropriate choice of connecting bridge between D-A
is necessary. [43] Commonly used donor units are carbazole[47—49],
phenoxazine[50, 51], diphenylamine[52, 53], and derivatives. Typical
acceptor units are: cyano[s4, 55], diphenyl sulfoxide[47] and nitrogen
-based systems|[10, 56, 57].

In Chapter 3 and Chapter 4 I have studied films and devices where
the emissive TADF molecule is DMAC-TRZ. In Figure 1.6a the struc-
ture of the molecule is shown, and is composed of 9,9-dimethyl-

11
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Figure 1.6: Molecular structure of DMAC-TRZ (a), 25ACA (b) and 26ACA
(©).

9,10-dihydroacridine (DMAC) as donor unit, and 2,4,6-triphenyl-1,3,5-
triazine (TRZ) as acceptor unit with a dihedral angle between the two
of about 90°.[58] DMAC-TRZ was firstly reported by Tsai et al.[59]
and has been widely investigated in recent years. Different values of
AEs; have been reported, depending on the specific host in which the
molecule was embedded. In a study of Stavrou et al. [46] a detailed
photophysical analysis of this molecule is conducted. In their work
AEg spans from 170meV (in Zeonex, solution processed), to even
negative values of -42meV (in DPEPO and neat film) and -20meV (in
Toluene, solution processed); in mCBPCN, the host used in Chapter 4,
a value of 24 meV is reported. In Chapter 3 instead, I studied TADF
films, not yet incorporated into devices. For this study two emissive
molecules have been investigated: 25ACA (2,5-bis(9,9-dimethyl-9,10-
dihydroacridin-10-yl)benzonitrile) and 26 ACA (2,6-bis(9,9-dimethyl-
9,10-dihydroacridin-10-yl)benzonitrile). These two molecules have
been firstly reported by Gudeika et al. [60] and subsequently inves-
tigated by Danos et al. [61]. The structure of the two molecules is
indicated in Figure 1.6b and Figure 1.6c.

1.6.3 Multiresonance TADF and hyperfluorescence

An alternative design principle has been introduced by Hatakeyama
et al.[62] in 2015, later indicated as multiresonance TADF (MR-TADF).
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This TADF design method has not been investigated in this thesis,
however, a short description is given for completeness.

Differently from the classic D-A design, where the two units are
located at different sides of the molecule, MR-TADF is characterized
by having electron-donating (donor) atoms and electron-deficient (ac-
ceptor) atoms. The donor and acceptor atoms are located throughout
the entire molecule disposed para to each other.[63] The fact that the
HOMO and LUMO orbitals are shifted by one atom provides a rela-
tively small exchange integral which ensures a small AEg;. In contrast
to common D-A structure, this design allows for a narrow emission
spectra, thanks to the rigidity of the molecule.[64]

An interesting study employing these materials has been conducted
by Hatakeyama et al. in 2016 [65], in which two DABNA structures
were reported. These two molecules exhibit a deep blue emission (459
and 467 nm) with a full width at half maximum (FWHM) of 28 nm and
CIE coordinates of (0.13, 0.09) and (0.12, 0.13) respectively. CIE is the
color space defined in 1931 by the Commission Internationale de I'éclairage
and quantitatively links the wavelength of an electromagnetic wave in
the visible spectrum and the color perceived by human eye.[66]

In Figure 1.7 the molecular structure of v-DABNA is shown.[67, 68]

Thanks to the narrow and deep blue emission of this type of
molecules, they have been used in the so called hyperfluorescence
concept, firstly proposed by the group of professor Adachi.[11] In
this case, the emissive layer is composed of the host, a pure TADF
molecule and a MR-TADF molecule. The basic working principle of
these EMLs is that the conversion of triplets into singlets takes place
on the pure-TADF molecules. Subsequently the singlet excitons are
transferred to the MR molecule by Forster energy transfer, where they
radiatively decay to the ground state. In this way the narrow and deep
blue emission of MR molecule can be coupled with a strong triplet
harvesting of the pure TADF material.[69, 70]
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Figure 1.7: Molecular structure and HOMO(b)/LUMO(a) diagrams of v-
DABNA. Adapted from [67].
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2.1 ELECTRO-OPTICAL CHARACTERIZATION

The OLEDs presented in this thesis have been electro-optically char-
acterized with the all-in-one experimental setup Paios, shown in Fig-
ure 2.1, from Fluxim AG.[71].

Figure 2.1: Paios measurement instrument.

Paios is an instrument used to characterize both OLEDs and solar
cells. Depending on which device is measured the setup slightly
changes, but the main structure is identical and it is composed by two
main units:

¢ Function Generator Unit, which is used to apply voltage to the
sample

¢ Digitizer Unit, which is used to measure the actual current
flowing through the OLED and the voltage signal from the
photodetector (in case of solar cells this component is replaced
with an LED)

Paios is controlled with the software interface called Characterization
Suite. With Characterization Suite the user can:

¢ Define the experimental protocol containing the list of experi-
ments to be performed

¢ Perform post-processing analysis on the experimental results
(i.g. calculating RC effect from impedance data, mobility from
CELIV data, ...)

15
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* Plot, store and export experimental results

¢ Compare experimental data with simulations performed with
Setfos through the so called Setfos-Paios integration (SPI)

In the following sections, the experimental techniques used in this
thesis are briefly described.

2.1.1  Current-Voltage-Luminance (JVL)

The current-voltage-luminance is the basic steady state experimental
technique to characterize an OLED. A voltage scan is applied to
the device and current and luminance are recorded. With Paios this
experiment can be performed with three methods: ramped, sequential,
and pulsed. In this work only the pulsed method is used, in which
each voltage point is measured individually with a voltage pulse. This
method allows to avoid heating of the device during the measurement
and to improve the current resolution (down to 10pA) thanks to
averaging the current during the voltage pulse. At each voltage pulse
the emission of the OLED is measured with the photodetector. The
emitted light can be expressed as Luminance (cd/m?) only when a
reference measurement with a calibrated spectrometer is performed.

In Figure 2.2 an example of a voltage-current and a voltage-luminance
curves measured with Paios is shown.

L
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Figure 2.2: Example of pulsed JVL technique performed on a TADF device.
The pulse duration is 100ms. (a) current density vs voltage; (b)
luminance vs voltage.

2.1.2  Carrier extraction by linearly increasing voltage (CELIV)

This technique was introduced by Juska et al.[72] and is a transient
experiment in which the applied voltage varies linearly over time and
the current is measured. In this thesis injection-CELIV is exploited, in
which a constant voltage (Vssset) is applied to the OLED prior to the
voltage ramp. During the initial offset, charges are injected into the
device and subsequently extracted by the voltage ramp. The measured
current consists of a plateau, given by the displacement current, with



2.1 ELECTRO-OPTICAL CHARACTERIZATION

possibly one or more peaks on top, given by the re-extracted charges.
Injection-CELIV is mostly used with OLEDs, and it allows to estimate
charge carrier mobilities and charge carrier density. CELIV is also
widely used to investigate solar cells, in this case the charge are
created by exciting the sample with a light pulse (photo-CELIV).

In Figure 2.3 an example of the injection-CELIV experimental result
is shown.
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Figure 2.3: Example of injection-CELIV technique performed on a TADF
device. (a) Schematics of the applied transient voltage; (b) Device
current with different Vet applied.

2.1.3 Impedance spectroscopy

Impedance spectroscopy is a common characterization technique used
to investigate OLED and solar cells. The OLED (or solar cell) is, for
all-intents, an electrical component with a specific transfer function. A
sinusoidal voltage is applied to the device and the current is recorded,
the real and imaginary part of the transfer function can be recon-
structed and important information extracted. Following the analysis
described by Novy et al. [73], we can define the steps necessary to
calculate the impedance, starting from the applied sinusoidal voltage:

V(t) = Vpc + Vac = Voffset + Vamp Sin(UJt) (2.1)

where Vpc is the constant voltage offset, Vamp is the sinusoidal
voltage amplitude and w is the angular frequency (w = 27t f). One
requirement is that Vmp should be small enough, so that the system
can be considered linear. The recorded current is also sinusoidal:

I(t) = Ipc + Iac = loffset + Iamp Sin(Wt + (P) (2.2)

where ¢ is the phase shift introduced by the OLED. By measuring
the current, the complex impedance can be simply computed with the
formula:

= Zreal +1- Zimaginary (2.3)

~il <
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where V and I are the voltage and current, indicated with the
complex notation. The capacitance (C) and conductance (G) can be
calculated:

1 —Z imaginary Zreal

C: — == —
2rf Z| Z]

(2-4)

In this thesis I mainly focus on the imaginary part of the impedance
which contains the capacitance. This experiment can be performed at
different Ve, and we refer to it as C-V, or at different frequencies,
and we call it C-f.

Alternatively, a frequently used representation of the impedance is
the Cole-Cole plot, where the real part of the impedance is plotted on
the x-axis and the imaginary on the y-axis.

A capacitance-voltage example is shown in Figure 2.4a. At low/neg-
ative voltage the device is completely empty of charges and the mea-
sured capacitance is the geometrical one of the entire OLED (Cgeo)-
When Vet is increased, charges are injected to the device causing
the capacitance to increase.[74] When both charge types - electrons
and holes - are injected, they can recombine in the emissive layer and
emit photons. In this condition the OLED is a conductive element and
therefore the capacitance drops. The voltage at which the capacitance
peaks is considered to be a good estimation of the built-in voltage of
the OLED (Vy,).[73]

A capacitance-frequency example is shown in Figure 2.4b. At high
frequency, the capacitance plateau again represents the total Cge, of
the OLED (10° Hz in Figure 2.4b). At larger frequencies, we see a
sudden decrease of the capacitance caused by the RC effect. At lower
frequencies, the C-f plot might show plateaus (as the one located at
10* Hz in Figure 2.4b), indicating an injection and accumulation of
charges inside the OLED.
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Figure 2.4: Example of impedance spectroscopy technique performed on a
TADF device. (a) C-V performed at four frequencies (100 kHz,
10kHz, 1kHz, 0.1 kHz); (b) Cf performed at different V et (0.5V,
1V,1.5V,2V, 2.5V).

Another impedance measurement performed in this thesis is the
transient capacitance. In this case, the device is first preconditioned at
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a specific voltage (Vprec) and afterwards the capacitance is measured
(at a fixed applied voltage (Vmeas) and frequency) with a different time
delay with respect to the preconditioning. A schematics of the applied
voltage and an example are provided in Figure 2.5.
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Figure 2.5: Example of transient impedance technique performed on a TADF
device. (a)Schematics of the applied voltage; (b) Transient capaci-
tance performed with Vineas = 1.5V and frequency = 100 Hz.

To summarize, impedance spectroscopy is a vastly used character-
ization technique which can provide important information about
charge transport [75] and energy barriers[76, 77]. In unipolar devices
(electron only or hole only devices) impedance spectroscopy is used
to quantify the polarity of specific materials[78] or to determine the
dielectric characteristics.[79]

2.1.4 Transient electroluminescence (TEL)

Transient electroluminescence, as the name suggests, is a transient
experiment in which a voltage pulse is applied to the OLED and
current and luminance are recorded. This technique is widely used to
investigate charge carrier mobilities and excitonic parameters.[8o, 81]
An important aspect to mention when describing this experimental
technique is the RC effect, which influences the current decay (rise). In
fact, the contact between the contact probe and the electrodes of the
sample possess a certain resistance while the device itself possess a
geometric capacintance, the series of the two acts as a low pass filter
and can be represented as an RC circuit. The consequence is that the
speed of the applied electrical pulse is limited by the RC constant
T = RC. The RC effect can be lowered in two ways: decreasing R (i.e.
by evaporanting a thin layer of low resistance metal on top of the
contacts) or decreasing C of the pixels (by decreasing the area).
Particularly interesting is the emission of the OLED during turn-on
and turn-off. In several studies a delayed emission occurring in the
first microseconds has been observed and explained with trapping-
detrapping processes or by assuming a split emission zone at the
two sides of the EML.[82-84] In TADF devices, the luminance decay
is of particular interest since might contain important information
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regarding the delayed component, which is given by the conversion of
triplet states into singlet ones. [85]
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Figure 2.6: Example of TEL technique performed on a TADF device. (a)
Schematics of the applied transient voltage; (b) Luminance with
different Vpyse applied.

2.2 PLATFORM FOR DEGRADATION ANALYSIS

In the introduction I have already described the importance of study-
ing and understanding the degradation processes in blue TADF
OLEDs. The platform Litos is used for this purpose.

As visible from Figure 2.7, Litos is equipped with four chambers in
which temperature and atmosphere can be independently controlled.
Moreover, in each chamber four pixels can be electrically stressed with
a specific current density. With this setup, a total of sixteen pixels can
be stressed in parallel. During stressing, two quantities are measured
for each pixel: the applied voltage and the emission. Each chamber
is equipped with four photodiodes, with which the emission of the
pixels is measured.

The user can control Litos with the same interface used to control
Paios, Characterization Suite.

Figure 2.7: Litos measurement instrument.
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2.2.1 Litos-Paios integration

Litos and Paios can be used in combination. With this setup a detailed
electro-optical characterization can be performed automatically dur-
ing degradation. In Figure 2.8 a picture of the two systems used in
combination is shown.

Figure 2.8: Litos-Paios combination.

From literature, several experimental techniques are used to investi-
gate and quantify the degradation mechanisms affecting OLEDs. In
the study conducted by G. W. Lee et al.[86], the degradation of fluores-
cent blue OLED is explored observing the change in JV measurements.
More sophisticated technique such as TEL can provide additional indi-
cation about the nature of the degradation mechanisms. For instance,
Q. Niu et al.[87] analyzed the change of the delay time (delay between
the application of the voltage pulse and the appearance of electrolu-
minescence) during degradation on phosphorescent OLED. With this
analysis they were able to indicate that electron transport is the main
cause of degradation and that is mainly caused by creation of electron
trap states in the emissive layer. Another technique frequently used to
investigate the degradation of OLED is impedance spectroscopy.[73,
88] A combination of several techniques allows an even better under-
standing of the underlying mechanisms. The study conducted by T. D.
Schmidt et al.[89] on a phosphorescent OLED shows that the degrada-
tion in this case is mainly caused by a decrease of the charge carrier
balance and a reduced radiative quantum efficiency, both induced by
the formation of trap states in the EML. Several other studies showed
the importance of having such an in-depth approach.[g0-92]

To conclude, in order to perform a thorough investigation of the
degradation mechanisms in OLEDs, the simple luminance decay over
time or steady-state analysis is not sufficient to draw meaningful
conclusions. A more systematic strategy comprising a wider spectra
of experimental techniques is therefore required.
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Figure 2.9: Example of the experimental results from Litos-Paios integration.
The stress with Litos is performed with 20 mA/cm? at 283K on
TADF OLED:s. (a) emission decay over time measured with Litos.
(b) JV curve at different stressing times (o, 16, 34, 51, 72, 119 and
135 hours).

2.3 SIMULATIONS

The modeling software used is this thesis is Setfos version 5.2.[93] Setfos
comprises four modules (Advanced optics, Absorption, Drift-diffusion
and Emission), which can be activated for the specific use. In this
work, since I am investigating OLEDs, the Drift-diffusion and Emission
modules are used. In Figure 2.10 a schematic of the coupling between
the Drift-diffusion, excitonic model and Emission is shown.

— Generation —— * Radiative
* Charge decay
DRIFT auenching | EXCITONICS EMISSION
DIFFUSION L ‘ 4 ‘
INPUTS INPUTS INPUTS
* HOMO/LUMO ¢ Excitonic rates * Spectra
levels (radiative, non-
+ Mobility V radiative, V
* Trap states quenching,
* Doping . Di iati transfer .p "
¢ Permittivity Issociation between furtce
... exciton species) (:occ)jrified
krad(x))

Figure 2.10: Schematics of the coupling between the Drift-diffusion, excitonics
and Emission in Setfos.

2.3.1  Electrical model
The drift-diffusion formalism is widely used to model electric trans-

port in organic materials.[94—96] With Setfos, the charge motion in
the semiconducting media is described by a set of equations, defined
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in one dimension (x). This approach is justified by the fact that the
lateral dimension are 105 larger than the total thickness of the device.
The following mathematical derivation is adapted from the Setfos’
manual.[97]

Setfos allows for the definition of disordered systems, in which
the energy levels (HOMO-LUMO) of each layer are defined with a
distribution (Extended Gaussian disordered model (EGDM) or Extended
Correlated disordered model (ECDM)). However, with Setfos impedance
simulations of multi-layer structures, defined with EGDM or ECDM,
can not be performed. Therefore, in this thesis this possibility is not
exploited and for each material a discrete energy is defined.

The first step of a drift-diffusion model is the current continuity
equation:

o, 19,
alt (x,8) = - ix (x,1) — Ri—e(x,) — R (x, 1) (2.5)
3 5

Wi (x,1) = —% I (1,6) ~ Reiy(,6) — R (1) (2.6)

where 7. and ny, indicate the density of electrons and holes, j. and
Jn are the current density of electrons and holes and e is the elemen-
tary charge. The recombination terms are indicated as R (bimolecular
recombination) and Ri.-Rin (recombination caused by traps, also
known as Shockley-Read-Hall recombination (SRH)). When an ex-
ternal light source is considered in the model, an additional term to
represent the photon absorption is included - Gopt - §(x) - where the
first term indicate the optical generation efficiency and the second
the generation profile. The recombination process is described by the
Langevin model [98] since organic semiconductors are materials with
relatively low mobility of charges:

e
€o€r

R =1n——(pe + pn) (meny — i) (27)

Where 1. and py, are the electron and hole mobilities, n; is the
intrinsic charge concentration at thermal equilibrium and 7 is a phe-
nomenological parameter defined as Langevin recombination effi-
ciency. The mobility of electrons and holes can be defined as constant,
field-dependent or field-temperature-dependent. In this thesis only
the first two models are used, and its choice depends on the specific
material.

The electron and hole currents are defined as:

Ine

je (x,1) = —e - ne(x,t) - e(x,t) + €+ De - B (x,t) (2.8)
jn (x, 1) = +e-np(x,t) - oh(x, ) —e- Dy - aazh(x,t) (2.9)

The first terms of the two equations are the drift components and
the velocity can be expressed as:
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Ue(x,t) = —pe - E(x, 1) (2.10)
h(x,t) = +pn - E(x, 1) (2.11)
while the second terms are the diffusion components and they can

be defined with the classical Einstein relation (when no disorder is
taken into account):

De = e - keT (2.12)
kT
Dh = pin- (@13)

By inserting the drift and diffusive terms in Equation 2.8 and Equa-
tion 2.9 the current equations can be re-written as:

Ine

ax (x/ t) (2'14)

je (x,t) =mne(x,t)-e-pe-E(x,t)+pe-kp-T-
. on
jn(x,8) =np (x,t) ey - E(x,1) —‘uh-kB-T-a—xh(x,t) (2.15)

The charge densities are coupled with the electric field through the
Poisson equation:

ox (0 8) = - €0€r

(2.16)

where 1, _goping and ny,_gping are the acceptor and donor doping
densities and ne(x,t) and nyy(x,t) are the electron and hole trap
densities. In Setfos a trap state is modeled with three parameters:
trap density, energetic trap depth and the charge capture rate. When
SRH or trap-trap recombination are activated an additional parameter
must be indicated (SRH: capture rate of the opposite charge carrier;
trap-trap: trap-trap recombination rate).

The following equation provides the boundary conditions for the
previous equations:

1 4
Vieol$) = 5 [ E(x,)dx+ Vi, (217)

The reader can refer to [99] or [100] for further details about this
derivation.

) [nh<xf t) - ne(x, t) — Mu—doping + Ny —doping + nt—ht<xz t) - ”t—e(x/ t)]
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2.3.2  Modeling of TADF emitters

In TADF materials, the concept of exciton plays a fundamental role. In
Setfos as many exciton species as necessary can be defined and they are
modeled with the excitonic equation described in this section. For a
TADF system one needs at least two excitons, a singlet and a triplet. In
the model used in this thesis the exciton generation is coupled with the
recombination profile (calculated by the Drift-diffusion module) and
the emission (calculated by the Emission module) is in turn coupled
with the exciton profile.
The excitonic equation solved by Setfos is:

a5; - o
7(75) :giR(x) +V- ]S,i(x) - (krad,i(x) + knon—rad,i) : Si(x)‘|’
ot

nexc

- kannih,i : Si(x)z + Z (ttsji : kannih,j : Sj(x)2)+
j=1

nexc Nnexc Nexc 1
- E kannih,ij ’ SI(X)SJ(X) + Z Z ESttjlikannih,lej(x)sl(x)+
j=1 j=1 I=1

— kpn,iSi(x) 1y, (x) — kp-e,iSi(x) 1 (x)+
nexc

+ Z; (Kii - Si(x) — kij - Si(x)) +
=

nexc —AE:: —AE::
Y v — Je . ). c.
+]‘221 (klJ exp( T ) SJ(x) ki exp( T > Sl(x)>
(2.18)

a line-by-line explanation of the terms follows:

e first line: R(x) is the recombination term from Equation 2.5 and
Equation 2.6 and g; is the generation efficiency. I. e. in a classical
view of singlet and a triplet states, the generation efficiency is
0.25 for the singlet exciton and o0.75 for the triplet. The second
term is the diffusion term. The third term indicates the loss of
excitons through radiative or non-radiative decay processes.

¢ second line: kg, ; is the annihilation rate from the same exciton
specie (i. e. singlet-singlet annihilation or triplet-triplet annihila-
tion), this process might lead to the creation of another exciton
with a specific prefactor (ftsj;), indicated in the second term of
the line.[35]

e third line: ky;,i,ij is the annihilation rate from different species
of excitons (i. e. singlet-triplet annihilation). The second term
contains the generation of excitons from this annihilation process,
in this case the prefactor is ttsy;.[35]

e fourth line: k,1; is the exciton-polaron quenching with holes
and kp.; is the exciton-polaron quenching with electrons.
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e fifth line: transfer from and to other exciton species is also possi-
ble (k; and kj), for example the intersystem crossing (ISC) of a
TADF system.

* sixth line: thermally activated exciton transfer from and to other
exciton species are indicated in this line. The reverse-intersystem
crossing (RISC) of TADF materials is the perfect example of such
a process. In Setfos when this term is activated the prefactor k;;
is automatically taken from the fifth line (ISC rate). However in
this thesis the reverse-intersystem crossing process is modeled
by simply defining an additional rate in the fifth line.

2.3.3 Optical model

The calculation of the passive optical properties are based on the
transfer matrix approach in Setfos.[97] With this model, the reflection
(R(A)), absorption (A(A)) and transmission (T(A)) of the light are
calculated by imposing R(A) + A(A) + T(A) = 1. This model describes
the plane wave propagation and is based on the fact that the electric
field across different media is governed by continuity equations. With
this method each layer is represented as a matrix containing the
thickness and the refractive index. The system matrix, representing
the entire stack, can be simply calculated as a multiplication of the
single-layer matrices.

The emission module of Setfos is based on the dipole model, where
the emission of a single molecule can be approximated as that from
an Hertzian dipole. However, an OLED is a thin multilayer structure
with two electrodes at the extremities (typically one highly reflective).
In this conditions, the molecule is embedded in an optical cavity,
where the reflected electric field has a strong influence on the dipole
emission. This mechanism is termed Purcell effect, and it can be taken
into account with the so called Purcell factor. In this way the emission
rate of the molecule becomes dependent on its position inside the
optical cavity. The non-radiative component of the dipole instead is
not influenced by the Purcell factor, and remains constant.[101] Once
the effective position-dependent radiative decay rate of the emissive
exciton species is calculated, the light emission is computed. In the
remaining part of the chapter the mathematical derivation of these
quantities is provided.

Approximating the molecule as an Hertzian dipole, the dynamics
of its oscillation can be described with:

2
dat?

P+ bo g+ @i = S (@) (2.19)
where b is the intrinsic power of the dipole, w is the oscillator

frequency of the dipole in the undamped case, ¢ is the elementary
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charge, m is the effective mass of the dipole and Ex is the interface-
reflected field at the dipole position. In an infinite birefringent medium,
with an ordinary and extraordinary refractive index n,, and n,,, the
radiative power of an horizontal and perpendicular dipole can be

expressed by:

_ lpPwky

goboL = 127eq Nor (2.20)

_ |pPwky (313, +n
900l = oy "\ T4z (2.21)
In both cases the intrinsic power of the dipole is:
b() = bO’]O + (1 — qo)bo (2.22)

where the first component is the radiative fraction, and the second
the non-radiative. The fact that the dipole is immerse in an optical
cavity requires to include an additional term to take into account the
effect of the reflected electric field, and the equation can be rewritten:

b = bogoF + (1 — qo)bo (2.23)

where F is the Purcell factor and is multiplied to the solely radiative
term, this because the non-radiative is not impacted by the cavity effect.
F can be expressed by a parametrization of the in-plane wave-vector
as:

F = /Ooof(u) du (2.24)

where u = % for ordinary waves and u = % for extraordinary
waves. k|| is the in-plane wave vector and ky is the wave-vector in vac-
uum. The function f(u) = fy(u, A) is the infinitesimal dipole radiation
(at a given angle, dipole position and wavelength).

Finally, the total lifetime can be calculated from the intrinsic lifetime,
To-

o_ b _
T T 1—qo+qoF (2.25)

and the reflection-modified apparent quantum efficiency, q, is:

qoF

P (2.26)

q:

27



28

METHODS

When excitons are included in the model, instead of 15 and g¢ the
user must input the radiative and non-radiative decay rates for each
exciton species, k,o and k0. As said before, the radiative component is
modified by the Purcell factor and becomes position dependent, k,(x),
while the non-radiative is not. The excitonic formalism is univocally
related to the 7-q one by:

1
o= ky + kur (2.27)

ks

q= m (2.28)



DETERMINING NON-RADIATIVE DECAY RATES IN
TADF COMPOUNDS USING COUPLED TRANSIENT
AND STEADY STATE OPTICAL DATA.

As a first study, I investigated the fundamental properties of TADF
emitters and their potential impact on the efficiency of the final device.
More specifically, I studied how the non-radiative decay rates of singlet
and triplet states could influence the efficiency of the OLED.

Additionally, a global fitting algorithm has been defined. With this
approach, by taking into account steady-state and transient photo-
luminescence measurements, performed on TADF films, I was able
to determine the entire set of decay rates: fluorescence, intersystem-
crossing, reverse intersystem-crossing and non-radiative decay rates
of singlet and triplet states.

This chapter reports the peer-reviewed article "Determining non-
radiative decay rates in TADF compounds using coupled transient
and steady state optical data"[102]. The co-authors supported with
the following contributions: Dr. Sandra Jenatsch and Prof. Beat Ruh-
staller contributed with scientific discussions and with support in the
scientific development of the article; Kleitos Stavrou and Dr. Andrew
Danos and Prof. Andrew P. Monkman provided the experimental
optical data. All the co-authors contributed with proof-reading of the
publication.

3.1 INTRODUCTION

In recent years, the TADF mechanism has been deeply investigated
and the underlying processes elucidated. The transition from triplet
to singlet state, which governs the TADF process, has been found to
occur in a complex manner where multiple excited states are involved
(charge-transfer and local-excited states) and additional phenomena
play a crucial role (spin-orbit and vibronic-coupling).[103, 104] Despite
the complexity of the TADF process, the emissive properties of new
materials are frequently characterized using a simpler model where
only three states are considered: the ground state (S,), the first excited
singlet (S;) and triplet states (T;).[105] The three-state model was
considered in detail by Haase et al. and used to directly fit transient
photoluminescence (TrPL) decay measurements on TADF films.[106,
107] With their method they can quantify the key rates involved in the
process (kg kisc, krisc) as parameters in a set of ordinary differential
equations (ODE), providing a simple method to evaluate TADF emit-
ters. Nonetheless, their method assumes no non-radiative decay from
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the triplet state, and while that was confirmed experimentally for the
specific materials they examined, it is unlikely to be true in general.

Another recent study based on the three-level model by Tsuchiya
et al. addresses the same topic by deriving the analytic exact solution
of the model. However, when applying this to experimental results,
the non-radiative decay rates of singlet or triplet states cannot be fit
uniquely without additional experimental data or are simply assumed
to be absent.[107] The work of Vazquez et al. reports on a proposed
new method to calculate rISC rates, [108] but this more specialised
technique was not used in this work. In this study I investigate the
effect of TADF rates on the device efficiency. I start my analysis by
writing the expression of the EQE of an OLED:

EQE = ﬂoutﬂrecﬂS/TPLQY (31)

where 77,4t is the optical outcoupling factor, #rec is the probability of
electrons (e) and holes (h) to recombine instead of escaping through
the opposite electrode, 1,7 is the fraction of exciton leading to an
emissive state and the PLQY is the photoluminescence quantum yield
of the material.[35] In a pure fluorescence materials, in which only
singlets are responsible for emission, 775, can be simply considered
equal to 0.25. In TADF emitters, this value is usually considered equal
to 1, since the triplet states can be converted into singlet one. But
this is just an approximation, the dynamic nature of the RISC process
requires a more precise calculation of the #s,r, which results to be
dependent also on the non-radiative decay rates of the singlet and
triplet states. The presence of non-radiative decays influences also
the PLQY, in this study we define the multiplication of #s,r and the
PLQY as electroluminescence quantum yield (ELQY), or maximum
IQE (when #ec equals 1).

In the optimal case, TADF emitters can exhibit a PLQY equal to 100%
when there is no significant non-radiative decay from either singlet or
triplet states, which implies an ELQY of 100%.[46, 109] Instead, when
non-radiative decays are present (either from a singlet or triplet state)
both PLQY and 75,1 decrease, causing a reduction of the EQE.[110,
111] In this more realistic case, it is important to be able to allocate
where the non-radiative decay is originating from.

In the first part of the study, I highlight the importance of con-
sidering non-radiative decay processes and its influence on the EQE.
Interestingly, it is found that the ELQY may decrease to 50% with
respect to the PLQY depending strongly on the relative distribution
of non-radiative rates between singlet and triplet. Hence, knowing
those rates is essential to predict the potential performance of TADF
emitters. In a second step I define a fitting method to do this, which
takes both TrPL and steady state PLQY data as input to determine
all the excitonic rates. Finally, the method is applied to experimental
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data of two recent TADF emitters: 25 ACA (2,5-bis(9,9-dimethyl-9,10-
dihydroacridin-10-yl)benzonitrile) and 26 ACA (2,6-bis(9,9-dimethyl-
9,10-dihydroacridin-10-yl)benzonitrile).[61] From the extracted rates I
can observe that all the rates are similar apart from the singlet non-
radiative decay rate which is almost two orders of magnitude larger
in 25ACA than in 26 ACA.

3.2 MODEL AND METHODS

As a first step, I define the system of ODEs describing the time depen-
dent TADF process where, for simplicity, I consider the involvement
of only two excited states, singlet and triplet (see Figure 3.1) [105, 107]
wherein knrs and knye denote the non-radiative transfer rates for singlet
and triplet states, respectively. In Table 3.1 and Table 3.2 I compare the
ODEs describing the evolution of the singlet and triplet populations
(S(t) and T(t)) for both optical and electrical excitation and provide an
expression for the steady-state singlet population (S) as well as for the
PLQY and ELQY in the two cases.

risc

S, \k
kis&w LE
ke Kors Kot
SO

Figure 3.1: Schematic illustration of the TADF model described in this study.
S, is the singlet ground state, S; and T; are the singlet and triplet
excited states. Five processes are considered: radiative and non-
radiative decay of S; (k; knrs), intersystem-crossing (kisc), reverse
intersystem-crossing (kyisc) and non-radiative decay of Ty (knrt).

In Table 3.1 and Table 3.2 the term A has been introduced for better
readability (Krisc + knrt) /kise. The steady state solutions, indicated in
the second line of Table 3.1 and Table 3.2, can be easily calculated by
imposing the steady state condition to the systems. The quantum yield
is defined as the number of emitted photons divided by the number
of generated excitons G. The emitted photons can be expressed by
the sum of the multiplication between the steady state population of
each emissive state and its radiative decay rate, in this case I have
assumed phosphorescence to be absent and therefore only the singlet
state contributes to photon emission (k¢*S), as indicated in the third
line of Table 3.1 and Table 3.2. In the case of optical excitation, G
generates only singlet states, while under electrical excitation one
quarter of the generated exciton are singlets and three quarters are
triplets. Having different generation terms in the two systems has the
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Optical excitation

dilgft) =G-— (kf + kisc + knrs) ’ S(t) + krisc - T(t)
dr](,;gt) = _(krisc + knrt) ’ T(t) + kiSC ' S(t)

5 G-A
B (kf+knrs) 'A+knrt
ki-S
PLQY = ——
Q G

Table 3.1: Mathematical formulas describing the system under optical exci-
tation: rate equation system, singlet population solution at steady
state and luminescence quantum yield formula. A is defined as
(krisc + knrt) / kisc~



Electrical excitation

3.2 MODEL AND METHODS

dS(t) = 1G - (kf + kise + knrs) ’ S(t) + Krisc - T(t)

dt 4

dT(t) 3
di) - EG - (krisc + km"t) ) T(t) + Kisc - S(t)

S_G<1—|— 3'krisc >< A )
4 krisc + knrt A- (kf + kisc + knrs) - krisc

Table 3.2: Mathematical formulas describing the system under electrical exci-

tation: rate equation system, singlet population solution at steady
state and luminescence quantum yield formula. A is defined as

(krisc + knrt) / kisc-
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effect of modifying the steady state population of singlet S and triplet
T states, and this causes the PLQY and ELQY to be different in the
two cases. Imposing steady-state conditions gives expressions for the
relevant singlet state populations and corresponding ELQY and PLQY.
The equations shown in Table 3.1 and Table 3.2 are solved numerically
with Python. The global fit described in the next section is performed
using the Trust Region Reflective algorithm. The numerical analysis
of the zero-dimensional ODEs presented here is a simpler alternative
to the full electro-optical models in Setfos, where coupled 1D partial
differential equations (PDEs) are solved for studying exciton dynamics
and their interaction with electrical charges and the optical cavity.[31,

93, 112]
3.3 RESULT AND DISCUSSION

In this section I first show the change between PLQY and ELQY
calculated with specific decay rates. Afterwards, I define the systems
of equations describing two additional typical experimental technique
used to characterize TADF films, PLQY with oxygen and TrPL. Finally,
I use global fitting, with which I can estimate the entire set of decay
rates from the three experimental results.

3.3.1 Impact of the non-radiative decay rates and exciton populations

In this section I will analyse the dependence of the PLQY and ELQY
with knrs and kyyt. The crucial point of the analysis is that the rate of
non-radiative decay events is defined as the multiplication between
rate constant and population, namely k.S or kn T, respectively. In
TADEF OLEDs the population of triplets is usually much larger than
the population of singlets[10], and therefore ky.; produces a larger
number of non-radiative decay events with respect to knrs. Moreover,
as I have already seen, the steady state populations in case of optical
and electrical excitation are different and therefore the number of non-
radiative decay events will also change. In other words, conclusions
drawn from the popular analysis of the luminescence quantum yield
by optical excitation may be misleading and the electrical excitation
present in OLED display and lighting applications will be affected
more strongly by realistic values of non-radiative decay rates. The
main message delivered in this section is: supposing a certain PLQY is
measured experimentally, which value of ELQY is expected? To reply
to this question, I assume the PLQY to be known and, from the PLQY
formula in Table 3.1, I calculate the non-radiative decay rates which
lead to this PLQY value. Subsequently, the ELQY is calculated with
the rates found. In this analysis I assume kg, Kisc, kyisc to be known.
To calculate the non-radiative decay rates from the optical system I
can simply revert the PLQY equation in Table 3.1 and express kps as
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Figure 3.2: For a fixed PLQY of o.9(a), 0.8(b), 0.7(c), 0.6(d) the ELQY is
calculated for all possible couples knrs-knrt which are solutions of
equation (1). In this calculation the other rates have been supposed
known (ks = 107 1/s, kisc = 107 1/s and kyjsc = 10°1/s). On the
x-axis knr = knrs + knrt-

a function of kn¢ Equation 3.2. The solution of this equation is not
unique since both kns and kyy¢ are unknown, however, since the goal
of this work is to give an idea about the impact of the two rates on
the yields, I can simply solve this equation with a fixed kp finding
the corresponding kyys. In this way I will end up with many different
couples (Knrs; knrt) which are solutions of the equation. The ELQY is
then calculated with the formula in Table 3.2 for each couple.

ks = ki - [H)LQY} _ knrt

PLOY A (3-2)

In Figure 3.2 the result of this analysis considering four PLQYs is
shown. On the x-axis the quantity knrs/knr = knrs/ (knrs + knrt) is used,
denoting the relative strength of non-radiative singlet decay. Obviously,
the PLQY remains constant at the chosen value for each point on the
x-axis. I can observe that when ky.s = 0 — ko = kot ELQY is the
lowest while when kpt = 0 — kny = knrs the ELQY is maximized and
coincides with the PLQY. It is important to note that in the case of
high PLQY values, the difference with the ELQY is small (Figure 3.2a),
82%-90% in case of PLQY=90%. Instead, considering a PLQY of 60%,
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as in Figure 3.2d, the calculated ELQY decreases significantly, from
60% to 31% (roughly a 50% reduction). This means that a film with
an experimentally measured PLQY of 60% might exhibit an ELQY
as low as 31%. The result of this parameter variation illustrates the
importance of non-radiative triplet decay as it strongly affects the
luminescence quantum yield for electrical excitation. This effect must
be considered when estimating the EQE of TADF devices, especially
when PLQY differs significantly from 100%.

3.3.2  Photoluminescence quantum yield with oxygen (PLQY0,)

In the previous analysis I solved one equation with two unknowns,
ending up with many knrs-knrt solutions of the system. To continue
the analysis and extract all excitonic parameters, I need to take into ac-
count additional experimental results. A common experiment used to
characterize TADF compounds is the measurement of the PLQYp,.[113,
114] The presence of oxygen molecules has the effect of quenching the
triplet states and therefore the contribution of delayed emission is not
present, causing the PLQY,to be lower than the PLQY. In this condi-
tion, the equation of triplet can be removed from the system indicated
in Table 3.1 and thus the sole equation of singlet states remains.

ds(t)
dt
As before, the PLQY can be calculated from the steady state solution.

=G- (kf + kisc + knrs) : S(t) (3'3)

ke

PLOQYop, = ——+———
Q 02 kf + kisc + knrs

(3-4)

In the above formula I made the approximation that the entire triplet
population is quenched by oxygen. I must note that this is a good ap-
proximation when the host permeability to oxygen is high.[115] If this
condition is not met the calculated PLQY will underestimate the value
measured experimentally. Singlet quenching in the presence of oxygen
is also possible[116, 117] but in a much smaller scale compared to
triplet quenching. Therefore this effect is not taken into consideration.

3.3.3 Modelling of a transient photoluminescence experiment

Until now, I have assumed knowledge of the other rates involved
in the ODE systems, namely k¢, kiscand kyisc. An established way
to estimate these quantities is to perform a TrPL experiment and
perform a mathematical fit. Following the analysis of Haase et al.[106]
I defined the system indicated in Equation 3.5. In contrast to their
work I introduce non-radiative decay for singlets and triplets in the
ODE system.
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dL@ = —(kf + kisc + knrs) ’ S(t) + krise - T(t)

dt
t (3.5)
4t = _(krisc + knrt) : T(t) + Kisc - S(t)

3.3.4 Global Fit

I have now a set of three systems of differential equations which de-
scribes three experiments: PLQY (Table 3.1-3rd line), PLQYO2 (Equa-
tion 3.4) and TrPL (Equation 3.5). The estimation of the decay rates
(K¢, Kise, Krise, knrs and knrt) can now be performed with an appropriate
fitting algorithm. The best strategy when dealing with different exper-
iments described by equations having several parameters in common
is to perform a global fit, where the three sets of experimental data
are fitted at the same time. This approach allows the extracted param-
eters to be more reliable since a potential correlation between them
will be reduced.[92] In Figure 3.3 a schematic representation of the
inputs/outputs of the fitting algorithm is shown. It is important to
mention that the three experimental results are of different shape from
a numerical point of view, the TrPL consist of a curve with several
data points, while the PLQYs have only one data point each. Clearly,
the optimization algorithm will tend to reach a solution where the
TrPL experiment is well fitted at the expenses of the other two if each
fitting target has the same weight. In order to obtain a well-balanced
fit, it is necessary to include different weights of the error for the three
experiments, essentially, I should give more importance to the PLQY
values.

3.4 EXPERIMENTAL RESULT

The methodology is applied to experimental data from two host-guest
systems, in the form of films, one containing 25ACA and the other
26ACA as emissive TADF molecule at 1wt% in Zeonex as host. The
samples were fabricated by Dalius Gudeika and Juozas Grazulevi-
cius from Kaunas University of Technology. The experimental results
were obtained by Andrew Danos from University of Durham. The
experimental data for PLQY and PLQY,for the two films are indi-
cated in Table 3.3. Figure 3.4 shows the experimental data and the
resulting fit. The fit reproduces almost perfectly the TrPL and PLQYs
of the experimental data. In both cases, but most predominantly in
the case of 26 ACA, the PLQYOz2 fit shows a discrepancy with the
experimental value (0.12 instead of 0.15 in 25ACA and o.21 instead of
0.41 in 26 ACA). A possible explanation could be that in Equation 3.3
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Figure 3.3: The global fitting algorithm uses the parametrized mathematical
model in order to minimize the difference between experimental
(target) and fitted PLQY, PLQYp,and TrPL data by adjusting the

5 excitonic parameters.

EXTRACTED |k k
f
PARAMETERS

PLQY PLQYo,
25ACA 0.42 0.15
26ACA 0.71 0.41

Table 3.3: Experimental values of PLQY and PLQYq,for the two films, 25ACA
and 26 ACA. These two values represent two targets of the fitting
algorithm.

and Equation 3.4 I considered the entire population of triplets to be
quenched by oxygen, while in the experiment this might not be entirely
the case.[118] Consistent with this possibility the fit of PLQYp,has
considerably larger error.

The extracted parameters are indicated in Table 3.4 and shown in
Figure 3.5 for a direct comparison. The results suggest that ky, ks,
and ks are all higher in 26 ACA, similar to what was previously
reported in DPEPO (25ACA: k¢ = 3.6 x 10°1/s; kisc = 1.5 x 107 1/s;
kiise = 0.6 x 10°1/s . 26 ACA: k¢ = 4.3 x 10° 1/s; kise = 2.7 x 107 1/s;
krse = 1.8 x 10%1/s).[61] Uniquely to this work, I am also able to
estimate the non-radiative decay rate of the singlet and triplet states,
showing that ks in 26ACA is almost two orders of magnitude smaller
than in 25ACA while k¢ is quite similar between the two. I must
observe that the error associated to the non-radiative decay rate of
singlet states is quite large compared to the other parameters. This
fact is however expected because the non-radiative decay rate is the
parameter which influences the experimental results the least: kps
mainly influences the prompt decay of the TrPL and PLQYO2 but since
k¢ and kjs. are usually two or three orders of magnitude larger, knrs
has a comparably smaller effect. Therefore, it is more difficult for the
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Figure 3.4: Result of the global fit applied to two TADF films: 25ACA (a)
and 26ACA (b). The experimental TrPL decay is shown with the
resulting fit. The inset table indicates the experimental and fitted
values for PLQY and PLQY(,.

fitting algorithm to estimate it properly. As a final step I can calculate
the expected ELQY for the two films, using the formula indicated in
Table 3.2 with the extracted rates. The resulting ELQY, or maximum
IQE, is 0.36 for 25ACA and 0.69 for 26ACA. The traditional way of
calculating the IQE, assuming 7s,r = 1, would have predicted values
of 0.42 and o.71 for 25ACA and 26 ACA, respectively. It is important
to note that in this case the difference between PLQYs and ELQYs is
minimal, but as showed in Figure 3.2 it can be much larger depending
on the specific rates considered.

3.5 ADDITIONAL ANALYSIS AND FURTHER MODELLING WITH A
FULL ELECTRO-OPTICAL MODEL

The model I defined is not particularly complex, only two excited

states are considered, and phosphorescence is assumed to be absent.

The complexity of the system can be increased by including additional
excited states. However, this possibility requires new equations to
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Extracted parameters 25ACA 26ACA
ke[1/s] (32+£0.3) x 10° (724£0.1) x 10°
Kisc[1/5] (23+0.1) x 10° (26.8 £0.5) x 10°
Krisc[1/5] (354+0.1) x 10° (854+0.2) x 10°
( (
( (

Knrs[1/5] 9.1436) x 10* 1.1£5.8) x 10°
Knre[1/5] 8.0+0.1) x 10* 8.9+0.5) x 10*

Table 3.4: Decay rates extracted from the fitting algorithm. The error is cal-
culated from the Jacobian matrix, which is an output of the fitting
algorithm.
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Figure 3.5: Plot of the decay rates extracted from the fitting algorithm for
25ACA and 26ACA.

be defined, which will increase the number of unknown parameters
significantly. Having a large number of free parameters in a fitting
algorithm will probably result in overfitting which would decrease the
confidence of the extracted values. I therefore followed the premise of
making the model as complex as necessary but as simple as possible.
Nevertheless, I would like to briefly discuss here how the proposed
model can be extended in future studies. Additional complexity can
be introduced by including the radiative decay of the triplet state.
In case phosphorescence is found to contribute significantly to the
emission (i.e., if clearly observed from transient spectral data at low
temperatures) it could be easily considered in the model by mod-
ifying the triplet equation with a kppterm. Other phenomena that
could be included in the model are annihilation processes such as
singlet-singlet, singlet-triplet and triplet-triplet annihilation. As these
processes are exciton-density dependent, it would be beneficial to
include experiments performed with different laser intensities. More-
over, in this case the equations become non-linear and therefore it
is necessary to quantify the exciton density from independent ex-
periments or simulations.[119] Finally, the effect of exciton-polaron
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quenching should be considered for a complete analysis and power-
ful prediction of the maximum IQE in an OLED device. The model
extension would be feasible. But clearly, additional data such as tran-
sient electroluminescence from full devices[83, 120] or TrPL on full
or single-carrier devices would be required as fitting target. Also, the
number of charge carriers would need to be provided, for example
by using device simulations.[121] Once the entire set of excitonic pa-
rameters are extracted with this simple ODE method, they could be
used in a 1D full electro-optical model such as Setfos.[93] This option
would allow to simulate the OLED by taking into account the actual
optical characteristics of the entire stack and important phenomena
like spatial dependency of the radiative decay rates (Purcell factor)
and charge/exciton distribution, which is required when calculating
the annihilation and exciton-quenching losses.[8, 92] Further details
can be added by including the 3D Master-Equation model, which
consider non-local exciton energy transfer (Forster, Dexter), energy
transfer across layer interfaces and correlated /uncorrelated energetic
disorder.[122]

3.6 CONCLUSIONS

In this work I studied a TADF system described as a three-levels
model including non-radiative decays of singlet and triplet states.
The influence of non-radiative processes on the EQE has been deeply
investigated and quantified. A global fitting algorithm which takes as
input data from transient and steady state experiments (TrPL, PLQY
and PLQY(,) was introduced. Besides the determination of k¢, ki
and kyisc, which themselves are easily inferable with a simple TrPL
fit, this algorithm allows the extraction of kurs and kn, which are
usually more difficult to assess separately. Finally, I applied this fitting
method to experimental results of two emissive films. The result of
this analysis shows that the rates are quite similar among the two
materials apart from the non-radiative decay of singlet states which
is almost two orders of magnitude larger in 25ACA than in 26 ACA.
This study aims to provide a new and simple method to estimate
all the relevant processes in TADF emitter systems, allowing a better
estimation of the maximal EQE in a real TADF OLED.
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DETAILED ELECTRO-OPTICAL MODELING OF
THERMALLY-ACTIVATED DELAYED FLUORESCENT
OLEDS WITH DIFFERENT HOST-GUEST
CONCENTRATIONS.

In the previous chapter I investigated the fundamental properties of
TADF emitters, analyzing optical experimental results obtained on
TADEF films. The next step is to study the effects occurring in these
emitters when embedded in a complete OLED.

Herein, I analyse four thermally activated delayed fluorescence
OLEDs with varied host-guest ratio in the emissive layer. These de-
vices are characterized and modelled in steady-state, under transient
conditions and in the frequency domain.

This chapter reports the peer-reviewed article "Detailed electro-
optical modeling of thermally-activated delayed fluorescent OLEDs
with different host-guest concentrations"[31]. The co-authors sup-
ported with the following contributions: Dr. Sandra Jenatsch, Dr.
Simon Ziifle, Prof. Beat Ruhstaller and Prof. Wolfgang Briitting con-
tributed with scientific discussions and with support in the scientific
development of the article; Prakhar Sahay contributed with the fabri-
cation of the OLEDs and the TADF films; Markus Schmid provided
the transient photoluminescence measurements.

4.1 INTRODUCTION

The simplest emissive layers (EMLs) of TADF OLEDs consist of the
emissive TADF molecules (guest) embedded in a matrix (host). A key
role, in this context, is played by the host-guest ratio, which has a
strong impact on the OLED’s performance. I can identify the two main
processes impacted by the host-guest ratio to be: 1) modified charge in-
jection and transport in the emissive layer[29, 123] and 2) aggregation
of guest molecules. Studies have shown that at high concentrations the
guest molecules tend to form aggregates and agglomerates.[124-126]
This might lead to a reduction of the external quantum efficiency
(EQE) caused by the surge of second-order non-radiative decays such
as triplet-triplet annihilation (TTA), singlet-polaron quenching (SQP)
and triplet-polaron quenching (TPQ)[127] or concentration quenching,
which reduces the photoluminescence quantum yield (PLQY).[128,
129] In addition, especially in blue-emitting compounds, the energy
released by those loss mechanisms is large enough to cause bond cleav-
age and therefore a faster degradation of the device.[130] Consequently,
it is extremely important to fully understand and investigate these
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processes and optimize the OLED accordingly. Often, the host-guest
ratio is simply optimized by time-consuming and costly trial-and-error
experiments. A more elegant way would be to replace this process
by combining advanced characterization techniques and subsequent
predictive device simulations. This dual approach allows to gain a
deeper comprehension of all relevant processes and their roles in the
final performance of the OLED. In this study I analyse a series of
TADEF OLEDs with systematically varied host-guest concentrations. As
a first step I analysed transient electroluminescence data (TEL), from
which I identified that for low concentration the emitter molecules
act as trap state. With this assumption, I can quantitively simulate
the steady-state, transient and impedance response of all devices at
once. The final and excellent correspondence between experiments
and simulations guarantees that the model has been defined in a cor-
rect way and that all the important processes are captured. Moreover,
this analysis allows us to estimate the electro-optical properties of the
emissive layer composed of a host-guest mixture of specific concen-
tration. In the last section I focused my attention on the efficiency
curves, where I investigated the role of TTA, TPQ-n and TPQ-p in the
efficiency roll-off behaviour for each device. I would like to emphasize
the importance of analysing multiple experimental techniques. Only
with this strategy a reliable estimation of the modeling parameters can
be obtained [92] which is a key requirement for further optimizations.

4.2 FABRICATION

The devices were fabricated at Augsburg University by Prakhar Sahay.
Fabrication of the devices was carried out on pre-patterned gonm
thick Indium Tin Oxide (ITO) on glass substrates provided by Kintec.
Substrate preparation for deposition includes cleaning which is carried
out in clean room using Acetone and Isopropyl alcohol bath in ultra-
sonicator each for 10 minutes respectively followed by UV-Ozone
treatment with a mercury lamp for 15 minutes. The substrates are
then spin coated with PEDOT:PSS (Clevios™ PEDOT:PSS; Al 4083
from Heraeus) and dried on a hot plate for 30 minutes at 150 degrees
Celsius under ambient conditions to get rid of the water content. The
ITO and PEDOT:PSS together act as the anode for these OLED devices.
The substrates are then transported to the glovebox in wafer trays
wrapped in parafilm followed by loading them in the vacuum chamber
located inside the glovebox thus under Nitrogen environment.

The deposition of organic layers by thermal deposition was car-
ried under a vacuum of ~ 107 mbar. The device structure includes
10nm Molybdenum Oxide (MoOx) (supplied by sigma Aldrich), 5nm
3,3’-Di(9H-carbazol-9-yl)-1,1"-biphenyl (mCBP) (from Lumtec) and
20nm tris(4-carbazoyl-9-ylphenyl)amine (TCTA) (from Lumtec) as
hole transport side (HTL). The EML consist of 20nm of mCBP-CN
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and DMAC-TRZ (both supplied by Lumtec) as host-guest system
and the concentration of DMAC-TRZ is varied to 5 wt%, 10wt%,
20 wt% and 50 wt%. This is followed by the deposition of snm Bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO) (supplied by TCI)
as an exciton blocking layer. For electron transport layer (ETL), 5o0nm
2,2’,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (from
Lumtec) is evaporated, topped off with 0.5 nm Lithium Fluoride (LiF)
(from Lumtec) and 100nm Aluminium (supplied by Lesker) as the
cathode.
The device structure with the energy levels is shown in Table 4.2.

4.3 EXPERIMENTAL RESULTS

In this section, the employed experimental techniques and obtained
results are described and discussed. The all-in-one measurement plat-
form Paios was used to perform all DC, AC and time-dependent
opto-electronic characterization experiments. The reader can refer to
Chapter 2 for the details about the experimental techniques.
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Figure 4.1: Experimental results of each device: (a) JV; (b) Luminance vs
voltage; (c) injection-CELIV with Vet = 2'V; (d) injection-CELIV
with Vreet = 4.5 V; (€) C-f with Vet = 0 V; (f) C-V with frequency
=7oHz.

4.3.1  Current-voltage-luminance (JVL) curves

From the experimental results in Figure 4.1a, the device with 5%
concentration gives a lower current with respect to all the other devices.
The currents for the 10, 20 and 50% concentration are very similar, but
with a slightly steeper turn on of the 50% device. For all devices the
turn-on voltage is approx. 3.5 V.

4.3.2 Injection-CELIV

This experiment was performed with different Vg, from 1V to 6 V
with 0.5 V step. The ramp rate is 0.1 V/ps for each of the measurements,
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the final voltage is -5 V. From the experimental results the formation
of two separate peaks can be observed in all the devices, a broad one
is already visible with an Vgt = 2V, below turn on (Figure 4.1¢),
while the second one, much larger, appears only above turn on voltage
(Figure 4.1d). Note that the peak at longer times is still present in
the 4.5V experiments, even if partially covered by the initial one. The
occurrences of a peak with an Vgt = 2V indicates the presence of
charges in the devices well below the turn on voltage of the OLED.
I can also remark that increasing the guest concentration causes a
shift of the peak to the left i.e. to shorter carrier extraction times.
Depending on which charge carrier is already present in the device,
this suggests a change in the transport properties of the EML. When
using a Vet = 4.5 V an additional, significantly larger peak can be
seen. This is expected since at 4.5V the devices are already above
turn-on which occurs at approx. 3.5 V. I can also observe that the
height of the peak is different for all devices. This is directly related to
the amount of charges flowing through the device during the Vet
This initial peak is attributed to injected charge carriers and exhibits
the opposite trend in peak time vs guest concentration compared to
the broad peak which is present below turn on.

4.3.3 Impedance spectroscopy

Figure 4.1e shows the C-f plot at a fixed Vpc of o V. For all the devices
the capacitance is increasing at low frequency; it reaches a plateau in
the range of 10 kHz-300 kHz — which is attributed to the geometrical
capacitance of the (empty) device — and then decreases sharply at
1 MHz because of the series resistance. The most interesting result
from the C-f plot is the additional capacitance plateau present at low
frequency. This result suggests that at oV charges are already injected
into the stack and accumulate at a particular interface. Figure 4.1f
shows the C-V plot at a fixed frequency of 70 Hz. For all the devices
a similar effect can be seen, where below -2V the capacitance is the
geometric one (Cgeo, with values in the range of 1.1-1.3nF for all the
devices); with increasing voltage I can observe a clear transition from
Cgeo to a plateau (Cpy) at a transition voltage (Vi) of roughly -2V,
suggesting the injection of charges already at this negative bias; finally,
above 3V, the capacitance sharply increases and then drops, which in-
dicates injection of electrons and holes and subsequent recombination.
From Figure 4.1f it can be observed that the 50% device has a slightly
lower geometrical capacitance. This is an indication that this device
has an unintentionally larger thickness. However, this small difference
does not affect the overall results of this study.
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Device Plateau Calculated thickness
5% 1.55nF 68 nm
10% 1.60nF 66 nm
20% 1.50nF 70nm
50% 1.65nF 65nm

Table 4.1: Calculated thickness associated to plateau in CV experimental
results.

4.3.4 Analysis of C-V results

From the experimental C-V shown in Figure 4.1f, a capacitance plateau
occurring between oV and 1V can be observed at slightly different
voltage for each device. The increase of capacitance below oV is a
clear signature of the presence of one or multiple polar layers.[96, 131]
Assuming a permittivity of 3 I calculated the thicknesses associated to
the plateaus (Table 4.1) from the formula C = %.

According to the nominal thickness described in the fabrication
paragraph the thickness of TPBi + DPEPO is 55 nm and EML + TPBi +
DPEPO is 75 nm. The interpretation is that for all the devices there is
an early injection of holes starting at around -2V which accumulate
at the TCTA/EML or EML/DPEPO interface. Simulations described
in the next sections confirm this hypothesis. Additionally, there are
three aspects that I want to comment briefly. First, at reversed bias
the 50% device shows a lower Cge, with respect to the other devices
which can be attributed to an unintended larger thickness of this
device. Second, the device with 20% concentration shows an additional
shoulder starting at 1 V. At the moment, I cannot explain this feature
in detail. I speculate that at 1V holes already accumulated at the
TCTA/EML or EML/DPEPO interface are able to overcome it, which
would result in an increased capacitance. This feature could not yet
be reproduced in my simulations but is further investigated. It is also
worth to mention that this feature disappears for C-V measurements
at different frequencies. Third, in 50% device the capacitance shift
from Cgeo to Cplat Occurs at -1V, slightly higher than the other devices.
It could be explained by considering a different polarity of the EML
in this device, as explained in Section 4.4.5.

4.3.5 Transient electroluminescence

TEL is performed with an offset voltage of -5V and a pulse duration
of 500ps (Figure 4.2a-inset). This experiment was performed with
different pulse height, from 3V to 7 V. In Figure 4.2a, the normalized
emission decay of the four devices is shown with a voltage pulse
of 6 V. From the experimental result it is important to note that in
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the 5% device a clear overshoot in the first 2-3pus of the turn-off
electroluminescence decay is observed, while the other three samples
show a monotonic decay. This overshoot has already been investigated
by Regnat et al.[83] and attributed to emission zone splitting. In this
publication Regnat et al. explained that during steady state charges
accumulate at the respective blocking layers inside the EML and once
the voltage switches to reverse bias electrons and holes start flowing
backwards to Al and ITO, respectively, thereby a large number of
electrons and holes will meet approximately in the middle of the
EML, giving rise to the short-lived TEL overshoot. Although this
explanation cannot be ruled out completely, it is difficult to reason
why this effect is here only present in the 5% device. In previous work,
this TEL overshoot after turn-off has alternatively been explained by
the presence of trap states.[132] Indeed, this effect could be reproduced
with simulations by including traps in the EML. Figure 4.2b shows
that an increased trap density in the EML give rise to a TEL overshoot.
This result is an indication that for 5% the guest molecules in the EML
act as trap states, while for higher concentration they don't.
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Figure 4.2: Transient EL analysis: (a) experimental TEL turn-off normalized
emission with a voltage pulse of 6V (inset: schematics of the
applied voltage pulse); (b) simulated TEL turn-off normalized
emission with different hole trap density in the EML.
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4.4 SIMULATIONS

To analyse and understand the results described in the experimental
section, I modelled the device behaviour with the simulation software
Setfos. For details about Setfos the reader can refer to Section 2.3.

In these sections the key physical processes governing these OLEDs
are discussed and explained with the support of simulations. The final
simulations are performed with the parameters indicated in Table 4.2
and the resulting plots are shown in Figure 4.4. The modelled stack
is presented in Figure 4.3. I must note that with Setfos different
molecular species cannot be included in a single layer and therefore
the EML is modelled with an effective HOMO/LUMO energy level
and electron/hole mobility. Another approximation done in the study
is related to the presence of multiple polar layers inside the stack
(DPEPO, mCBPCN and TPBi). For simplicity, only TPBi is considered
polar in simulations (apart from the device 50%, where the polarity of
the EML appears to play an important role, see Section 4.4.5).

20nm 20nm 5nm 50nm
-2.0eV

-2.4 eV
-2.5eV
—

276V i
3.0eV ) A
-— +
- +
1cTA  f mceeen ] ppepo |= Tesi
mCBP DMAC- - +
MoO, TRZ - +
10| - +
-— +
D, S - ¢+
58ev \_58eV A J
61ev  -6lev |= *

-6.5eV

Figure 4.3: Device structure considered in simulation. TPBi has been assumed
to be the only polar layer in the stack for 5-10-20% devices. The
energy levels indicated in the image are the ones found in litera-
ture, see Table 4.2.

4.4.1  Charge transport in the EML

Before going into detail about the modeling of the different de-
vices, I tackle the process of charge transport in the EML, which
is concentration-dependent. As seen from the energetic diagram in
Figure 4.3, there is a significant HOMO/LUMO energy difference
between the host and the guest molecules. It is reasonable to infer that
for small guest concentrations, the guest molecules act as trap states.
In this case the large distance between guest molecules precludes any
transport among them. Increasing the dye dopant concentration, the
distance between guest molecules decreases, allowing charge transport
via the guest molecules.[133] With the support of the TEL simulation’s
result, I can identify two distinct regimes depending on the guest
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concentration: the “low concentration” regime, where transport oc-
curs on the host molecules and the guest molecules act as trap states,
and the “high concentration” regime, where injection and transport
occurs on the guest molecules. To replicate these two regimes in sim-
ulations, I assume the HOMO/LUMO energy levels of the EML to
be similar to the guest (host) ones and exclude (include) trap states
in case of high (low) guest concentration. The “low concentration”
regime is applied to the device with 5% guest concentration while the
“high concentration” regime to all the other devices (see Table 4.3 and
Table 4.4).

4.4.2 Additional simulation details

From the previous sections it is clear that in multiple experiments
there is an initial injection of charges in the stack already at negative
bias (injection-CELIV, IS (C-f, C-V)). These results suggest the presence
of a polar layer. As described by W. Briitting et al.[15], having a polar
layer inside the stack introduces an additional (fixed) electric field
inside the polar layer. The origin of this electric field is spontaneous
orientation polarization and it can be expressed by a net positive and
negative sheet charge density at the two extremities of the layer. This
phenomenon can be simulated with Setfos as described in S. Altazin
et al.[96] with the use of two thin boundary layers with positive and
negative carrier doping. Modeling of TPBi plays a crucial role in
these simulations. TPBi molecules possess a large permanent dipole
moment, which - combined with a strong molecular orientation -
induce the whole layer to be polar. According to Coehoorn et al.[134]
a direct consequence of the strong dipole moment of TPBi is that
electron transport is highly dispersive. Differently from the approach
taken by Coehoorn et al., I modelled these two effects separately:
polarity can be recreated in Setfos with fixed positive and negative
charge densities at the two extremities of TPBi, as described above,
while the dispersive transport is taken into consideration by adding
trap states for electrons. The excitonic parameters used in simulations
are indicated in Table 4.5, and they are estimated from transient PL
experiments with use of a specific fitting procedure.[135] Details about
the method and experimental results are shown in the next section. In
my simulations, the excitonic model is implemented with customizable
1D rate equations which are fully coupled to the charge densities
obtained from the drift-diffusion model.[112, 136] For each exciton,
several parameters must be defined: generation coefficient, radiative
decay rate, non-radiative decay rate, triplet-triplet annihilation rate,
singlet-singlet annihilation rate and optionally other parameters. I can
distinguish mono-molecular (like radiative, non-radiative, intersystem
crossing, ...) and bi-molecular (like triplet-triplet annihilation, triplet-
polaron quenching, ...) excitonic rates. The first type does not depend
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on the exciton or charge density, and therefore the unit of these rates
is s-1, while the second instead depends on the exciton or charge
density, and the unit, in this case, is cm3s™. Alternatively, for further
in-depth analysis and consideration of long-range interactions across
nearest neighbours and layer interfaces a 3D master equation model
for exciton dynamics is available in Setfos.[112] The use of this hybrid
and coupled 1D drift-diffusion and 3D master equation model is
beyond the scope of this study and will be subject of follow-up work.

4.4.3 Simulation parameters

The simulation software requires several input parameters such as
the refractive indices, the layer thicknesses, HOMO/LUMO energy
levels and electron/hole mobilities. In Table 4.2 all the values used
in simulations are indicated. Obviously, the material parameters of
the mixed host-guest EML with various concentrations has not been
characterized before in detail. Therefore, one of the goals of this
study is to be able to provide an estimation for the electrical material
parameters by optimizing the agreement between experimental and
simulation results. The extracted parameters of the EML layer are
shown in Table 4.3 and Table 4.4. The excitonic parameters were
extracted from transient PL performed on films (see Table 4.5).
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Parameter Reference Used in simulation
Hole injection bar- | - 0.2

rier (eV)

TCTA HOMO | 5.8/2.4 [133] 5.8/2.4
LUMO level (eV)

TCTA hole mobility | 3x10% [137] 3x10%
(cm?Vis™)

TCTA electron mo- | - 1x10°
bility (cm*V™s™)

DPEPO HOMO | 6.1/2.0 [138] 6.1/2.25
LUMO level (eV)

DPEPO hole mobil- | - 1X107
ity (cm*V7's™)

DPEPO electron mo- | 5.62x10° [139] 5.62x107°
bility (cm*V™s™)

TPBi HOMO LUMO | (6.2-6.7)/2.7  [140, | 6.5/2.5
level (eV) 141]

TPBi hole mobility | - 1x10°°
(cm2V1is™)

TPBi electron mobil- | 3.16 X107 [142] 3.16 X107
ity (cm*Vs™)

TPBi sheet charge | 0.93-1.1 [143]; 1.4 | 2.64
density (mC/m?) [144]; 2.6 [145]

TPBi electron trap | - 5.48x 10
density (cm™)

TPBi electron trap | - 0.225
depth (eV)

TPBi electron trap | - 1X1071°
capture rate (cm3s™)

Electron injection | - 0.1

barrier (eV)

DMAC-TRZ HOMO
LUMO level (eV)

see Table 4.3 and Ta-
ble 4.4

mCBPCN HOMO
LUMO level (eV)

6.1/2.5

see Table 4.3 and Ta-
ble 4.4

Table 4.2: In the “Reference” column the values from literature are indicated.

The actual values used in simulation are indicated in the “Used in
simulation” column.
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Parameter 5% 10%
EML HOMO LUMO | 6.0/2.25 5.9/3
level (eV)

EML zero field hole | 7x107 3.87x107
mobility (cm*V™7s™)

EML field- | 4.64x1075 4.64%107
enhancement

coefficient for

holes (m'/2V-1/2)

EML zero field | 1x10° 6x107
electron  mobility

(cm?V1s™)

EML field- | 2x1075 2X107
enhancement

coefficient for

electrons (m'/2V-1/2)

EML sheet charge | - -
density (mC/m?)

EML electron trap | 1x10%7 -
density (cm™3)

EML electron trap | 0.75 -
depth (eV)

EML electron trap | 1x10™" -
capture rate (cm3s™)

EML hole trap den- | 1x10" -
sity (cm™3)

EML hole trap depth | 0.2 -
(eV)

EML hole trap cap- | 1x10™"? -
ture rate (cm3s™)

Table 4.3: EML parameters used in simulations (5% and 10%).
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Parameter 20% 50%
EML HOMO LUMO | 5.9/3 5.9/3
level (eV)

EML zero field hole | 2.44x107 2.7X107
mobility (cm*V™s™)

EML field- | 4.64x1075 4.64%107
enhancement

coefficient for

holes (m'/2V-1/2)

EML zero field | 3x107 4.37X107
electron  mobility

(cm?V1s™)

EML field- | 2x 107 2X107
enhancement

coefficient for

electrons (m'/2V-1/2)

EML sheet charge | - -0.7

density (mC/m?)

EML electron trap
density (cm™3)

EML electron trap
depth (eV)

EML electron trap
capture rate (cm3s™)

EML hole trap den-
sity (cm™3)

EML hole trap depth
(eV)

EML hole trap cap-
ture rate (cm3s™)

Table 4.4: EML parameters used in simulations (20% and 50%).
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Parameter 5% 10%
Radiative decay rate | 2.38 x10” 2.06 X107
— singlet (s™)

Intersystem crossing | 2.92x107 2.68x10°
rate (s)

Reverse intersystem | 7.5x105 7.5X 105

crossing rate (s™)

Generation effi- | 0.25 0.25
ciency - singlet

Generation effi- | 0.75 0.75
ciency — triplet

Table 4.5: Excitonic parameter extracted from TrPL fitting (5% and 10%).

Parameter 20% 50%
Radiative decay rate | 2.12x107 1.81X 107
— singlet (s™)

Intersystem crossing | 2.46x 107 2.34 X107
rate (s)

Reverse intersystem | 8x10° 8.3x105

crossing rate (s™)

Generation effi- | 0.25 0.25
ciency - singlet

Generation effi- | 0.75 0.75
ciency — triplet

Table 4.6: Excitonic parameter extracted from TrPL fitting (20% and 50%).
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4.4.4 Transient photoluminescence fit

The fit of the TrPL curves is shown in Figure 4.5. The experiments
were performed by Dr. Markus Schmid at Augsburg University. To
estimate the excitonic parameters of the TADF EMLs, the transient
photoluminescence experiments (TrPL) was performed. The camera
used in the experiment is 4Picos (Stanford Computer Optics) with a
Chromex 250 IS spectrograph. The laser is a Nitrogen Laser LTB MNL
200 (wavelength 337nm, pulse duration 700 ps, repetition rate 20 Hz).
The experimental data were subsequently fitted with the method
described by N. Haase et al.[106] I can observe that the extracted
values, indicated in the main paper in Table 4.5 and Table 4.6, are
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rather similar between the different samples. The similarity of these
rates indicates very similar intrinsic emissive properties of the devices
with different emitter concentration. Only the different recombination
profiles and/or quenching processes (discussed below) lead to the
noticeable differences in EQE. This again demonstrates the importance
of considering electronic charge parameters to really optimize the
OLED for a specific emitter.
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Figure 4.5: Transient PL experimental data and corresponding fit. Experimen-
tal results obtained by Markus Schmid at Augsburg University.

4.4.5 Effect of polarity and focus on 50%

Assuming TPBi to be the only polar layer [146], with simulations I
obtain a good agreement for all the experiments for 5-10-20% devices.
A sheet charge density of 2.64 mC/m? is extracted (positive charge at
the TPBi/ Al and negative at the DPEPO/TPBi). Having a polar layer
inside the stack influences the entire electrical characteristic of the
OLED, but the clearest evidence is visible in C-V, C-f and injection-
CELIV. In C-V there is a negative Vi, in C-f (Vygset =2 V) an increase of
capacitance is visible at low frequency and in injection-CELIV (V yfset
= 2'V) a clear peak is present, indicating the extraction of accumulated
charges. In Figure 4.4 I can observe that all the three results are well
reproduced by simulations. Further simulation results are indicated
in the next section, where the charge profile is analysed at different
voltage, clearly showing that the accumulation of holes occurs mainly
at the TCTA/EML and EML/DPEPO interface. In the device with 50%
guest concentration there are three main differences with respect to
the other devices: in JV there is a slightly lower current turn-on, in
capacitance-voltage V is shifted from -2 to -1V and in injection-CELIV
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with Vet = 2V the rise attributed to hole accumulation starts at ops
(as soon as the linear reversed ramp is applied). All these experimental
results indicate a different polarity effect in this device, and as the only
difference to the other devices is the EML, the initial approximation
supposing a non-polar EML does not hold anymore. Since both the
host (mCBP-CN) and the guest molecules (DMAC-TRZ) possess a
permanent dipole moment, it is challenging to understand the role of
increasing guest concentration. One could assume that in 5%-10%-20%
devices the EML possess a certain polarity which is reduced when
increasing guest concentration to 50%. In my case, having assumed 5%-
10%-20% to have a non-polar EML, I suppose the EML with 50% to be
polar and the best agreement with the experimental results is obtained
with a sheet charge density of -0.7mC/m? (opposite direction with
respect to TPBi). From Figure 4.6, the comparison of the experimental
results and simulations considering a polar and non-polar EML for
device 50% is shown. Clearly, this additional complexity in the model
is required to explain the various measurements.
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Figure 4.6: Experimental and simulated results of device with 50% guest
concentration considering the EML polar and non-polar. (a) JV;
(b) C-V with frequency = 70 Hz; (c) injection-CELIV with Vet =
2V; (d) injection-CELIV with Vgt = 4.5 V).

4.4.6  Charge accumulation

The effect of having a polar TPBi layer has been already discussed so
far. An injection of holes from the ITO contact well below turn-on has
been found to strongly affect the device operation. Indication of the
early injected holes was inferable from several experiments, C-V, C-f
and injection CELIV. In Figure 4.7 I can observe the simulated holes
and electron distribution inside the stack at various voltage. At oV
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the hole distribution in the EML is already high while the electron
density is basically null below 3 V.

m
5

Hole density (cm=3)
Electron density (c

Figure 4.7: Simulated charge density profile at different voltage (0-1-2-3V).
(a) hole density and (b) electron density.

4.4.7 Analysis of efficiency roll-off

The efficiency roll-off is the result of an interaction of many pro-
cesses: triplet-triplet annihilation (TTA), singlet-triplet annihilation
(STA), singlet-singlet annihilation (SSA), triplet-polaron quenching
with electrons (TPQ-n), triplet-polaron quenching with holes (TPQ-p),
singlet-polaron quenching with electrons (SPQ-n) and singlet-polaron
quenching with holes (SPQ-q)[147]. In TADF emitters the population
of triplets is usually larger than the population of singlets and this
causes density-dependent annihilation processes involving triplets
(TTA, TPQ-n and TPQ-p) to be the most critical processes influencing
the efficiency roll-off.[148, 149] For this reason I will include only them
in the model. In some cases also SPQ has been found to play an im-
portant role, however I assume it to be absent in this study. Estimating
those rates from a roll-off curve has been done in several studies,[148,
150] but I are aware that being able to distinguish those rates from a
simple roll-off curve can be challenging. Nevertheless, I performed a
fit of the luminance efficiency for all the devices, leaving the three pa-
rameters free for each device. In this way, for each device, a set of three
parameters is extracted (TTA, TPQ-n and TPQ-p rates). The resulting
fit is shown in Figure 4.8a. At high currents, the fit well replicates all
the experimental results, while for low currents the 5% simulation
shows a lower efficiency. The reason could be that I modelled the
5% device such that transport in the EML occurs purely on the host
molecules. It might be that a small amount of charge can be injected
directly on the guest molecules even with only 5% concentration. In
this case, the energy barrier between ETL and EML is reduced, and the
emission starts at lower voltage. In Figure 4.8b the correlation matrix
of the resulting fit is shown for the 10% device. The correlation is rela-
tively high especially for TTA and TPQ-n (o174-71pQ—n(10%) = 0.92).
This result is an indication that it is rather difficult to distinguish the
two effects separately, which makes the specific extracted numbers not
extremely solid. TPQ-p shows instead an acceptable correlation with
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the other two effects. The reason is that I found the TPQ-p to have
a greater impact on the luminance efficiency curve at lower currents
while TTA and TPQ-n rates affect the curves at higher currents. This
effect is totally in line with what I described above, the polarity of
TPBi induces an injection of holes already below turn-on voltage and
the high density of holes already at low voltage causes the TPQ-p to
be the prevalent loss mechanism at low currents. This effect can be
easily identified using the exciton losses plot, which is a direct output
from Setfos 5.2. In Figure 4.8c the different contributions to triplet
losses for the 10% concentration device is shown. At low currents,the
dominant loss is coming from TPQ-p while at higher currents TTA
and TPQ-n give a much larger contribution. The plot in Figure 4.8d
displays the extracted values of TTA, TPQ-n and TPQ-p for the four
devices. I can observe that all the three rates are increasing with con-
centration. In particular, I find an empirical logarithmic relation with
the concentration for concentration higher than 5%. Equation 4.1 was
used to produce the fit in Figure 4.8d. Table 4.7 provides the resulting
c1 and ¢, values.

£(x) = c11n (e2x) (4.1)

The dependence of the TTA rate with concentration has already
been investigated by Ligthart et al.[151] and Zhang et al[152]. In both
studies, they show that an increase in guest concentration produces a
larger TTA rate. This happens because, at higher guest concentrations,
the average distance between guest molecules decreases, and the
annihilation event is facilitated. In the case of TPQ instead, a direct
relation between guest concentration and TPQ rate has not been
found in the literature. An alternative possibility would be to maintain
the TPQ rates concentration-independent in the fitting procedure.
However, I believe that in such a case, where no direct information
from literature can be found, leaving the three parameters (TTA, TPQ-
n and TPQ-p) completely free to be optimized for each device is a
good approach. I would like to comment on the correlation between
TTA and TPQ-n. As previously described, the effect of TTA and TPQ-n
on the efficiency roll-off is very difficult to distinguish. Additional and
more sophisticated experimental techniques have been performed, as
described by Wehrmeister et al.[121] In this study these two processes
are investigated by combining transient PL with electroluminescence.
However, this type of analysis goes beyond the scope of this study.

4.5 CONCLUSIONS

In this study I have shown that charge transport in host-guest TADF
emitter layers can electrically be modelled within two distinct regimes
depending on the concentration of the TADF guest molecules (high
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¢; (cm3s™) Ca
TTA 1.8x1073 9.31
TPQ-n 1.6x10"? 1.33
TPQ-p 1.5X1074 0.14

Table 4.7: Extracted coefficient of Equation 4.1; the fit is shown in Figure 4.8d.
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Figure 4.8: The efficiency roll-off is analysed. (a) Experimental data (solid
line) and fit (dashed line) of the luminance efficiency roll-off for
all the devices; (b) correlation matrix of the luminance efficiency
roll-off fit shown in (a) for device 10%; (c) plot of the triplet exci-
ton losses contribution of device 10%, direct output of Setfos; (d)
The extracted TTA, TPQ-n and TPQ-p are plotted vs guest con-
centration of the EML in a log-lin scale; the dashed line indicates
the fitting performed with Equation 4.1. The fitted coefficient ¢,
and c, are indicated in Table 4.7.

and low guest concentration regimes). This approach allows us to
explain the presence of transient EL decay overshoot in the device with
5% DMAC-TRZ guest concentration. For all the devices I found signs
of a polar ETL in several experiments: injection-CELIV, capacitance-
voltage and capacitance-frequency. I could replicate all these signatures
of the polar ETL with simulations, allowing for the extraction of
the specific sheet charge density inherent to spontaneous orientation
polarization (SOP) inside the ETL. Regarding the device with 50%
DMAC-TRZ concentration I observed a different polarity of the EML,
which was quantified as well. By analysing the luminance efficiency
roll-off I extracted the TTA, TPQ-n and TPQ-p rates which appear to be
logarithmically dependent of the DMAC-TRZ molecule concentration
in the EML. Additionally, TPQ-p appears to be the limiting factor
of the luminance efficiency at low currents while TTA and TPQ-n
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are responsible for the luminance efficiency roll-off at high currents.

Thanks to this comprehensive characterization I can link the strong
influence of TPQ-p on the efficiency at low current with the polarity
of the ETL. The strong polarity of TPBi induces a high density of
holes in the EML at low voltage and, since TPQ-p depends on the
hole density, this causes the effect of TPQ-p on the efficiency to be
non-negligible even at low current/voltage. This comprehensive study
which includes electronic, excitonic and optical aspects, provides a
basis for upcoming work on simulation based guest concentration
optimization in a complete OLED device.
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ESTIMATING THE OLED LIFETIME IN DIFFERENT
STRESSING CONDITIONS

A new OLED technology can possess wonderful properties in terms
of efficiency, emitted wavelength or angle, but it will never reach the
market if it is not stable enough. In this study I face the problem of
estimating the OLED lifetime in different conditions of temperature
and driving current. This approach is applicable in any emissive
device, OLED or LED, and in this thesis it has been tested on TADF
OLEDs.

5.1 INTRODUCTION

OLED displays are already commercialized in several products. As
introduced in previous chapters, one of the main challenge faced
by scientists is analyzing the stability of these devices. The opera-
tional lifetime requested for commercial application is in the range of
thousands of hours.

Testing these characteristics is of course challenging since, consider-
ing a typical lifetime of 50000 hours, the test would require almost six
years at standard operating conditions (SOC). It is therefore required
to perform these tests under more stressful conditions. The typical way
to fasten the degradation consists of applying high current (larger than
driving current during operation) and high temperature. This type of
analysis is called accelerated lifetime testing (ALT). Once the lifetime
under these conditions is found, proper scaling lows allow to estimate
it at SOC.[153-156] The key figure of merit in this analysis is LT7o,
which is defined as the amount of time after which the luminance has
reached 70% of its initial value.

In this study I follow the analysis performed by Yoshioka et al.[157],
where multiple stressing conditions are applied on nominally identical
OLEDs. The same approach is used in this study, with the difference
that I defined a global fitting algorithm to extract the model parame-
ters. In the first part of the study I focus on the extraction of the model
parameters, taking into account the entire sets of data. This approach
allows to estimate LT70 in any current-temperature condition. In the
second part I took into account only a subset of data, so that LT7o can
be effectively estimated in accelerated conditions.

For this study, the platform Litos is used to apply the specific stress-
ing conditions and record the luminance decay over time.
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5.2 DEVICE FABRICATION

The samples have been fabricated at Merck KGaA. The device structure
includes an ITO substrate topped off with an HIL. The organic lay-
ers are: 6onm N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1"-biphenyl)-4,4 -
diamine (NPB), 20nm 9,9’-Diphenyl-9H,9’"H-3,3’-bicarbazole (BCzPh),
the EML, 30nm 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T). The cathod
consist of a thin EIL and aluminum on top. The EML consist of 30nm
of DMAC-TRZ, mCBP-CN and BCzPh, mixed at a concentration of
10 wt%, 50 wt% and 40 wt%. The stack is shown in Figure 5.1.

The luminance decay over time follows a bi-exponential function.
The first, and very fast, exponential decay occurs usually in the first
few minutes of operation, and it is usually referred to as burn-in. The
devices used in this study have been subjected to a high current for
a few seconds right after fabrication, so that the burn-in decay has
already occurred. The luminance decay seen in the experiments is
therefore a single stretched exponential decay.

EIL (3 nm)

T2T (30 nm)

BCzPh (20 nm)

NPB (60 nm)

HIL (3 nm)

Figure 5.1: Structure of the devices studied in Chapter 5 and Chapter 6. The
EML consists of a TADF emitter (DMAC-TRZ) embedded in a
co-host matrix.

5.3 STRESSING CONDITIONS

Three nominally identical samples are used in this study, with four
pixels each. In total twelve pixels have been stressed. The three devices
are placed in three of the four chambers available in Litos. In each
chamber the temperature is kept constant, at: 283, 298 and 313 K. In
each chamber, the four pixels are stressed with four constant current
densities: 5, 10, 20 and 30mA/cm?. In Figure 5.2 a schematic of the
stressing conditions is shown. During stressing, two main quantities
are measured for each pixel: the applied voltage and the emission
intensity. For the ALT analysis, only the latter is further analyzed.



5.4 SCALING LAW AND GLOBAL FIT

Chamber 1: Chamber 2:
T=283 K T=298 K

A &2 & EE

Chamber 4:

10 mA :m'z 30 mA~ cm2
[pa]

5 mA cm2 20 mA cm?

Figure 5.2: Schematics of stress the conditions in Litoschambers.

5.4 SCALING LAW AND GLOBAL FIT

To analyze the experimental results, I need first to understand the
mathematical description of the luminance decay during operation
under constant current.

The ALT method, which is known for inorganic LEDs, has been
presented and refined for OLEDs by Yoshioka et al. [156]. In their study
they found an empirical relation between the decay time constant and
the stressing condition applied (current density and temperature):

L=L(0)e ) (5.1)

Eq
T=A] TekT (5.2)

where ], T and L(0) are pixel specific current density, temperature
and initial luminance; while B, A, v and E, are global model paramters;
ky, is the Boltzmann constant. My analysis follows the study carried
out by Yoshioka et al., with the difference that I applied the concept
of global fitting. Instead of fitting each decay curve individually, I
fit all the twelve curves at the same time, extracting a single set of
parameters. This method is beneficial since it allows to reduce the
correlation between the extracted parameters. The schematic of the
algorithm inputs and outputs is shown in Figure 5.3. The algorithm
has been implemented in Python, using the scipy package, and is
similar to the one described in Chapter 3.

A few points of clarification are necessary. First, I shall state that the
luminance is measured at the current density of the specific stressing
condition, this means that the larger the stressing current, the larger
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the measured light intensity, which might not be apparent at first sight
when looking at the auto-scaled plots in Figure 5.4. As a second point,
I can note that this is not always true, in the chamber with T = 283 K
the intensity of the 20 mA /cm? is larger than the one with 30mA /cm?.
This is due to the positioning of the photodiode. In each chamber
there are four photodiodes but they are not precisely located below
the pixels. However, this fact does not represent a problem because
the first point of each experimental curve (L(0)) is taken as a known
parameter of the fit. Another detail worth mentioning is weighting of
the error of each curve. The core of the algorithm is a function which
minimizes the error between the fit and the experimental curve. When
multiple curves with different intensity, as in this case, are taken into
account, the fit will automatically tend to be more precise when the
intensity is larger (or the curve contains more points). To solve this
issue, the concept of weights is introduced. The error associated to
each curve is multiplied by a factor (the weight) calculated accordingly
to the number of points and the intensity of each curve. In this way
the fit is optimized.

EXPERIMENTAL DATA

283K 283K ve
5mA/cm2 10mA/cm2 MATHEMATICAL MODEL
298K 298K L(t) = L(0) - e~ @/D*

5mA/cm2 10mA/cm2 T =A ,]—y . e(Ea/kT)

GLOBAL
FITTING
ALGORITHM

Fitted Fitted
283K 283K e
5mA/cm2 10mA/cm2

Figure 5.3: Schematics of the global fitting algorithm applied to the experi-
mental results described in this chapter.

5.5 EXTRACTION OF THE MODEL PARAMETERS

The experimental luminance decay curves of all twelve pixels are
shown in Figure 5.4 in black. The respective temperature and current



5.5 EXTRACTION OF THE MODEL PARAMETERS

density is provided in the insets. The extracted parameters are shown
in Table 5.1. The current scaling factor  and the stretching factor g
are very similar to previous reports on phosphorescent OLEDs.[156—
158] The value for the activation energy is about a factor of two
smaller than in the previous reports, yet it is within a reasonable
range that could potentially be linked to some internal barrier that
is overcome at elevated temperature. The only parameter that could
be linked to some underlying physical degradation phenomena is the
current acceleration factor, . A value close to one indicates significant
generation of luminescence quenching sites due to polarons, whereas
values closer to two would be attributed to bi-molecular effects such
as exciton-exciton, exciton-polaron quenching events.[159]
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Figure 5.4: Experimental luminance decay during stressing and fit with dif-
ferent stressing conditions.

In the analysis discussed so far the luminance decay until the point
in time at which the luminance has dropped 50% (LT50) has been
taken into account. With this method I do not perform an accelerate
stressing, since I apply currents which are in some cases lower than at
SOC. However, this approach provides the scaling parameters which
allows to perform a good estimation of the luminance decay at any
current-temperature condition.
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5.6 ACCELERATED LIFETIME TESTING (ALT)

Parameter Value

0% 1.25

B 0.85

A 3-35

E, 142 meV

Table 5.1: Parameters extracted from the fit shown in Figure 5.4.

5.6 ACCELERATED LIFETIME TESTING (ALT)

The predictive power at SOC is only exploited if a reduced data set is
used. I defined the stressing performed with ] = 1o0mA/cm? at 298K
as the SOC, and three methods are used to estimate LT7o at SOC. In
the first approach, LT7o0 at SOC is predicted by using only a few sets
of temperatures and currents (currents of 20 and 30mA/cm?, at all
the temperatures), not including the one at SOC. As I only take some
devices into account for this analysis, I called it “reduced devices”
(RD). In a second approach, LT7o is predicted using only the initial
part of the luminance decay data. For clarity of exposition, I define
the initial part of the decay, the one taken into account in the fit, as
training set, while the second as test set. The limit between training
and test sets are defined in term of percentage of decrease of the
luminance from the initial point, and I call it training-test limit (TTL).
This analysis has been done with three TTLs: 70%, 80% and 90%. In a
third approach, the two methods are combined.

I evaluate the quality of lifetime predictions for all the approaches
by calculating the difference between the measured and the fitted LT70
value. In addition, I include the saved measurement time (MT) to test
the ALT method. The MT is calculated as the difference, in percentage,
between the experimental LTyo at SOC and the maximum duration of
the experiments taken into account in the fit.
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Data used for | Fitted Error (%) Meas. Time gain
the fit LTyo (h) Time (h) (%)

All data 14.4 4.4 138.5 -903

RD 13.3 -3.6 17.8 -29
TTL-70 14.2 2.9 58 -321
TTL-80 14.0 1.5 33.4 -142
TTL-90 13.4 -2.9 14 -1.5

RD + TTL-70 | 12.9 -6.6 7.7 44

RD + TTL-80 | 12.8 -7.3 4.5 67

Table 5.2: Fitted LT7o0 value for the device stressed at ] = 1omA/cm? and T =
298 K using different sets of fitting curves. Measured LT7o of this
device is 13.8 h.

Data used for | v E, (meV) A
the fit

All data 0.85 1.26 143 3.3
RD 0.88 1.17 134 3.5
TTL-70 0.90 1.26 132 4.9
TTL-80 0.93 1.26 129 5.0
TTL-90 0.97 1.27 124 5.7
RD + TTL-70 | 0.93 1.17 120 5.5
RD + TTL-80 | 0.95 1.19 119 5.7

Table 5.3: B, 7, Ea and A parameters extracted from the fittings.

In Figure 5.5 the fit with different TTLs is shown, while in Figure 5.6
the fit with combined method (RD + TTL) is shown. The resulting
estimation of LT70 and the ML of the SOC is summarized in Table 5.2.
The error in the estimation of LT70 is rather small for all the methods.
The RD + TTL80o approach is of course the one with the largest time
gain (67%), since the measurement can be done in only 4.5 hours. Even
in this case the error LT70 error is below below 8%.

The extracted sets of parameters are reported in Table 5.3. It can
be observed that the variation of the parameters is rather small for
all the methods. The largest variation is observed in the parameter A,
which spans from 3.3, when all the data are used, to 5.7, when the
RD+TTL80o method is considered. All the other parameters vary much
less: B from 0.85 to 0.95; ¥ from 1.17 to 1.26; E; from 119 to 143 meV.
Such a small variation is firstly an indication that all the methods can
be applied without loosing precision in the final results, additionally,
is an indication that the fitting algorithm is stable.



5.7 CONCLUSIONS

5.7 CONCLUSIONS

In summary, I demonstrated the use of accelerated testing methods
and the determination of scaling parameters for TADF OLEDs. The
lifetime is predicted with an error of less than 8% when target data
is reduced by including less devices or by fitting only the initial
luminance decay. By combining both methods, up to 67% of the stress
test time can be saved. The extracted parameters change only slightly
when using different approaches. This fact confirms that the fitting
algorithm is stable since a change in the inputs does not produce a
dramatic variation of the extracted parameters.
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EVIDENCE FOR GENERATION OF TRAP STATES
DURING DEGRADATION OF TADF OLEDS

The method described in the previous chapter can certainly provide
a good estimation of the device lifetime in different conditions, but
no additional information about the underlying degradation mech-
anisms can be extracted. To really improve the lifetime of a specific
OLED structure, a detailed understanding of the phenomena causing
the luminance reduction is necessary. This knowledge can only be
acquired by using advanced characterization techniques during device
stressing.

In this chapter I applied this method to the same TADF OLEDs stud-
ied in Chapter 5. Steady-state, impedance and transient measurements
are used to characterize these devices during stressing interruptions.

Additionally, electrical device simulations are used to qualitatively
understand the main physical processes occurring during degradation.

6.1 INTRODUCTION

With Litos there is the possibility to run basic experiments during
stressing, like JV measurements. Since in this case I have the possi-
bility to combine it with Paios, the full characterization with all the
experimental techniques described in Chapter 2 is performed.

The devices measured in this chapter are stressed with a current
density of 1o0mA/cm? at a temperature of 283 K. All the experiments
shown in Section 6.5 and Section 6.4 are done on the same device,
stressed until ~LT60 apart from Figure 6.7 and Figure 6.8, which
where done at ~LTq9o. For completeness, I must note that, in this
type of analysis, the reproducibility of the experimental results on
several samples is fundamental in order to be able to draw meaningful
conclusions. For this reason, several identical pixels were stressed at
the same conditions and it was found that indeed the experimental
results are identical. The stack is the same as the one studied in
Chapter 5, and is shown again here in Figure 6.1.
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EIL (3 nm)

T2T (30 nm)

BCzPh (20 nm)

NPB (60 nm)

HIL (3 nm)

Figure 6.1: Structure of the devices studied in Chapter 5 and Chapter 6. The
EML consists of a TADF emitter (DMAC-TRZ) embedded in a
co-host matrix.

6.2 EXPERIMENTAL RESULTS DURING STRESS INTERRUPTIONS

The experimental results are shown in Figure 6.2. In Figure 6.2a the JV
is shown and, as expected, there is a reduction of the current during
degradation.

In Figure 6.2b the capacitance-voltage results are shown. A clear
shift of the threshold voltage, Vy,, can be observed, first towards lower
voltage (in the initial 6/7 hours) and later to higher voltage. Below
0.7V the geometric capacitance of 20nF/cm? is reached and obviously
does not change during degradation.

From the C-f plot, shown in Figure 6.2c, two main features can
be observed: besides the strong reduction of the capacitance peak at
low frequency, there is a continuous reduction of the first capacitance
plateau, from gonF/cm? to roughly 25 nF/cm?. The second effect is
the variation of the transition frequency (from the first plateau to
the geometric capacitance, at 25 nF/cm?), which shifts from 105 Hz to
10* Hz. These two effects could indicate the presence of two separate
processes occurring during degradation. This fact might also be linked
to the shift of Vi, in two directions seen in Figure 6.2b.

Figure 6.2d shows the injection CELIV experimental results. It is
observed that there is a systematic decrease of the current peak during
stressing, which might be an indication of a reduction of accumulated
charge at some interfaces. However, it must be taken into account that
at 2.5V the current decreases during stressing, as visible in the JV
plot. Clearly, a reduced current should reflect in a smaller amount of
accumulated charge. Additionally, the current peak does not shift in
time during degradation. This fact suggests that there is no visible
modification of the charge carrier mobility in the organic layer/s up
to which the charge accumulates.
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Figure 6.2: Experimental results during stressing interruptions. Stressing

Despite the several interesting features observed, I specifically in-

performed with 10 mA/cm? at a temperature of 283K. (a) JV;
(b) C-V with frequency = 100 Hz; (c) C-f with Vst = 2.5V; (d)

injection-CELIV with Vet = 2.5V, Veng = -3V and ramp-rate =

0.07V/us.

vestigated the C-V experiments. Besides the clear reduction of the
capacitance peak located at 2.5V, which is probably related to a

change/reduction of the accumulation of charges, the most inter-

esting effect is the shift of Vy,. In Figure 6.3 the C-V measurement
during degradation can be seen in detail. In the first 7 hours, Vy, shifts
to lower voltage, while afterwards it shifts to higher voltage. In the
following sections additional experiments and simulations are used to
further investigate this effect.

a)go
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Figure 6.3: Experimental results of C-V with frequency = 100 Hz during
stressing interruptions. (a) shift of Vy, to lower voltage occurring
in the first 7 hours; (b) shift of Vy, to higher voltage.
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63 IMPEDANCE SIMULATIONS - SHIFT OF Vtyg

In C-V measurements, the presence of a Vy, below Vy;, has been
previously attributed to the presence of a polar layer inside the stack.
In case of a polar layer, the alignment of charged molecules creates a
permanent electric field inside the layer, which causes the injection of
charges even below Vy,;. This effect can be replicated with Setfos, as
shown in this thesis in Section 4.4.5 or by Altazin et al.[96] In the C-V
curve of the fresh device shown in Figure 6.3, the capacitance increase
at ~ 1.7V might be an indication that one or more layers are polar.
Several materials contained in the stack could be responsible for the
polarity, i.e. mCBP-CN, DMAC-TRZ and BCzPh.

Having one or more polar layers inside the stack explains the pres-
ence of Vi, below Vy,; well, but not its shifts. The shift to lower and
then higher voltage could be interpreted with an initial increase and
then decrease of the polarity. However, this explanation can not easily
be established, and has never been described in literature.

A physical effect that is commonly happening during degradation
is the creation of trap states. A trap state is a defect, which is typically
generated by an exciton-exciton or exciton-polaron annihilation event,
in which charges can get trapped.[160-162] Having a layer, or an
interface, with filled trap states resembles well with the situation of
a polar layer, but with only one charged interface. With Setfos I can
model this situation by simply including trap states in the model, and
I can simulate a C-V experiment in steady-state conditions. However, it
must be observed that the layer/interface ends up being charged only
when trap states are filled. In a steady-state C-V simulation, charges
are heavily injected only when the turn-on voltage is reached. To better
model the C-V experiment at stressing interruptions, I performed
transient-impedance simulations. In this case, an initial steady-state
forward voltage is applied, during which charges are injected (and
eventually captured by trap states), followed by a simulation of the
C-V scan.

The first simulation I have done to see the impact of filling the trap
states, is a transient-impedance simulation on a forward-backward
ramp. The applied voltage has a triangular shape, starting from -1V,
reaching 5V and ending again at -1V (ramp rate = +/-0.33 V/s). The
simulated device is simplified with respect to the real one used in
the stressing and is composed only of an HTL and an ETL. Traps are
included in the model only in a small portion of the ETL, in which
only electron trap states are defined (see Figure 6.4-inset).

The result is shown in Figure 6.4. During the forward ramp, no
charges have been previously injected into the device and therefore the
trap states are empty. In this condition there is no charged interface
and the simulation shows a threshold voltage of 2.5 V. During the
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backward ramp instead, having filled trap states causes Vy, to be
shifted down to 0.7 V.

This result indicates that, when evaluating the C-V of a device where
deep trap states are defined, a simple C-V simulated in steady-state
can not precisely replicate the effect of having filled trap states. A
transient impedance-simulation is in this case necessary.
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Figure 6.4: Transient-impedance simulation. The applied voltage is a forward
and backward ramp, indicated in the inset. The simulation is
done on a simple bi-layer stack, where electron-trap states are
defined in a portion of the ETL layer.

In all the C-V simulations contained in the rest of this chapter, the
following transient voltage is considered:

e initial steady state at 5V, to replicate the device condition during
stressing

¢ -1V for 2ms, to take into account the waiting time of the instru-
ment before the C-V scan starts

* voltage ramp during which the capacitance is simulated (ramp
rate = 0.33V/s)

As discussed in Section 2.3, traps in Setfos are modeled with three
parameters: the trap density (nt.), the energetic trap depth (E.) and
the charge capture rate (ct.). In the previous example the three pa-
rameters are set to: 10'9 cm3, 0.7eV and 107° cm3/s. Of course all the
three have an impact on these simulations. The effect of a variation
of ne is shown in Figure 6.5. Vy, is strongly dependent on the trap
density. The amount of trapped electrons at 2ms, before the voltage
ramp starts (Figure 6.5b), is responsible for the change of Vy,. It can
be observed that the trapped electrons remain to the level assumed
during steady-state voltage of 5V. Applying -1V for2ms seems to
cause almost no release of trapped electrons.

64 EXPERIMENTAL RESULTS-MULTIPLE REPETITION C-V

To examine in depth the shift of Vy,, additional experiments are done.
To start this investigation, three C-V measurements are performed
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Figure 6.5: (a) Transient-impedance simulations with different 7. of
0.1x10"9, 0.5x10" and 1x10"9cm3 (Ete = 0.7eV and cie =
107°cm3/s); (a-inset) applied voltage sweep in forward direc-
tion (the ramp is not in scale); (b) Trapped electron distribution
of the simulations shown in (a) at 2ms.

with a different preconditioning (Vprec, constant voltage before the
C-V scan): 5V for 10 minutes, 4 V for 30 minutes, -5V for 10 minutes.
Additionally, each C-V scan is performed with two repetitions, one
after the other (without a second preconditioning).
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Figure 6.6: (a) First and (b) second repetition of a C-V scan done with a
preconditioning of: 5V, 4V, and -1V for 10, 30 and 10 minutes.

The result of the first repetition is shown in Figure 6.6a. It can be
clearly observed that Vi, strongly depends on Vprec. Applying a larger
Vprec causes a larger shift of Vi, towards negative voltage, while when
Vprec= -5 V, Vyis located at roughly 1.7 V.

Interestingly, the second repetition of the C-V scan looks identical
in all the three conditions (Figure 6.6b), and Vy, is roughly at the same
position as in the first repetition when Vprec=-5V.

This experiment indicates that the position of Vy, is dynamic rather
than static. This phenomenon can be caused by the formation of trap
states. A larger Vprec increases the amount of trapped charge, which
causes a larger change of Vy,. When a negative Vo is applied for
a long time instead, the trapped charges can be extracted, and the
threshold voltage, Vy, is observed at higher voltage. Following this
reasoning, the fact that the second repetition is independent of Vprec,
can be explained in two ways:
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¢ the amount of trapped charges decreases with time. By the time
the first repetition is done, almost all the charges are released
from the trap states, and the Vy, shifts to higher voltage

* reaching 2.5V as a final voltage step of the first repetition, sets a
specific distribution of trapped charges. The second repetition
therefore is identical in all three cases
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Figure 6.7: Multiple repetitions of a C-V scan performed after a precondi-
tioning at 4 V for 10 minutes. For the plot, markers are used only
in the first repetition, from the second to the fifth repetition the
curves are identical.

To understand which of the two theories is correct, I first measured
five repetitions of the C-V scan. Figure 6.7 shows that only the first
repetition is different from the others. This result indicates that there
is no continuous variation of the shift of Vy, over time. However, the
first theory cannot be excluded since one could argue that by the time
the first repetition is performed, all the trapped charges are released,
and therefore there is no possibility for Vy, to further shift.
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Figure 6.8: (a) Two repetitions C-V scan, Vprec= 4 V (10 minutes). (b) Transient-
capacitance measured at 1.5V, Vprec= 4 V (10 minutes).

To finally discern between the two theories, a two-repetitions C-V
is compared with a transient capacitance measurement (Figure 6.8).
During this experiment, after preconditioning, the device is set at a
specific voltage (in this case 1.5V), and capacitance is measured over
time.

Figure 6.8a shows that the capacitance at 1.5V increases from the
first to the second repetition. Figure 6.8b instead shows that with the
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device kept at 1.5V, the capacitance decreases over time. This result
indicates that the first of the two theories described before is correct:
the first two repetitions differ because applying 2.5V has the effect of
changing the distribution of trapped charges.

The results of this section can be summarized in three points:

¢ the shift of Vy, is not permanent and it depends on the specific
condition of the device before C-V is measured

¢ asimple C-V scan until 2.5 V modifies the state of the device so
that two repetitions of a C-V give different results

* the capacitance decreases over time when measured at a specific
voltage

These three points are perfectly in line with the hypothesis that
the generation of trap states during degradation has an important
influence on the shift of Vy,.

It must be noted that the amount, and also the direction, of the shift
of Vy, differ between Figure 6.6 and Figure 6.7-Figure 6.8. The reason
is that the first is measured at LT60, while the other two at LTgo. Any
other experiments shown in this thesis is performed at LT6o.

65 EXPERIMENTAL RESULTS-EFFECT OF REACHING 2.5V

From the discuss of the previous section, I reached the conclusion that
trap states are responsible for the variation of Vy,. Additionally;, it is
found that the density of trapped charges is strongly dependent on
the last voltage applied when measuring a C-V scan. In particular,
2.5V seems to be a level which reduces the amount of trapped charge.
A schematic of this description during a two-repetitions C-V scan is
shown in Figure 6.9.

To further investigate this effect, this experiment is performed: first,
the device is preconditioned (Vprec=5V for 10 minutes); afterwards,
a voltage step of different duration of 2.5V is applied; at the end,
C-V is measured. The result in Figure 6.10 shows a clear and contin-
uous variation of Vy, from the first to the second repetition seen in
Figure 6.6.

The fact that trapped charges are released when 2.5V is applied for
a few ms, is not straightforward to understand, especially considering
the fact that during a C-V scan, -1V, -0.5V, ... are applied. Intuitively,
one could expect that applying a negative bias can extract the trapped
charge.

To understand the effect of applying a reversed bias, an experiment
is done with the following routine: a voltage pulse of 5V for 5 seconds
is applied first, in order to set the device in a traps-filled condition;
afterwards, a preconditioning of 2 seconds at a negative voltage is
done (at a different level, from -1V to 1V); at the end C-V is measured,



65 EXPERIMENTAL RESULTS-EFFECT OF REACHING 2.5V

N

5V
1 1% repetition 2" repetition

= ' ~ —

Y 1

@ 1

= 1

S

> 1
1
) ~
: /\ T

AY
N VA I N

<
L

trap
states

ETL
trap
states

Figure 6.9: Schematics of the process of trap release during a two-repetition
C-V scan. During steady-state of 5V trap states are generated and
filled with traps. The first C-V scan sees a device with a large
amount of trapped charges. By reaching 2.5V, at the end of the
first C-V scan, trapped charges are released. The following ramps
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Figure 6.10: C-V scans, preconditioned at 5V for 10 minutes. Between the
preconditioning and the C-V measurements, 2.5V are applied
for a different amount of time.

starting from the preconditioning voltage. In this experiment Vprec 8
equal to the initial voltage of the C-V scan, and is called Vipita). It can be
observed that in this case the initial voltage pulse of 5 seconds replaces

the preconditioning of 10 minutes used in the previous experiments.

This fact should not affect the result since 5 seconds are sufficient to
reach a steady-state condition in forward voltage, allowing the trap
states to be filled.

The result of this analysis is shown in Figure 6.11. The C-V curve is
completely independent of Vipia. It is clear that applying a negative
voltage does not induce the shift of Vi, seen when 2.5V is applied.
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Figure 6.11: C-V performed starting from a different voltage, Viniiia (precon-
ditioning for 2 seconds at Viy;tia1). Before the experiment 5V for
5 seconds are applied.

6.6 IMPEDANCE SIMULATIONS - INCLUDING SHOCKLEY-READ-
HALL RECOMBINATION

One way to explain the reduction of trapped charges occurring when
2.5V is reached, is to take into account Shockley-Read-Hall (SRH)
recombination. As seen in the JV curves (Figure 6.2a), at 2.5 V charges
are already injected into the device. The interaction between free and
trapped charge, by means of SRH, could lead to a depletion of the
trapped charge. This effect is investigated in the this section with the
support of simulations.

Also in this case I consider the simplified stack used previously.
SRH can be modeled with Setfos by simply activating it and indicating
an additional parameter, the capture rate of the opposite charge carrier
(in this case hole capture rate, having defined electron trap states),
Ct-e-h-

Firstly, I compared the change in the density of trapped charge when
an intermediate step of -1 or 2.8V in between a steady-state voltage of
5V and the C-V scan. The applied voltage consists of: 5V steady-state;
intermediate step for 2ms at -1V and 2.8V; final voltage ramp during
which the impedance simulation is performed. Again, only electron
trap states are considered, with the following parameters (identical
to the one chosen in the previous simulations): Ei. = 0.7€V, nye =
10" cm?3, cre = 107°cm3 /s and cien = 1073 cm3/s. A voltage value
of 2.8V is used instead of 2.5V because, in the simplified modeled
device, injection starts at slightly larger voltage with respect to the
real ones.

The results indicate that when -1V is applied as intermediate step,
the trapped electron density is still rather large. This causes the Vy, of
the C-V scan to be located at 1.5 V. Instead, when 2.8 V are applied, the
trapped electron density is reduced, because they recombined with
free holes through SRH. In this case the Vy, occurs at 2.6 V.

Secondly, a three-repetition C-V scan is simulated. In Figure 6.13
the comparison between the model including or not SRH is shown.
When SRH is considered (Figure 6.13a), the first repetition is the
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Figure 6.12: (a) Transient-impedance simulation. The applied voltage starts
from the steady state value of 5V, an intermediate step of -1
or 2.8V and then the ramp starts; (a-inset) applied voltage (the
ramp in gray is not in scale, a ramp rate of 0.33 V/s is used); (b)
Distribution of trapped electrons at 2 ms, when the voltage ramp
starts.

only one showing a Vy, shifted to 1.5 V. By reaching 2.8 V in the first
ramp, enough free charges are injected and can interact with trap
states through SRH, causing a reduction of the trapped electrons. In
the second repetition Vy, is observed at higher voltage, since fewer
electrons are still trapped. Without including SRH in the model, the
C-V curves look identical for all repetitions (Figure 6.13b). This implies
that SRH is a necessary model ingredient to explain the experimental
observations of the sequential C-V ramps.
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Figure 6.13: (a) Transient-impedance simulation including SRH recombina-
tion. The applied voltage starts from the steady state value of
5V, an intermediate step at -1V for 2ms is considered before
the ramps start; (a-inset) applied voltage (the ramp is not in
scale, a ramp rate of 0.33 V/s is used). The end voltage of the
ramp is 2.8 V; (b) The same simulations of (a) but without SRH
recombination.

The only experimental result which can not be explained with this
modeling approach including SRH is the shift of Vy, in the opposite
direction, occurring in devices at LTgo (Figure 6.7 and Figure 6.8a). In
my opinion, the simplified stack used in the simulations presented
in this chapter is certainly useful to understand the main influence
that trapped charge has on a C-V scan, but it can not perfectly model
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the real device. For example, charge traps can form in the entire EML,
at the interfaces with the blocking layers, or even in the transport
layers. Moreover, only electron trap states are considered in these
simulations, while in the real case hole trap states are equally possible.
Additionally, polarity has not been included in the model, while it is
probably present in the real stack.

From these considerations, I can assume that, during stressing, trap
states are generated at different locations inside the stack. This fact
might cause the opposite shift of Vy, at different degradation stages
observed in the experimental results. However, modeling the complete
stack at different degradation stages is rather complex, and goes
beyond the goal of this study.

6.7 CONCLUSIONS

The detailed electro-optical investigation during device stressing, per-
formed in this study, allows to get important information about the
degradation processes. In particular, the C-V measurements provides
interesting results, showing an initial decrease followed by an increase
of Vth-

More detailed experimental results allow to capture the dynamic
nature of the shift. The shift of Vi, to lower voltage is not a permanent
effect, since it strongly depends on the last voltage applied to the
OLED before measuring C-V. In particular, applying 2.5V before
measuring C-V, causes an increase of Vy, of about 0.5V with respect
to the value observed when 5V is applied.

By means of simulations I was able to show that trap states can
cause the initial shift of Vi, to lower voltage. The presence of trapped
charge creates a charged interface, which is responsible for the shift.

Additionally, also the increase of Vy,, when 2.5V is applied, can
be reproduced with simulations by taking SRH recombination into
account. The interaction between free and trapped charge, introduced
by SRH, has the effect of diminishing the amount of trapped charge,
which in turns causes an increase of Vy,.



SUMMARY AND OUTLOOK

Thermally-activated delayed fluorescence emitters will possibly be
used in next generation of the OLED displays. Though offering at-
tractive performance attributes, this technology does not meet the
expected requirements to be used in commercial products at the mo-
ment, especially because of the short lifespan of these devices. The
work presented in this thesis aims at supporting the research com-
munity by providing new methodologies to better understand, and
possibly improve, the performance of TADF OLEDs.

In Chapter 3 the influence of non-radiative decay rates on the OLED
efficiency is analyzed. The ability of TADF materials to convert triplet
states into singlets is the key advantage of these emitters. However,
the presence of non-radiative decay events of triplet or singlet states
diminishes the overall efficiency of the OLED device. In this study the
reduction of efficiency caused by such loss mechanisms is quantified.
From the calculations, it is clear that the non-radiative decay events
occurring on the triplet state are much more detrimental than the ones
happening on the singlet. In the specific case considered in this study,
the efficiency is reduced by 50% when the non-radiative decay rate is
occuring entirely on the triplet state with respect to the singlet case.
This result shows the importance of being able to determine these
two quantities separately, in order to correctly foresee the expected
efficiency of a specific TADF emitter. For this reason, a fitting algorithm
is provided to estimate the entire set of decay rates by performing
commonly used experimental techniques on TADF materials, such as
photoluminescence quantum yield (with and without the presence of
oxygen) and transient photoluminescence.

In Chapter 4 four OLEDs with different concentrations of TADF
molecules in the emissive layer are investigated. The characterization
of these devices is done using several experimental techniques, in
steady-state, transient and frequency domain. With electro-optical
simulations, a model for each device is created and optimized by
comparing the experimental and simulated results. The fact that a
multitude of techniques is used, reduces the correlation between the
model parameters, ensuring the reliability of the final conclusions.
With this analysis, I was able to observe that the charge transport and
injection into the emissive layer can be classified in two regimes: the
high and low dye concentration regimes. Moreover, the annihilation
processes occurring in the different devices are quantified, and it is
found that they scale logarithmically with the guest molecule concen-

89



90

SUMMARY AND OUTLOOK

tration. This study provides a basis for upcoming work on simulation
based guest concentration optimization in a complete OLED device.

In the last two chapters of the thesis, the limited lifetime and under-
lying degradation mechanisms of TADF OLEDs are investigated.

In Chapter 5 several identical devices are stressed at different cur-
rent and temperature levels, and the emitted light is measured. A
phenomenological mathematical model describing the light decay at
specific current and temperature is used in a fitting algorithm. The
fit is defined to take into account the entire set of curves at the same
time, in this way the correlation between the free parameters is re-
duced. Once the fitting parameters are found, the model can be used
to estimate the OLED degradation at any combination of current and
temperature, without the need of actually measuring it. Additionally,
the same fitting algorithm can be used to infer the light decay in
standard operating conditions, though the actual measurements were
only performed at accelerated conditions, namely at high current and
temperature. This saves measurement time without lack of accuracy in
determining the device lifetime. In this thesis I showed that by taking
into account only accelerated degradation curves, the estimated light
decay in standard conditions is predicted with an error of only 8%
despite a reduction of almost 70% in measurement time.

Chapter 6 describes a detailed analysis of the degradation of a
specific TADF OLED. In this chapter, the stressing at constant current
used in Chapter 5 is combined with a detailed characterization, similar
to the one performed in Chapter 4. A series of experiments is done
during stressing interruptions and electrical simulations are used
to qualitatively understand the nature of the processes occurring
during degradation. From the experimental results, a clear shift of
the transition voltage, in the capacitance-voltage measurements, is
observed. The shift occurs first towards lower voltages, and later
towards higher. With additional experiments and device simulations,
I found evidence that the generation of trap states is the mechanism
responsible for the shift. The presence of trapped charge causes the
injection of free charges to occur at different voltage. The same result
is obtained in simulations, when trap states are included into the
model. Additionally, it is observed experimentally that the trapped
charge cannot be released by simply applying a negative voltage
for a few seconds. Instead, the application of 2.5 V for a few ms
causes the release of almost the entire amount of trapped charge.
Device simulations show that Shockley-Read-Hall recombination can
be responsible for this release, because the free charges, injected at 2.5
V, can interact with the trapped charge.

The study presented in Chapter 6 was done on a single device stack,
and for this reason a complete understanding of the dynamics of
the generation of trap states is rather difficult. An analysis of several
devices, with different thickness of the key layers, would allow a better
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understanding of the occurring processes, for example identifying the
interface at which the trap states are generated.

This thesis hopefully demonstrated that further insights into the
operating and degradation mechanisms of next generation OLEDs can
be obtained by combining data collected from various measurement
techniques with numerical device simulations.
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