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Chapter 1

Introduction of this thesis



1-1. Background and motivation

Since C. W. Tang and S. A. VanSlyke demonstrated an organic light-emitting diode
(OLED) based on two stacked layers of organic molecules!, OLED characteristics have
been improved by numerous fundamental and industrial studies>®. OLEDs have been
attracting considerable attentions because the devices offer the possibility of low-cost
fabrication of flexible and lightweight devices with high electroluminescence (EL)
efficiency. A basic OLED structure shown in Figure 1-1 contains organic layers having
different functions during device operation. When an electric field is applied to the device,
holes and electrons are injected from the cathode and the anode, respectively, and are
transported in organic layers such as a hole-transport layer (HTL) and an electron-
transport layer (ETL). The transported carriers encounter in the emission layer (EML)
and recombine to generate excitons. Electrically generated excitons follow the spin-
statics law’, resulted in the generation ratio of singlet and triplet excitons with 1:3.
Generally, only singlet excitons can contribute the EL from the devices based on a

conventional fluorescence emitter.
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Figure 1-1. Typical device structure of an OLED.
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Figure 1-2. The operation processes of an OLED. (a), (b), (c) and (d) depict the carrier
recombination, the exciton generation, the relaxation from an excited state to a ground
state and light-outcoupling processes, respectively. HOMO and LUMO are the highest
occupied and the lowest unoccupied molecular orbitals, respectively. @anode and ¢@cathode

are the work functions of anode and cathode, respectively.

Because of the operation mechanisms expressed above, an emission efficiency of

OLED:s, i.e., external EL quantum efficiency (EQE), is given by

EQE = n¢p X Ngx X Moy X Noc
where 7cB, 7ex, 17Qy and 7oc are a carrier balance factor of injected carriers, an exciton-
utilization efficiency, a photoluminescence (PL) quantum efficiency and a light-
outcoupling efficiency as depicted in Figure 1-2. In the history of OLED research, to
obtain the high EQE, the development of emitter molecules has been most important
R&D subject®>3.

The 7nex of the devices based on typical fluorescent emitters such as tris(8-
hydroxyquinolinato)aluminium (Alqs) is limited by 25% because the generated triplet
excitons cannot contribute the EL emission. To improve the device efficiency, several
triplet exciton harvesting technologies for OLEDs such as a triplet-triplet annihilation

(TTA)>!°, phosphorescence®®, and thermally-activated delayed fluorescence (TADF)>
6



have been studied as the schematics shown in Figure 1-3. The phosphorescent emitters
such as tris(2-phenylpyridine)iridium(III) (Ir(ppy)s)* efficiently emit room-temperature
phosphorescence, i.e., a relaxation from the lowest excited triplet state (T1) to the ground
state (So), due to a strong spin-orbit coupling induced by a heavy atom such as Ir. Then,
all the electrically generated excitons can be converted to triplet excitons, contributing

EL through the phosphorescence process.
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Figure 1-3. Schematics of exciton relaxation processes under electrical excitation.
(a) fluorescent emitters with TTA, (b) phosphorescent emitters and (c) TADF emitters.

In contrast, TADF emitters exhibit an upconversion of excitons from an excited
triplet state to an excited singlet state, i.e., the reverse intersystem crossing (RISC), due
to nearly zero energy gap between the lowest singlet and triplet excited energy levels
(AEst). Then, all the excitons can contribute EL emission as fluorescence from the lowest
excited singlet state (S1)*’. TADF emitters have a potential to achieve ultimate device
performance and low cost for industrial fabrication because of no use of heavy atoms in
TADF molecules. Although the great potential of TADF emitters is expected for display
and lighting technologies, the device lifetime of TADF-OLEDs is still shorter than
conventional fluorescent and phosphorescent OLEDs!'""'?. To spread TADF-OLEDs
widely for commercial applications, the device stability of TADF-OLEDs must be
improved.

To improve OLEDs’ lifetimes, understanding of detailed degradation phenomena



i1s mandatory and several major mechanisms have been already proposed in fluorescence
and phosphorescence based OLEDs!'?2!. Device degradation, i.e., luminance decrease
and voltage increase, results from the change in each quantum yield of 7oc, 7ex, 7y, and
nce under continuous operation. As shown in Figure 1-4, numerous factors can be
considered as possible mechanisms to change the quantum yields in operating devices.
Furthermore, previous researches revealed that the fundamental degradation origins are,

22,23

for example, joule heat!®?’ exciton interaction?>?* exited state stability!>!6,

anion/cation/radical state stability!*?!

, and interfacial stability between organic and metal
layers®*?> by means of several analysis methods. For device degradation study, some
chemical, thermal and electrochemical analysis methods for organic materials, and optical,
electrical, and simulation methods for devices are combined to reveal degradation
mechanism. For example, Kondakov investigated the degradation behavior in the devices
based on arylamine-type hole-transporting materials and Alqs by means of devices’
voltammetric responses and mass spectroscopy to detect decomposed materials'*. He
observed the change in carrier injection characteristics in degraded devices and identified
the degradation products induced from hole-transporting materials acting as carrier traps
and nonradiative recombination centers in degraded devices. Further, he concluded the
dominant degradation origin in his devices is the dissociations of weak carbon-nitrogen
and carbon-carbon bonds in the hole-transporting materials, and luminance loss is

induced by change in carrier balance, nonradiative recombination, and exciton

quenching'*.
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Figure 1-4. Schematics of device degradation mechanisms and analysis methods used for
degradation analysis. TOF-SIMS, NMR, LC-MS, DSC, and CV are time-of-flight
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secondary ion mass spectroscopy’®, nuclear magnetic resonance!’, liquid

chromatography-mass spectroscopy'®, differential scanning calorimetry?’, and cyclic
voltammetry®®, respectively. IS, DCM, and TSC are impedance spectroscopy?’,
displacement current measurement®’, and thermally stimulated current spectroscopy-!,

respectively.

In case of devices based on phosphorescent and TADF emitters, triplet excitons
generated under electrical excitation efficiently contribute EL as phosphorescence and
fluorescence, respectively. However, rather long-lived and densely populated triplet
excitons might become a reaction center for triplet exciton interactions such as TTA and
triplet-polaron interaction (TPI) as shown in Figure 1-5'¢-182232 Triplet excitons are
quenched via these unwanted interactions to generate the high-energy particles such as
highly-excited triplet excitons and polarons with enough high energy that results in
chemical decomposition of organic materials. Giebink et al. studied the degradation
mechanism of phosphorescent OLEDs by a numerical model to fit the device
performance?®?. They tried to fit the trend in luminance decrease, voltage increase, and

transient PL profiles in device degradation processes, and found that the model based TPI



as defect formation mechanism can fit the degraded device characteristics. Therefore,
they concluded that most dominant degradation mechanism of phosphorescent OLEDs is
the defect formation in an EML via TPI and broad recombination site width is preferable
to suppress the unwanted annihilations such as TTA and TPI. Zhang et al. fabricated the
phosphorescent devices based on graded dopant concentrations in the EMLs to lower the
absolute exciton densities with broad distribution®*. They successfully improved device
lifetimes because of suppressed unwanted triplet interactions. Therefore, suppression of
triplet interactions must be one of critical issues to elongate the device lifetime even in

TADF-OLED:s.
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Figure 1-5. Schematics of intermolecular exciton interactions. (a) the exciton-exciton
interaction. (b) the exciton-polaron interaction. (These figures were cited from N. C.
Giebink et al., J. Appl. Phys. 103, 044509 (2008)*?)

For the evaluation of exciton annihilation processes in OLEDs, the rate equations
for exciton population have been widely used***. Those analyses were performed with
the models based on exciton annihilation such as TTA, TPI and singlet-triplet annihilation
(STA). However, because of several fitting parameters and the presence of multiple
exciton annihilation processes, the analyses are complicated and difficult to apply to
various situations. Therefore, a nondestructive analysis method for exciton dynamics

under device operation has been strongly required for comprehensive understanding of

10



the exciton annihilation and degradation phenomena.

For proving triplet exciton dynamics, magnetic field effects (MFEs) in OLEDs
have been investigated because an applied magnetic field can separate the degenerate
triplet states generated in operating devices and modulate the device performance that
reflects the triplet exciton dynamics®®>®. The separation (Zeeman splitting, AEz) of the
degenerate levels by a magnetic field (B) can be expressed by gugB with g factor (g)
and Bohr magneton (ug)** (Figure 1-6). In principle, the magnetic response mechanisms
based on polaron-pair (PP) and triplet interaction models are used to understand the MFEs
in OLEDs. PP (electron-hole pair) model is based on the suppression of intersystem
crossing (ISCpp) processes between a singlet PP ('PP) state and triplet PP (*PP) states that
are well balanced under B=0 because of small energy difference between PP and *PP%.
As aresult, suppressed ISCpp increases the 'PP population and the characteristic magnetic
field is around 5 mT that can be estimated by the hyperfine coupling strength of PP states*’.
Magnetic response based on a triplet interaction model effectively decreases the reaction
rate of triplet interaction such as TPI under the B (~100 mT)*! corresponding to the zero-
field splitting (ZFS) of a triplet excited state of organic molecules around 10 peV (~AEz
at 100 mT)***. On the other hand, the magnetic response of intersystem crossing in
excitonic states (ISCgx) is not common. Because ISCgx is governed by relatively large
AEgst and slow ISCgx rate, AEz under ~1 T cannot directly affect the excitonic state
character. If the B corresponding to the AEst~100 meV for TADF molecules, i.e., ~1 kT,
is applied, the ISCex might be affected. Therefore, under the conventional experimental
setup to apply B~1 T, PP and triplet interaction models are general mechanisms for MFEs

in OLEDs (see discussion in Chapter 3).

11
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Figure 1-6. Relationship between magnetic field (B) and Zeeman splitting (AEz). Inset is
schematic of Zeeman splitting of degenerate triplet state.

Furthermore, an improvement of OLEDs’ EQE is also important to lengthen the
device lifetime because high efficiency results in low operational current density, i.e., low
electrical stress for the devices under constant current operation. By the utilization of
TADF molecules as emitters, internal quantum efficiency, IQE, defined by 77cs X 7ex X
noy has been reached to nearly 100%, whereas EQE is still limited by 7oc. Because
OLEDs have many kinds of layers with different refractive indices such as a glass
substrate, metal, transparent anode and organic layers. The interfaces with different
refractive indices generate optical losses due to a refraction at the interfaces such as

air/glass, glass/transparent anode, transparent anode/organic layer and organic/organic

12



layers. According to simple optical calculation, the 7oc is limited by around 20% with
random orientation of transition dipole moment (TDM) of an emitter****. It has been

reported that several special techniques can enhance the 7oc with microlens arrays*®4’,

4849 and grating structures>®>!. However, for practical applications for

scattering particles
display technology, it is difficult to apply those techniques because of the problems for
high resolution, view angle and fabrication processes.

An increased fraction of emission to normal direction to a substrate from an EML
enhances the 770c because of the decreased confined EL by the refraction at the interfaces.
The horizontal orientation of a TDM in an amorphous film that enhances 770c has been
reported**>>°, According to an optical simulation, the perfectly horizontal TDM
orientation can achieve approximately 1.5-times higher 7oc than that of the device based
on random TDM orientation (Figure 1-7)***. TADF emitters exhibiting highly
horizontal TDM orientations have been reported, and nearly 30% of EQEs of the OLEDs
have been demonstrated>*,

Recently, the horizontal TDM orientations of the disk-like shaped TADF molecules
in aligned mono-layer such as 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN)
are reported®’. Furthermore, because of the high potential of those carbazole-benzonitrile
bridged emitters for OLEDs, the development of those emitters were well studied to
achieve high EQE and extended stability®>!. Although the origin of horizontal orientation
of linear-shape molecules has been studied, the mechanism of the orientation of disk-

shaped molecules has not been clarified. The realization of perfect horizontal orientation

of those high-performance molecules is desired to obtain an ultimate OLED performance.

13
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Figure 1-7. Schematics of the light-outcoupling of OLEDs with vertical and horizontal
TDM orientations of emitters (This figure was cited from D. Yokoyama, J. Mater. Chem.,
21, 19187-19202 (2011)*).
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1-2. Purpose and outline

In this study, the research focused on the understanding of origins of OLED
degradation and molecular orientation in films to develop highly efficient and stable
TADF-OLEDs. Better understanding of the mechanisms can suggest the strategies to
achieve ultimate OLED performance. In Chapter 2, the device characteristics of the
OLEDs based on penta(9H-carbazol-9-yl)benzonitrile (5CzBN) and 2,4,6-tris(9H-
carbaozle-9-yl)-3,5-bis(3,6-diphenylcarbazole-9-yl)benzonitrile (3Cz2DPhCzBN)® were
compared in terms of the degradation events. SCzBN-OLED exhibited the changes in EL
spectral shape during an operational degradation, which suggested the change in the
location of emission site in the emission layer, originating from changes in the carrier
transport properties. This study concluded that the unwanted triplet exciton-polaron
interaction (TPI) is a significant channel for the degradation of TADF-OLEDs.

In Chapter 3, magnetic field effects in OLEDs were studied to apply as an analysis
method to investigate unwanted triplet interactions such as TPI that causes the device
degradation as studied in Chapter 2. Magnetic-field-modulated EL (magneto-
electroluminescence, MEL) of TADF-OLEDs largely depended on the delayed emission
lifetimes of TADF emitters. This study identified that the MEL of TADF-OLEDs
originated from the magnetic responses of electron-hole pairs and the TPI reaction, and
confirmed that the shorten triplet-exciton-lifetimes of emitters decrease the rate of TPI
reaction. Furthermore, the MEL-method was applied for the degradation analysis of the
devices, and revealed that the inefficient exciton generation channels such as interfacial
exciplex-formation were happened in the degraded OLEDs. According to Chapters 2 and
3, the degradation phenomena of TADF-OLEDs were comprehensively investigated and

the strategies to improve device stability were proposed.

15



In Chapter 4, the molecular orientations in doped films based on host-guest system
were studied to reveal the origin of horizontal molecular orientations. By means of optical
and electrical analysis methods, the characterizations of transition and permanent dipole
orientations of molecules were performed. We clarified that a glass transition temperature
of host and intermolecular dipole-dipole interactions are ones of dominant issues to
control emitter orientations in deposited films. Furthermore, a perfectly horizontal TDM
orientation and 70c~30% were demonstrated for TADF:host doped system. In Chapter

5, this thesis was summarized and future prospects were introduced.
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Abstract

The relatively short device lifetime of blue OLEDs when compared with the
lifetimes of green and red OLEDs is one of the crucial problems that must be overcome
to enable practical application of these devices to full-color OLED displays. This work
focuses on the degradation phenomena of OLEDs that are based on sky-blue TADF
emitters and clarifies the degradation mechanisms based on spectral change of the
electroluminescence, which indicates the formation of electromer emission from an
electron transport layer. Additionally, it is determined that the change in the carrier
balance that occurs during this degradation process can be ascribed to the formation of

electron traps.
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2-1. Introduction

OLEDs have been attracting considerable attention in recent years because they
offer the possibility of low-cost fabrication of flexible and lightweight devices with high
EL efficiency'. A wide variety of emitters have been developed for OLEDs to enhance
their IQE, and one of most important factors in obtaining the ultimate IQE is the ratio of
singlet to triplet exciton generation via carrier recombination. Purely aromatic
compounds that exhibit TADF are promising candidate materials for realization of the
ultimate EL efficiency at low cost because TADF can harvest triplet excitons in the form
of light without use of rare metals such as iridium and platinum?3. In fact, the small energy
split between the lowest excited singlet state and the lowest excited triplet state (AEsr)
promotes efficient spin conversion between the singlet excitons and the triplet excitons
and the converted singlet excitons can then emit light as delayed fluorescence with nearly
100% quantum efficiency. However, the device stability of blue TADF-OLEDs during
continuous operation is still very short when compared with that of state-of-the-art blue
OLEDs based on fluorescent or phosphorescent emitters*>.

To date, there have been a number of important reports on degradation
mechanisms and strategies to enhance the device lifetimes of OLEDs have also been
proposed®!#. Kondakov and Noguchi et al. both reported that the charge carrier
recombination that occurs close to an interface between an emission layer (EML) and an
adjacent transport layer can cause unpredictable chemical reactions between these
molecules, which then leads to exciton quenching by the accumulated charge carriers’?®.
Nakanotani et al., also reported that shifting of the carrier recombination site from an
interface into the bulk of the EML significantly enhanced the device lifetimes of TADF-

OLEDs*. Furthermore, Zhang et al. reported that a device architecture using a gradually
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doped EML in blue phosphorescent OLEDs can achieve a tenfold increase in the device
lifetime because of the resulting control of the emission zone and the triplet exciton
density inside the EML®. Therefore, to improve the device stability, spatial separation of
the emission zone from the heterointerfaces is an important issue to reduce the encounter
frequency between the excitons and quenching species!!~!4.

To suppress unwanted interactions between the triplet excitons and quenching
species such as trapped charge carriers, the triplet exciton lifetime of the emitters should
be managed carefully because the rates of the exciton annihilation processes are critically
dependent on the triplet exciton density. TADF molecules, which basically have long
exciton lifetimes, consist of bridged donor-acceptor moieties and the combination of these
moieties can affect the exciton lifetime!>!. Noda ef al., recently reported that insertion
of different donor units into a parent benzonitrile-carbazole (CzBN) type molecule such
as penta(9H-carbazol-9-yl)benzonitrile (SCzBN) shown in Figure 2-1 was effective in
shortening the triplet exciton lifetime and successfully improved both the EQE rolloff and
the device’s operational stability based on 2,4,6-tris(9H-carbaozle-9-yl)-3,5-bis(3,6-
diphenylcarbazole-9-yl)benzonitrile (3Cz2DPhCzBN)!’. While it was proposed that the
improvement in the device’s operational lifetime was caused not only by the short triplet
lifetime but also by the change in the carrier transport abilities of the TADF molecules,
the detailed mechanism that is responsible for the significant observed improvement in
the operational lifetime remains unclear.

Here, I show that the short triplet-exciton lifetime of the TADF emitters
suppresses carrier trap generation via reduction of the exciton-polaron interactions. In this

work, I analyze the degradation mechanism of TADF-OLEDs based on CzBN-type TADF

emitters by investigating the EL spectral change that occurs during device degradation.
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In particular, I show that the OLED emits an unpredicted red emission after degradation.
I determined that this unpredicted red emission originated from an electromer located in
a hole-blocking layer (HBL) that is only observable under electrical excitation. This
behavior directly demonstrates the existence of cation species of the hole-blocking

material that are caused by hole current leakage from the EML without recombination.

oS

Figure 2-1. Molecular structures of (a) 5CzBN and (b) 3Cz2DPhCzBN.

a
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2-2. Experimental
2-2-1. Sample fabrication
The TADF-OLEDs were fabricated by vacuum vapor deposition processes

without exposure to ambient air. After fabrication, the devices were immediately
encapsulated under a glass cover using epoxy glue in a nitrogen-filled glovebox (H,O >
0.1 ppm, O2> 0.1 ppm). The OLED structure is ITO (100 nm) / HAT-CN (10 nm) / Tris-
PCz (30 nm) / mCBP (5 nm) / EML (30 nm) / SF3-TRZ (10 nm) / 30 wt.% Liq:SF3-TRZ
(50 nm) / Liq (2 nm) / Al (100 nm), where, in turn, the internal layers other than the EML
correspond to a hole-injection layer (HIL), a hole-transporting layer (HTL), an electron-
blocking layer (EBL), a hole-blocking layer (HBL), a Lig-doped electron-transporting
layer (ETL)'®!, and an electron-injection layer (EIL), respectively. HAT-CN, Tris-PCz,
mCBP, SF3-TRZ?, and Liq are 1,4,5,8,9,11-hexaazatriohenyleane hexacarbonitrile, 9,9'-
diphenyl-6-(9-phenyl-9H-carbazol-3-yl)-9H,9'H-3,3'-bicarbazole, 3,3'-di(9H-carbazol-
9-yl)-1,1'-biphenyl, 2-(9,9'-spirobi[fluoren]-3-yl)-4,6-diphenyl-1,3,5-triazine, and 8-
hydroxyquinolinolato-lithium, respectively (Figure 2-2). The EMLs were formed by co-
deposition of 20 wt.% TADF emitters and mCBP.

The device structure of the hole-only device (HOD) was ITO (100 nm) / HAT-CN
(10 nm) / Tris-PCz (30 nm) / mCBP (5 nm) / 20 wt.% TADF emitter:mCBP (30 nm) /
mCBP (5 nm) / Tris-PCz (30 nm) / HAT-CN (10 nm) / Al (100 nm). The device structure
of the electron-only device (EOD) was ITO (100 nm) / LiF (0.8 nm) / SF3-TRZ (35 nm)
/20 wt.% TADF emitter:mCBP (30 nm) / SF3-TRZ (35 nm) / LiF (0.8 nm) / Al (100 nm).
The single layer EL devices were fabricated using the following structure: ITO (100 nm)
/ MoOs3 (10 nm) / organic layer (100 nm) / LiF (0.8 nm) / Al (100 nm). Here, organic

materials comprising Tris-PCz, mCBP, and SF3-TRZ were used.
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Figure 2-2. (a) OLED device structure, (b) molecular structures of HAT-CN, Tris-PCz,
mCBP, SF3-TRZ and Ligq.

All organic layers, except for the Liq layers, were deposited at a deposition speed
of 0.1 nm/s, while the Liq layer was deposited at 0.03 nm/s. The deposition rates of LiF
and Al were fixed at 0.01 nm/s and 0.1 nm/s, respectively. While the device area is
approximately 0.04 cm?, devices with areas of 0.01 cm? were fabricated for the transient

EL measurements to minimize the effect of the resistance-capacitance (RC) constant.

2-2-2. Sample characterization

The EQE and current density (J) -voltage (¥) -luminance (L) measurements were
performed using a calibrated luminance meter (CS-2000, Konica Minolta). For the device
lifetime tests, the luminance and EL spectra of the driving devices in the normal direction
were measured using a luminance meter (SR-3AR, TOPCON) under constant current
density driving conditions with an initial luminance of 1,000 cd m 2. The HODs and
EODs were evaluated at constant current densities of 1 mA cm 2 and 0.1 mA cm 2,

respectively. For analysis of the exciton-polaron interaction, UV light (5 mW c¢m ) within
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the wavelength range from 300 nm to 400 nm from a xenon light source (MAX-303,
Asahi Spectra) transmitted through a band-pass filter was used to irradiate the HODs and
EODs. For the displacement current measurement (DCM), five repeated-triangular
voltage signals were applied to each device using a function generator (WaveStation 2052,
Teledyne Lecroy) and the displacement current was amplified using a current amplifier
(CA5350, NF). The applied voltage and the amplified current were measured using an
oscilloscope (HDO4054A, Teledyne Lecroy). The applied voltage signal ranged from —4
V to 4 V and the scan rate was 100 V s™!. For the transient EL measurements, pulsed
voltages were applied using a function generator. The emitted light was detected using a
photomultiplier tube (PMT) module (H10721-01, Hamamatsu Photonics) through a short-
pass filter with an operating wavelength of 550 nm and the current signals from the PMT
were amplified using a current amplifier (DHPCA-100, Femto). All signals were
measured using an oscilloscope with signal averaging performed over 1000
measurements.

The thin film samples were fabricated on a quartz substrate by vacuum vapor
deposition to enable measurement of the photoluminescence quantum yield (PLQY)
values and decay times of the TADF emitters. The PLQY values were measured using the
Quantaurus-QY system (C11347-11, Hamamatsu Photonics) in flowing argon gas at an
excitation wavelength of 340 nm. The transient PL decay profiles were recorded using
the Quantaurus-Tau system (C11367-03, Hamamatsu Photonics) in ambient air.

To evaluate the dipole orientations of the TADF emitters in doped films, 15-nm-
thick doped films were deposited on glass slides (refractive index: n = 1.52). Angular-
dependent PL measurements were conducted using the C14234-01 measurement system

(Hamamatsu Photonics) at an excitation wavelength of 365 nm and the order parameters
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were determined by fitting of the profiles using Setfos 4.6 software (Fluxim).

Cyclic voltammetry measurements were performed using an electrochemical
analyzer (ALS608D, BAS) with a platinum counter electrode, a glassy carbon working
electrode and a silver reference electrode. The solvent used was N,N-dimethylformamide
(DMF) with TBAPF6 acting as the supporting electrolyte; the solution concentration was
less than 107> M because of the low solubility of DMF. The sweep rate used for the
measurements was 0.01 Vs,

EL spectra with different dipole positions in the EML were simulated using Setfos
4.6 software (Fluxim). The refractive index values of each layer that were required for

the simulations were estimated via ellipsometry measurements.
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2-3. Results and discussion
2-3-1. Device performance of TADF-OLEDs

In this study, two TADF molecules were used as the doped emitters: SCzBN and
3Cz2DPhCzBN. 3Cz2DPhCzBN has a partially modified SCzBN structure and this
modification results in slightly red-shifted photoluminescence (PL) and a shorter decay
time for the delayed PL. component when compared with that of SCzBN acting as a sky
blue emitter. For co-deposited films, i.e., where the TADF emitters of SCzBN and
3Cz2DPhCzBN were doped in a single mCBP layer, they had PL decay times of 12.5 ps
and 5.6 ps and PL emission peak wavelengths of 482 nm and 494 nm, respectively

(Figure 2-3).
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Figure 2-3. (a) Normalized PL spectra and (b) transient PL decay profiles of 5CzBN and
3Cz2DPhCzBN films doped in mCBP.

Although 2,4,6-tris(3,6-diphenylcarbazole-9-yl)-3,5-(9H-carbazole-9-
yl)benzonitrile (2Cz3DPhCzBN) reported in Ref. 17 shows much shorter delayed lifetime
than that of 3Cz2DPhCzBN, 2Cz3DPhCzBN has significantly larger difference of the

energy gap compared to those of 5CzBN and 3Cz2DPhCzBN. Therefore, 3Cz2DPhCzBN

was adopted as a doped emitter for the comparison of SCzBN in this study. In addition, I
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note that SF3-TRZ is an electron-transport material with the electron mobility of 7.0 x
107° cm? V! s7! and relatively high glass transition temperature of 135 °C%°.

Figures 2-4a,b and ¢ show the J-V-L characteristics, the J-EQE profiles and the EL
spectra, respectively, for each fabricated OLED. The differences among the maximum
EQE values for each OLED can be explained by the difference between the PL quantum
yields (77gy) of the emitters, which are 74% for SCzBN and 86% for 3Cz2DPhCzBN, and
a difference between their light-outcoupling efficiency (70c) values because the order
parameter of the transition dipole moment vector (S)*! for 3CzZ2DPhCzBN (S = —0.20)

showed a slightly higher horizontal orientation than that of SCzBN (S = —0.13) (Figure

2-5).
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Figure 2-4. (a) J-V-L characteristics, (b) J-EQE characteristics, (c) normalized EL spectra
and (d) luminance decay curves (L/Lo) and driving voltage differences (V—Vo) for the
devices based on 5CzBN and 3Cz2DPhCzBN.
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Figure 2-5. Angular-dependent PL profiles of films of (a) 20 wt.% 5CzBN:mCBP and (b)
20 wt.% 3Cz2DPhCzBN:mCBP.

Device lifetime tests were also conducted at the constant current densities for these
two emitters (J = 2.9 mA cm 2 and 1.7 mA cm 2, respectively) that were responsible for
the initial luminance of 1,000 cd m 2. The LT (which is the time at which the luminance
decreases to 90% of the initial luminance) values for the SCzBN- and 3Cz2DPhCzBN-
based OLEDs are 7.9 h and 201 h, respectively (Figure 2-4d). The 3Cz2DPhCzBN-based
OLED shows an LTy that is approximately 25 times longer than that of the 5CzBN-based
OLED, and this result clearly indicates that the partially modified TADF emitter with the
shorter exciton lifetime is useful in improving device stability, as reported in Ref. 17.
Note that the slight difference between the lifetime characteristics in this study and those

in the previous study can be ascribed to the different fabrication conditions used.
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2-3-2. Investigation of EL spectral change during device operation
2-3-2-1. Origin of blue shift of TADF emission

To discuss the degradation processes of each OLED, the EL spectral changes
were monitored. The normalized EL spectra and their dependence on driving time are
shown in Figures 2-6a and b. In the case of the 5CzBN-based OLED, unpredicted red
emission emerged gradually over time. In contrast, in the case of the 3Cz2DPhCzBN-
based OLED, the appearance of this red emission is strongly suppressed. To confirm the
changes in these spectral shapes in more detail, the difference spectra, AlgL (/ELnormalized
(t) — IEL normatized (0)), are shown in Figures 2-6¢ and d. From these spectra, two unique
behaviors can be identified. The first is the occurrence of the red emission and the second
is the presence of an isosbestic point at around 500 nm, which indicates a blue shift in the
EL spectra during device degradation. The spectral shifts of these OLEDs under constant
conditions indicate changes in the carrier recombination zones in their EMLs during
device degradation??.

To evaluate the relationship between the spectral shift and the emission position,
optical simulations using Setfos 4.6 were performed (Figure 2-7a). The simulation results
for the 5CzBN-based OLED indicates that the blue shift in the EL spectra corresponds to
a shift in the emission position from the anode side to the cathode side, thus indicating
that the exciton density at the EML/HBL interface gradually increases during device
degradation. The difference spectra that were calculated based on the optical simulation
by varying the emission position (Figure 2-7g) follow the experimental results well, as

shown in Figures 2-6¢ and d.
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Figure 2-6. Normalized EL spectra of (a) 5CzBN-based OLED and (b) 3Cz2DPhCzBN

with various driving times. Difference spectra of (¢) 5CzBN-based OLED and (d)
3Cz2DPhCzBN-based OLED during degradation.

A blue shift in the EL spectrum with increasing current density was even observed
in the fresh device (Figure 2-7b), indicating that the recombination area in the EML
gradually shifts away from the EBL-side towards the HBL-side. These EL spectral shifts
were also confirmed in other OLEDs with greater EML thicknesses of 50 and 70 nm
(Figures 2-7c-f). Furthermore, optical simulations indicate that the recombination zone
under 1 mA cm? that is comparable to the actual current densities before degradation is
located near the center of the EML. Based on the EL spectral changes observed during
degradation, the exciton distribution in the EML is believed to shift as follows: in the
initial stage, the excitons are rather widely distributed within the EML, with the peak

density occurring at near the center of the EML; this peak density then gradually shifts
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toward the HBL interface during device degradation, which results in a relatively high
exciton density close to the EML/EBL interface. The details of the degradation process

will be discussed based on the process shown in Figure 2-15.
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Figure 2-7. Results of optical simulations for various dipole positions in the EML and
the EL spectral dependence on current density and the EML thickness of 5CzBN-based
OLED:s. (a), (¢), and (e) Results of optical simulations of OLEDs with different EML
thicknesses (30, 50, and 70 nm). The inset shows a simple illustration of the correlation
between spectrum and dipole position in the EML. (b), (d), and (f) Normalized EL spectra
of 5CzBN-based OLEDs with different EML thicknesses (30, 50, and 70 nm). (g)
Difference spectra calculated from the simulation results (Figure 2-7a). These spectra
were calculated as the difference between the normalized spectra, /gL norm (x) and ZEL norm

(15 nm), where x is the emissive dipole position.
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2-3-2-2. Origin of unpredicted red emission

Next, I discuss the origins of the unpredicted red emission from the OLED. First,
the PL spectra of each of the materials constituting the OLEDs were confirmed (Figure
2-8). However, no red-emission components were observed from these films under
optical excitation.

In addition, the EL spectra of each single layer were also investigated because I
supposed that the red emission would only occur under electrical excitation?>**. The
device structure of the single-layer device is as follows: ITO (100 nm) / MoOs3 (10 nm) /
organic layer (100 nm) / LiF (0.8 nm) / Al (100 nm) (Figure 2-9a). Figure 2-9b shows
summarized PL and EL spectra for each of the materials and obviously indicates that the

red emission originates from the SF3-TRZ layer under EL condition.

Neat SF3-TRZ
- Neat Tris-PCz
215
@ - Neat mCBP
= ——SF3-TRZ:mCBP (1:1)
= 5CzBN:SF3-TRZ (1:4)
c ———5CzBN:SF3-TRZ:mCBP (1:2:2)
210-
£
©
Q
N
@ 0.5
e
| -
Q
p
0.0 .

360 410 460 510 560 610 660
Wavelength (nm)

Figure 2-8. Normalized PL spectra of films of neat SF3-TRZ, neat Tris-PCz, neat mCBP,
50 wt.% SF3-TRZ:mCBP, 20 wt.% 5CzBN:SF3-TRZ and 20 wt.% 5CzBN:40 wt.% SF3-
TRZ:40 wt.% mCBP.
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Because the red emission was only observed under electrical excitation, I speculate
that the red EL can be attributed to electromer emission, as reported by Kalinowski et
al.? Electromer emission was previously ascribed to dimer emission processes occurring
among molecules with a tritolylamine unit, such as 4,4’-cyclohexylidenebis[N,N-bis(4-
methylphenyl)benzamine] (TAPC), which can only be observed under electrical
excitation. While the origin of the electromer emission remains unclear, it is proposed
that the electromer emission comes from cross-transition recombination occurring
between the anion and cation species of identical organic molecules®®. Therefore, the
occurrence of the electromer emission provides direct evidence for the existence of the

SF3-TRZ cation species in the aged OLEDs.
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Figure 2-9. (a) Device structure of single layer OLEDs. SF3-TRZ, mCBP, and Tris-PCz
layers were used as 100-nm-thick organic layers. The inset shows the molecular structure
of SF3-TRZ. (b) PL and EL spectra of each organic material. Purple and broken blue lines
indicate the PL spectra of a SF3-TRZ solution in chloroform (107> M) and a vacuum-
deposited SF3-TRZ film, respectively. Red circles, green quadrangles, and blue triangles
indicate the EL spectra of single layer OLEDs based on SF3-TRZ, mCBP, and Tris-PCz,

respectively.
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Additionally, the existence of the SF3-TRZ cation species means that the hole
carriers that are transported in the EML reach the HBL/EML interface and the injection
of holes into the HBL subsequently occurs, resulting in carrier recombination in SF3-TRZ
with a decrease in the EQE. These two experimental observations, i.e., the blue shift in
the TADF emission and the emergence of the electromer emission, provide positive
evidence for a change in the carrier balance during device operation. I note here that the
exciton quenching processes in the EML are not the dominant factor in the drop in
luminance®® because the EL decay constants for each OLED based on transient EL
measurements are almost the same (Figure 2-10).

In contrast to the 5CzBN-based OLED, the increase in the electromer emission was
suppressed well in the 3Cz2DPhCzBN-based OLED during device ageing, thus
indicating superior device stability. In general, the electron transport properties in the
EMLs of TADF-OLEDs are strongly dependent on the charge carrier transport abilities
of the TADF molecules because of the rather high doping concentration (20 wt.% in this
work) combined with the lowest unoccupied molecular orbital (LUMO) energy level of
the TADF molecules being lower than that of the host materials, which resulted in the
electron transport by the TADF molecules being dominant*. Therefore, the change in the
carrier balance during device operation implies differences in the carrier transport

stabilities of the EMLs, i.e., in the 5CzBN or 3Cz2DPhCzBN:mCBP films.
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Figure 2-10. Transient EL decay curves of 5CzBN-based OLEDs before and before
degradation with on-voltage related to 3 mA cm 2. An off-voltage was —10 V to promote

to de-trap of trapped charge carriers in the devices.
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2-3-3. Investigation of carrier transport dynamics in EML
2-3-3-1. Studies for evaluation of carrier trap generation

To evaluate the charge carrier transport abilities of the co-deposited films,
operational stability tests of both HODs and EODs were performed (Figure 2-11). I also
examined the performance of these devices under UV irradiation to understand the effects
of the photo-generated excitons. In the case of the HOD test results presented in Figure
2-11a, the changes in the driving voltage (AV) under a constant current density (/=1 mA
cm?) in each TADF molecule were not significant, regardless of the light irradiation. In
case of the EOD test results, however, the AV of the 5CzBN-based EOD (J = 0.1 mA
cm 2) was much larger than that of the 3Cz2DPhCzBN-based EOD under UV irradiation
(Figure 2-11b).

Furthermore, when compared with the case of zero current stress under UV
irradiation (indicated by the square symbols in Figure 2-11b), the increase in AV in the
EODs under both current and UV stresses was quite pronounced, thus indicating that the
exciton-polaron interaction promotes the generation of deep electron traps®’*. These
results indicate that the electron transport ability of the SCzBN-doped EML decreases
during device operation. One possible electron-trap formation mechanism is
decomposition of the 5CzBN and mCBP in the doped EML caused by the formation of

higher state polarons through triplet-polaron annihilation process.
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Figure 2-11. (a) Results of the HOD tests. (b) Results of the EOD tests. Red and Blue
opened circles represent results for devices based on the SCzBN and 3Cz2DPhCzBN
emitter materials under continuous current stress (HOD: 1 mA cm 2; EOD: 0.1 mA cm2)
without UV irradiation, respectively. Red and blue filled circles represent the conditions
of the corresponding devices under continuous current and UV stress, respectively. Red

quadrangles represent the results obtained under continuous UV stress for the measured

voltage at periodic intervals.
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2-3-3-2. Carrier transport in OLEDs and luminance drop mechanism

To investigate the carrier dynamics in OLEDs, a capacitance analysis was
performed via the displacement current measurement (DCM) method® (Figure 2-12).
Five triangle-voltage signals were continuously applied to the devices before and after
degradation. In the fresh device case shown in Figures 2-12a and b, the DCM signals of
the OLEDs with both 5CzBN and 3Cz2DPhCzBN showed plateau characteristics,
suggesting that carrier injection and subsequent accumulation occurred in both devices.
Because of the complex multi-layered structures of these OLEDs with their highly
conductive HAT-CN and Liq-doped layers, the accumulation position cannot be
calculated using the capacitance value on the plateau; however, this plateau is the result
of electron injection and accumulation near the interface between the EBL and the EML,

as can be confirmed by the results from OLEDs with various thicknesses for each organic

layer.
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Figure 2-12. DCM profiles of the devices based on (a) 5CzBN before degradation and
after driving for 3.5 hours, (b) 3Cz2DPhCzBN before degradation and after driving for 5
hours. Black and purple lines show the 1st and the 5th scans of the pristine devices. Blue
and orange lines show the corresponding scans of degraded devices. Before the 1st scan,

—10 V was applied to the devices for 10 s for de-trapping.
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Furthermore, the DCM profiles of the 1st and the 5th scans were almost identical,
thus indicating that the trapped electrons in the pristine devices can easily be de-trapped
during the measurement cycle. Note that the devices were biased at —10 V for 10 s before
the 1st scan to de-trap any unwarranted carriers. After the degradation of the OLEDs, the
electron injection and accumulation processes in the 5CzBN-based OLED were
suppressed well and the voltages of the rising capacitances in the 1st and 5th scans were
appreciably different (Figure 2-12a), suggesting that generated deep electron traps affect
the carrier dynamics in the 5SCzBN-based OLED.

In contrast to the 5CzBN-based OLED, the DCM signals from the 1st and 5th scans
of the degraded 3Cz2DPhCzBN-based OLED were almost identical, indicating that deep
electron traps, which cannot be de-trapped during the measurement cycle, were not
generated in this device (Figure 2-12b). I thus inferred that the deep electron traps were
formed in the EML of the 5CzBN-based OLED during device aging which originates
from the triplet exciton-polaron interaction (TPI) as mentioned above.

The reason why the electron transport ability of 3Cz2DPhCzBN remains stable,
even after excitation by both light irradiation and current flow, appears to be a lower
probability of interaction between excitons and the anions of 3Cz2DPhCzBN because it
has a shorter exciton lifetime than 5CzBN. Another possible reason may be differences
in the chemical stabilities of these TADF emitters in their anion states, where the capping
by a phenyl unit at the 3, 6-position of the carbazoles surely affects the chemical reactivity.
To evaluate the electrochemical stabilities of these emitters, cyclic voltammetry
measurements were performed in an N,N-dimethylformamide solution (Figure 2-13).
While there were small signals because of the low solubility of these materials, clear

reversible signals occurring at around —2.0 V vs. Fc¢/Fc¢* (ferrocene) could be observed in
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each molecule. These results suggest no significant differences in the stability of the anion
state in both 5CzBN and 3Cz2DPhCzBN and the shorter exciton lifetime of

3Cz2DPhCzBN would therefore represent a possible mechanism for the stability

enhancement.
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Figure 2-13. Results of cyclic voltammetry measurements of TADF molecules. (a)
5CzBN solution and (b) 3Cz2DPhCzBN solution in N,N-dimethylformamide.

Additionally, it must also be clarified whether the electron-transport properties of
the SF3-TRZ layer are degraded by the injected holes and the subsequent formation of
the electromers. According to the report of Kwon et al., electron injection into a TAPC
film causes the formation of the electromers that leads to the formation of defect sites and
inferior device performances®’. To evaluate the irreversibility of electromer formation in
a SF3-TRZ film, OLEDs were fabricated without the EML and the EBL and J-V-L
measurements of these devices were performed repeatedly (Figure 2-14). Here, the holes
are injected directly from a Tris-PCz layer to the SF3-TRZ layer, resulting in more
efficient electromer emission than that in conventional OLEDs. The voltage ranges used
for these J-V-L measurements were (a) from —2 V to +12 V and (b) from -2 V to +6 V to

enable investigation of the dependence of the results on the number of holes injected into
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the SF3-TRZ layer. In the case of measurement condition (a), the EL intensity of the
electromers increased with measurement time, indicating that the injected holes and the
emerging electromers would damage the SF3-TRZ layer. In contrast, in the case of
measurement condition (b), no change was observed in the overall emission shape,
indicating that low or zero electromer formation would not induce serious damage. In the
case of the pristine OLEDs, no obvious electromer emissions were observed. Therefore,
if the electron transport properties of the EML are efficient and small numbers of holes
arrive at the interface between the EML and the HBL, no degradation of the SF3-TRZ
occurs. I therefore propose that the rapid luminance drop in the 5CzBN-based OLED
during continuous operation was caused by the inferior electron transport stability of its
EML and this would lead to the change in the carrier balance and subsequent hole current

leakage into the HBL (Figure 2-15).
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Figure 2-14. Results of repeated J-V-L measurements to investigate the reversibility of

the electromer emission and formation processes. (a) Device structure of OLED without

EML and EBL. (b) EL spectra (not normalized) at 6 V for each measurement time in the

measurement range from —2 V to +12 V. (c) EL spectra at 12 V for each measurement

time in the measurement range from —2 V to +12 V. (d) EL spectra at 6 V for each

measurement time in the measurement range from —2 V to +6 V. (e) Normalized current

density at 6 V versus J-V-L measurement time for both measurements.
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Figure 2-15. Schematic of the proposed OLED degradation process. Blue and red lines

represent the relative exciton distributions of the pristine and degraded conditions,
respectively. The HOMO and LUMO levels of each material for the EBL, the EML and
the HBL are also shown.
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2-4. Summary

In conclusion, I identified the change in the carrier balance as the main degradation
process in 5CzBN-based OLEDs. The EL spectral change in the TADF emitters that
occurred during degradation testing and the occurrence of electromer emission from the
HBL, i.e., the SF3-TRZ layer, indicated that degradation of the electron transport ability
of the EML, resulting in inferior device performance. It was also proposed that the
shortening of the triplet exciton lifetimes of the TADF emitters enhances device stability
because of the suppression of unwanted triplet exciton-polaron interaction. Thus, I
clarified that TPI is one of main channels for the device degradation. Furthermore, I note
that the behavior of the SF3-TRZ layer in showing electromer emission provides a good
indicator to aid in understanding of the shift in the carrier recombination site during

degradation.
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Abstract

Magnetic field effects (MFEs) on the electroluminescence of OLEDs are used to
characterize exciton dynamics such as generation, annihilation, and degradation.
However, MFE interpretation has been puzzling and is far from being comprehensive.
Here, I show that the MFEs in OLEDs can be understood in terms of the combined
magnetic responses of device characteristics derived from polaron-pair and triplet exciton
quenching processes such as triplet-polaron interactions and triplet-triplet annihilation.
Device degradation has a clear relationship with the MFE amplitudes, enabling
nondestructive measurements of OLED degradation. The results and proposed
mechanism provide a better understanding of MFEs on OLEDs and device degradation

phenomena.
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3-1. Introduction

A significant improvement in OLED stability is of crucial importance, particularly
in blue OLEDs, so that they can be used in high-performance displays and light sources.
To improve OLED lifetimes, a detailed understanding of degradation processes is
required. Several mechanisms have been proposed!™. For example, Kondakov et al.
reported that chemical decomposition of the organic materials is a critical degradation
route'  that originates from high-energy particles, such as highly excited triplet excitons
and polarons, generated via triplet-triplet annihilation (TTA) or triplet-polaron
interactions (TPI)>®. In Chapter 2, the carrier transport properties of EMLs were
investigated by means of EOD and HOD studies, and I clarified that TPI is one of
dominant channels for the degradation of TADF-OLEDs. The carrier traps generated
through the highly excited polarons during device operation significantly affect the carrier
transport properties in the EML and the OLED performance’. It has been strongly
suggested that the dynamics of triplet excitons is largely responsible for device
degradation. However, no direct evidence has been presented, and a detailed analysis of
exciton dynamics via nondestructive measurements is complex.

To probe the dynamics of excited triplet states, external magnetic fields are used to
lift the degeneracy. Magnetic field effects (MFEs) on the EL properties of OLEDs were
first reported in 2003 by Kalinowski et al.'°, in which the field modulated the ratio of the
singlet/triplet exciton yield. This was the result of modulating the ratio of singlet and
triplet polaron pairs ('PP and *PP). Numerous studies regarding the mechanism of MFEs

11,12

on OLEDs were then based on fluorescence!"!?, phosphorescence'®, exciplex'4, and

TADF emitters'>!® to unveil the underlying dynamics of exciton generation, radiation,

12,16

and annihilation processes. The PP!1'7, TPI'®!8 and TTA mechanisms'>!¢ were proposed
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to explain MFEs. However, the interpretation of MFEs based on EL has been unclear, and
the relationship between exciton dynamics and OLED degradation has been lacking.

Figure 3-1 shows the schematics of magnetic responses of the OLEDs in this study.

o — Recombination —— °
Singlet Triplet é é
Pc;)lg:'ron r\/\oor,\‘ ‘ : R Doubret Quartet

U @se e
%ICE gne m A v T Qlfnc’h.ing Dissotiation Scattering
RISC é:é QO %
e @ O
Ground state
kiscp(B), krp;(B)
pp < 3PP T, + P S [Ty -+ P] =5 quenched T,

Figure 3-1. Schematic of TPI in OLEDs under electrical excitation. A magnetic field
suppresses the ISC of the PP state (small ISC rate, kiscp) and TPI reactions (small TPI

rate, kter). [Ty -+ P] represents a trion intermediate state.

Here, I demonstrate that magnetic-field-modulated EL (MEL) can be used to track
triplet excitons dynamics in OLEDs during the degradation. MEL signals from TADF-
OLEDs were divided into low-field effects (LFEs) and high-field effects (HFEs) that
corresponded to PP and TPI mechanisms, respectively. I also found that HFE shows a
clear dependence on triplet exciton lifetimes. Based on the assignment of the origin of the
MEL signals, I analysed those signals of degraded OLEDs that exhibited large amplitudes
relative to those of pristine (undegraded) OLEDs. Then, I confirmed that the shapes of
the MEL profiles changed due to an exciplex formation according to the unwanted change
in location of the carrier recombination zone. I thus nondestructively revealed the
exciplex formation at the interface between an emission layer (EML) and a hole-blocking

layer (HBL) that resulted in low IQE.
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3-2. Experimental
3-2-1. Sample fabrication

Various TADF molecules were used as emitters in OLEDs, and all were synthesized
here (Figure 3-2). The 4CzIPN, PXZ-TRZ, and ACRXTN molecules have relative short
exciton lifetimes relative to those of 2CzPN, PIC-TRZ, and 3CzTRZ. 4CzIPN, PXZ-TRZ,
ACRXTN, 2CzPN, PIC-TRZ and 3CzTRZ are 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene, 10-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-10H-phenoxazine, 3-
(9,9-dimethylacridin-10(9H)-yl)-9H-xanthen-9-one, 1,2-bis(carbazol-9-yl)-4,5-
dicyanobenzene, 2-biphenyl-4,6-bis(12-phenylin-dolo[2,3-a]carbazol-11-yl)-1,3,5-
triazine and 9-(3-(9H-carbazol-9-yl)-9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9H-

carbazol-6-yl)-9H-carbazole, respectively.

25 goto oif & \@’a :«% X

4CzIPN ACRXTN PXZ-TRZ PIC TRZ 3CzTRZ 2CzPN

(2.8 ps) (3.3 us) (4.1 ps) (60 ps) (75 ps) (77 ps)
-

short Delayed emission lifetime long

Figure 3-2. Molecular structures of TADF emitters, with delayed-emission lifetimes.

The OLEDs were fabricated via vacuum vapor deposition without exposure to
ambient air. The device structure (Figure 3-3) is ITO (100 nm) / HAT-CN (10 nm) / Tris-
PCz (30 nm) / mCBP or mCP (5 nm) / EML (30 nm) / SF3-TRZ (10 nm) / 30 wt.%
Liq:SF3-TRZ (50 nm) / Liq (2 nm) / Al (100 nm). The EMLs were formed using a co-
deposition technique. For 3CzTRZ, mCP was adopted as a host and electron-blocking

layer (EBL) because of triplet exciton confinement. In other cases, mCBP was used as a
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host and EBL. ITO, HAT-CN, Tris-PCz, mCBP, mCP, SF3-TRZ, and Liq are indium tin

oxide, 1,4,5,8,9,11-hexaazatriohenyleane hexacarbonitrile, 9,9'-diphenyl-6-(9-phenyl-

9H-carbazol-3-yl)-9H,9'H-3,3'-bicarbazole, 3,3'-di(9H-carbazol-9-yl)-1,1'-biphenyl, 1,3-

bis(N-carbazolyl)benzene, 2-(9,9'-spirobi[fluoren]-3-yl)-4,6-diphenyl-1,3,5-triazine and

8-hydroxyquinolinolato-lithium, respectively. All organic layers, except for the Liq layer,

were deposited at a rate of 0.1 nm/s, while the Liq layer was deposited at 0.03 nm/s. The

deposition rate of Al was 0.1 nm/s. The device area was approximately 0.04 cm?. After

fabrication, the devices were immediately encapsulated under glass using epoxy glue in

a nitrogen-filled glovebox (H2O > 0.1 ppm, O2 > 0.1 ppm).

Al (100 nm)
Lig (2 nm) EIL
Liq:SF3-TRZ (50 nm) ETL
SF3-TRZ (10 nm) HBL
mCBP or mCP (5 nm) W”EEI:”W
Tris-PCz (30 nm) HTL
HAT-CN (10 nm) HIL
ITO (100 nm)

A NP N
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|
N
HAT-CN
'
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=\ f=‘\ ')7N \ f/ . P
W O bd
= — \_&‘/ﬂ\\ -
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mCBP SF3-TRZ Liq

Figure 3-3. (a) Device structure of TADF-OLEDs in this study. (b) molecular structures

for the devices.
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3-2-2. Sample characterization

In MFE measurements, the magnetic field was applied along the direction of the
substrate, and the magnitude (B) was varied over 0-0.57 T. EL spectra were collected
with a fiber spectrometer (MAYA2000PRO, Ocean) and the driving voltage (V) or current
density (J) at each magnitude of the magnetic field were measured with a source-measure
unit (Keithley 2612B, Tektronix). Measurements were performed for two cycles of from
0 to 0.57 T and from 0.57 to 0 T and were averaged into one cycle. MEL,, MR, MELy

and MC were calculated from:

Iz, (B) — Ig (0)
Ig,,(0)

MR = —V(B) VO (under constant current condition)
v (0)

I, (B) — 1,(0)
Ig.,(0)
J(B) —J(0)

S TC)

where MEL,, MR, MELy, MC, [k.(B), WV(B), and J(B) were the magneto-

MEL; = (under constant current condition)

MELy, = (under constant voltage condition)

(under constant voltage condition)

electroluminescence under constant J, the magneto-resistance, the magneto-
electroluminescence under ¥, magneto-conductance, the intensity of electroluminescence,
the voltage, and the current density under magnetic field B, respectively. The fitting
analysis of the MFE profiles to separate LFE and HFE was performed with Lorentzian
and non-Lorentzian functions with four parameters for amplitudes and characteristic
magnetic fields. All the parameters were constrained as positive values in the fits. Initial

values of AL, Au, B1, and By were 0.05, 0.1, 3 mT, and 10 mT, respectively.
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3-3. Results and discussion
3-3-1. Assessment of MFE profiles in various TADF-OLEDs
3-3-1-1. MEL profiles and fitting analysis

I focused on TADF emitter-based OLEDs (Figure 3-2). First, the MEL profiles of
undegraded OLEDs were analyzed to probe the origin. Figure 3-4 shows typical MEL,
profiles of a 4CzIPN based OLED. To assess the origin of the MEL profiles of the OLEDs,
I performed an analysis of the MEL profiles by the fitting analysis based on the well-

established Lorentzian and non-Lorentzian equations!®!?:

A, B2 AyB?

MFE = LFE + HFE = +
B2+ BZ ' (B + By)?

where Ar, Bi, Au, and By were parameters for the amplitudes (4L and Au) and
characteristic magnetic fields (BrL and Bu) for LFE and HFE, respectively. The results are
summarized in Figure 3-4a and Table 1. The MEL profiles were separated into two parts,

indicating that there are two different mechanisms to explain the MEL profiles.
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Figure 3-4. (a) Fit of MEL, profile of 4CzIPN-based OLED under constant 3.0-mA cm >
current into LFE and HFE. (b) MEL, profiles of various TADF-OLEDs. The dashed lines
are fits.
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Table 3-1. Fitting parameters of MEL; of TADF-OLEDs by LFE and HFE. |D| and |E| are
the absolute values of ZFS parameters. (Refs.:20,21)
AL (-) BL(mT)  Au(-) By (mT) |ID| (mT)  |E| (mT)

4CzIPN 0.058 53 0.11 58.5 40, 46 11
PXZ-TRZ 0.239 6.6 0.18 58.5 49 54
ACRXTN 0.091 4.1 0.29 101.0 No data

2CzPN 0.117 4.8 1.62 81.0 68 15
PIC-TRZ 0.264 5.7 1.83 192.7 98 9.6

3CzTRZ 0.038 4.3 1.87 112.5 No data

Because By is a comparable value for the PP mechanism!¢!°, LFE originate from
‘bright’ singlet excitons to an increase in PP generation by the magnetic field. In contrast,
a large value (~100 mT) was found for By. I compared the By with the zero-field splitting
(ZFS) values, i.e., D and E, of the excited triplet state of TADF emitters reported

previously?%*!

, and the good agreement suggested that the HFE results from the reaction
of triplet excitons.

The delayed fluorescence lifetimes of TADF emitters affect the MEL profile, as
shown in Figure 3-4b. Although the signs of all the MEL, profiles were positive, the
shape and magnitude of the profiles, especially in the HFE region, depended on the
delayed fluorescence lifetimes of the emitters. This behavior can be naturally understood
from the probability of triplet exciton reaction such as TTA and TPI that should strongly
depend on triplet exciton lifetimes®**. In fact, the devices based on TADF emitters

exhibiting long-delayed fluorescence showed steep EL efficiency rolloff as shown in

Figure 3-5.
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Figure 3-5. (a) J-EQE characteristics of TADF-OLEDs.

3-3-1-2. Possibility of TTA as HFE

100

Magneto-photoluminescence (MPL) measurements were performed and confirmed

that the MPL of 20 wt.% 4CzIPN:mCBP and 2CzPN:mCBP films did not exhibit PL

modulation in high magnetic fields (Figure 3-6). Thus, the contribution of a TTA event

to the MEL, can be negligible.
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Figure 3-6. MPL profiles of 20 wt.% (a) 4CzIPN:mCBP and (b) 2CzPN:mCBP films with

405-nm excitation.
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3-3-1-3. Possibility of TPI as HFE

Considering the effect of TPI on MEL,, Figure 3-1 is a schematic of a TPI process
in OLEDs under electrical excitation. The triplet-polaron intermediate state (trion) is
formed when the two particles, i.e., a triplet exciton (T1) and a polaron (P), and has two
possible spin states: ‘doublet’ and ‘quartet’'®!>>3. Because the reaction of doublet-trion,
i.e., triplet exciton-polaron annihilation (TPA), is spin-allowed, the triplet exciton can be
immediately quenched via energy transfer to the polaron, generating a ground-state
molecule and an excited (hot) polaron. Because the energy of the hot polaron is enough
high to dissociate chemical bonds, the TPA generates the decomposed materials acting as
an exciton quencher and/or a carrier trap.

In contrast, the reaction of a quartet state is spin-forbidden and the lifetime of a
quartet-trion is longer than that of the doublet. Thus, there are two possible ways of the
quartet-trion reaction: “carrier scattering” and “exciton dissociation.” In carrier scattering,
a quartet -trion separates into a triplet exciton and a polaron, where the net charge carrier
mobility is decreased. In contrast, the dissociation process increases the net carrier density
because the triplet exciton dissociates into a hole and an electron via the quartet-trion
intermediate state.

A magnetic field can suppress the interaction probability between a triplet exciton
and a polaron, reducing the rates of annihilation, scattering, and dissociation!”-18:23:25-27,
Hence, the emission and carrier transport properties should have a strong dependence on
an applied magnetic field. In this research, although TPA and exciton dissociation
processes were observed via TPI reactions in MFEs in TADF-OLEDs, carrier scattering
process was not observed. I infer that carrier scattering is a minor effect in the TADF-

OLEDs because of the limited change in carrier transport due to the rather aligned HOMO
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and LUMO levels of the doped emitters relative to those of the host molecules (Figure

3-7).
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Figure 3-7. Energy level diagrams of HOMO and LUMO levels of EMLs for various
TADF emitters®® 2,
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3-3-2. Comparison of MFEs under constant current and voltage conditions

To understand the origin of MFEs in OLEDs comprehensively, the MFE profiles
such as MEL,, magneto-resistance (MR), MEL under a constant voltage (MELy), and the
magneto-conductance (MC) in 4CzIPN- and 2CzPN-based OLEDs are shown in Figure
3-8. Logarithmic MFE profiles are depicted to separate the dominant LFE and HFE
components below and above 0.1 T, respectively. In contrast to the positive sign of MEL;
and MR (Figures 3-8a and ¢), MELy and MC include negative components (Figures 3-
8b and d). The magneto-efficiency under constant voltage (Mny) were calculated by'¢:

Mny, = MEL, — MC

MEL,s have positive signs of LFE and HFE whereas MELys have different shapes,
i.e., both negative sighs for LFE and HFE of 4CzIPN-OLED and negative and positive
signs for LFE and HFE of 2CzPN-OLED. On the other hand, Mnvs have both positive
sign of LFE and HFE. This indicates that the negative sign of the LFE of MELy did not
result from lowering of the emission efficiency but instead from decreased current density.
Furthermore, the MR signals in Figures 3-8a and ¢ can be attributed to TPI-induced
triplet dissociation because of the increased net charge carrier density in the EMLs. In a
magnetic field, the charge carrier density via exciton dissociation should decrease and the
resistance should increase. Although the MR profiles had positive LFE and HFE, the MC
profiles had negative LFE and HFE because of the inverse relationship between resistance

and conductance.
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Figure 3-8. (a and ¢c) MEL; and MR of 4CzIPN-based and 2CzPN-based OLEDs under
a constant current density of 3.0 mA cm 2. (b and d) MELy, MR and Mny of 4CzIPN-
based and 2CzPN-based OLEDs under the constant applied voltage of 5 V.

MEL, signals in Figures 3-8a and ¢ had positive HFE, indicating increased EL
from the magnetic field, while the positive LFE of MEL, can be understood as an increase
in singlet excitons by the PP mechanism explained above. The high magnetic field
suppressed triplet quenching through TPA and triplet dissociation processes, and
increased the triplet exciton density. It also successively enhanced the upconversion of
triplet excitons to singlet states via RISC, resulting in the positive HFE of MEL. In the
case of MELy signals in Figures 3-8b and d, a decrease in current density by the magnetic

field results in decreased luminance and a negative LFE.
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The negative HFE of MELy in the 4CzIPN-based device (Figure 3-8b) suggested
that there was a larger contribution due to the decreased current density (negative MC),
relative to the effect of TPA suppression and dissociation processes to increase the EL
intensity. This was because of the small extent of triplet exciton quenching in the 4CzIPN-
based device. Therefore, the LFE and HFE result from the PP and TPI mechanisms that
are mainly TPA and triplet dissociation, respectively. These results indicate that the
observation of MFEs of TADF-OLEDs can clearly prove the presence of TPI under device

operation, that is one of the dominant degradation channels as suggested in Chapter 2.
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3-3-3. Exciton dynamics in degraded TADF-OLEDs
3-3-3-1. Variation of MEL of degraded devices

MFEs were shown to help understand triplet exciton dynamics in OLEDs. They
can also be applied to track OLED degradation. Figures 3-9a and b-d plot the decreased
luminance and MEL, profiles of 4CzIPN-, 2CzPN-, and ACRXTN-based OLEDs under
a constant current density of 3.0 mA cm 2, respectively. L/Ly is the relative luminance
normalized by the initial luminance Lo, which was 1,686 c¢d m 2 for 4CzIPN, 492 c¢d m>
for 2CzPN, and 812 cd m? for ACRXTN. During the degradation, the MEL;s
monotonically increased with the drop in luminance, which strongly indicated changes in
triplet exciton dynamics during device aging. The discussion below omits the effect of a
TTA process on the degradation because it was not the primary channel for triplet
quenching under low current density (3.0 mA cm2), as discussed in Appendix A.

The MEL; signals in the degraded OLEDs were well separated into LFEs and HFEs,
and the magnitudes of both (4L and An) were plotted with L/Lo and operation time in
Figures 3-10a and b, respectively. The Ars and Aus exhibited a linear increase with
decreased luminance in all devices. The characteristic magnetic fields Brs and Bus of LFE
and HFE were also plotted with L/Lo and the operation time in Figures 3-10c and d,
respectively. The Bus of degraded devices were smaller than those of pristine devices that
exhibited good agreement with the ZFS values of their excited triple states. The decreases

in Bys thus suggest additional components that affect the MFE.
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Figure 3-9. (a) Luminance decays and operating voltage characteristics of 4CzIPN-,
ACRXTN-, and 2CzPN-based OLEDs with a constant current density of 3.0 mA cm 2.
(b), (c) and (d) MEL, profiles of pristine and degraded 4CzIPN-, ACRXTN- and 2CzPN-
based OLEDs, respectively.
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3-3-3-2. Exciplex formation detected by MFE

One component could be exciplex formation at the interface between the EML and
HBL because of the change in the carrier transport in the EML during device degradation
that induces a large accumulation of holes and electrons at the interface. This was

confirmed by moving the recombination site toward the HBL side and observing

electromer emission from SF3-TRZ (Figure 3-11)°.
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Figure 3-11. (a) Difference spectra of a degraded 4CzIPN-based OLED. Difference
spectrum were defined in Chapter 2. After degradation, spectral blueshift and weak red
emission were observed. (b) Results of optical simulations of normalized spectra of a
4CzIPN-OLED with various emitter locations in the EML (emitter distribution: delta

distribution). (c) Calculated difference spectra from the simulation results of Figure 3-
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In addition, the EL redshifted relative to the PL with increased shoulder emission
between 450 and 500 nm in the undoped device, with the EML containing only mCBP
(Figure 3-12a). The emission can be assigned to the exciplex (mCBP%":SF3-TRZ%).
Figure 3-12b shows MEL, at various emission wavelengths of the undoped device.

Because this emission may have included some other components of emissive species

33,34 9,35,36 13,37

such as the emission from a monomer, excimer’>"", electromer ,or an electroplex >/,
the MEL; signals in Figure 3-12b exhibited unusual profiles. The long-wavelength
emission had large MELs (Figure 3-12¢), even though the exciplex generally has large
MELs at short wavelengths'®. Although the detailed mechanism and the origin of these
results remain unclear, they strongly suggest that MELs of the degraded devices contain
TADF emission via energy transfer (Forster resonance energy transfer (FRET) and Dexter
energy transfer) from the exciplex (mCBP?%":SF3-TRZ?"), as shown in Figure 3-12d. Thus,

I speculate that there were three components of the MFE in the degraded devices

originating from PP, TPI, and exciplex formation.
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Figure 3-12. (a) PL spectrum of the co-deposited film of 50 wt.%-mCBP:SF3-TRZ, and
EL spectrum of the undoped EML device (only mCBP). (b) MEL; profiles of undoped
EML device with various emission wavelengths. (c) Wavelength dependence of MEL, of
the undoped EML device. (d) Schematic of energy transfer to TADF emitters in degraded
devices.
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3-3-3-3. Contribution of exciton quenching to luminance drop

Electrically-generated triplet excitons in the degraded devices significantly
suffered from deactivation processes and were quenched because of their long lifetimes.
The linear relationships between L/Lo and Ar (Figure 3-10a) indicated that fractions of
deactivated triplet excitons increased with degradation in all devices. These increases
were not due to the generation of ‘static’ triplet quenchers, such as decomposed materials,
because there was no change in delayed emission lifetime between the pristine and
degraded devices (Figure 3-13) in both transient PL and EL decays™®. I thus estimated the
origin for the AL increases from the aspect of TPI probability and the change in carrier
recombination sites, such as adjacent layers and/or film interfaces. In degraded devices,
the PP mechanism converted PP into PP, and the magnetic field decreased the population

of deactivated triplet excitons by TPI, resulting in the large LFE amplitude.
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Figure 3-13. Transient emission profiles of pristine and degraded 4CzIPN-based devices.
(a) PL and (b) EL. 4CzIPN PL excitation wavelength was 405 nm. The driving voltage
corresponded to the current density of 3 mA cm 2. A negative bias of —10 V turned off

the devices to reduce the effect of carrier traps.
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3-3-3-4. Carrier trap generation in degraded OLEDs

I conducted displacement current measurements (DCM)* to obtain information on
carrier transport and injection in the degraded devices. DCM profiles of pristine devices
depicted in Figure 3-14 exhibited increases in capacitance and plateau structure at
injection voltage (Viyj), indicating carrier injection and accumulation. The Vinjs depended
on doped emitter molecules in the EML. The current onset was lower than the 2.6-V
threshold voltage (Vi) of actual injection current because the carrier injection and
accumulation were originating from a surface charge of the EMLs induced by
spontaneous orientation polarization (SOP) of polar emitter molecules, as reported by
Noguchi et al*. The SOP of the doped TADF molecules forms a surface charge 8~ at the
interface between the EBL and EML, and 8" at the interface between the EML and HBL.
The layer thickness dependence of the 2CzPN-based OLED in the DCM profiles (Figure
3-14d) confirmed that electrons were injected and accumulated in the devices at the Viy;.

In the degraded devices, Viyj shifted positive and the accumulation charge densities
were reduced because they were proportional to the difference between Viyj and Vin. This
indicated the formation of the charge carrier traps, especially electron traps in the EML,
and simultaneously suppressed carrier injection (see ref. 4). Hence, the generation of
carrier traps in degraded devices changed the charge transport properties and increased
exciton quenching by TPI. As reported previously, undesired triplet reactions such as TPI

are origins of carrier traps in TADF-OLEDs”3%
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Figure 3-14. DCM profiles of pristine and degraded OLEDs based on (a) 4CzIPN, (b)
ACRXTN, and (c) 2CzPN. (d) DCM profiles of thicker 2CzPN-based OLED (red: thick
HTL, green: thick EML, blue: thick ETL) than the reference device.
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3-3-3-5. Detailed interpretation of MFE variations during degradation

Regarding the HFE amplitudes, those of degraded devices include the effects of
TPI and exciplex formation. The increase in HFE amplitudes (Figures 3-10a and b) also
suggested, as explained above, an increase in the fraction of deactivated triplet excitons
via TPl and exciplex formation at the EML/HBL interface. I understand device
degradation by observing MFEs, which include PP and TPI mechanisms, and exciplex
formation.

Furthermore, the linear relationships between L/Los and the amplitudes of MELs
(Figure 3-10a) for pristine and degraded devices originate from both the change in EL
intensity under the magnetic field AlgL(B) and the EL intensity with no magnetic field
Ie1(0). The relative AZEL(B)s increase during the initial device degradation and decrease
during the latter part (see Appendix B). An increase in TPI and exciplex formation
increases the magnitudes of MELs. However, the recovery of EL intensity Algi(B)s
decreases in extremely inefficient devices because the conversion of triplet PP to singlet
PP, and the suppression of TPI, cannot contribute to the emission from the TADF emitters

in degraded devices, such as an extremely biased condition.
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3-3-3-6. Operational lifetime improvement under magnetic field

Device operation under external magnetic fields should lengthen the operational
lifetime because the field reduces the triplet density and suppresses undesired TPI. Figure
3-15 shows the luminance decay curves with and without a 0.2-T magnetic field under 30
mA cm 2 current density. The field slightly but clearly improved the device stability.
Specifically, the averaged LTos was 3.3 hours without and 4.0 hours with the magnetic

field, respectively. Here, I assume that:
LT X L% = const.

where 7 is an acceleration factor*!. In Table 2, I obtain n of 2.0, and LTos is predicted to
be 369 hours under a 3.0 mA cm 2 current density and a 0.2-T magnetic field. This is a
20% improvement in device stability and strongly indicates that either or both the
decrease in triplet excitons as a LFE and the suppression of TPI as a HFE can enhance

device stability because of suppressed triplet excitons reactions.
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Figure 3-15. Luminance decay curves of 4CzIPN-based OLEDs under constant high

current of 30 mA cm 2. The pixels were fabricated on same substrate at the same time.
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Table 3-2. Device lifetime measurements with and without an external magnetic field.

LToss are averaged.

Current density L w/oB MEL; Lw/ 02T LTosw/oB LTosw/02T

(cdm™@) (%) (cdm™) (hours) (hours)
3 mA cm 2 1680 0.12 1682 302 369 (estimated)
30 mA cm 2 15977  0.42 16044 3.41 4.03

3-4. Summary

| investigated the MFEs on the EL of TADF-OLEDs to understand the underlying
dynamics of triplet excitons during electrical excitation and during OLED degradation.
MFEs measurements clearly indicated the presence of TPI under device operation,
identified as the main channel for OLED degradation in Chapter2. Furthermore, from
changes in HFEs of degraded devices, | confirmed that undesired exciton generation, such
as interfacial exciplex formation, also reduces the IQE. The MFE analysis can thus

nondestructively clarify the dynamics of triplet excitons in devices under operation.
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3-5. Appendix A: Input bias dependence of MFEs

The triplet density increases at high current densities, increasing triplet quenching.
Therefore, the MFEs should also depend on the applied voltage, and can be used to
identify the dynamics of excitons and carriers in the devices. The MFE dependences on
current density are shown in Figure A-1. The J-MR characteristics at 0.5 T showed trends
of increasing and decreasing to zero (Figures A-1b and d). This behaviour was reported
by Desai et al. previously?>*2. TPI results in MC because the carrier traps in the system
acting as reaction centres are limited and have a maximum at a certain current density. |
thus conclude that TPI is one of the reaction channels for triplet exciton.

In contrast to J-MR characteristics, the sign of MEL; changed from positive to
negative with increasing current density (Figures A-1c). The curve shape of MEL,;
(Figures A-1a) suggest that TTA in EML is the dominant annihilation process*?15.

To investigate the effect of triplet exciton lifetimes on current-dependent MFEs,
.., the contribution of TTA, the injection current dependence of MEL,; of 4CzIPN device
was measured (Figure A-2). Although the MEL; of 2CzPN exhibited sign conversion
from positive to negative under high current density, the 4CzIPN-based device had only
a monotonic increase in MEL,;, which suggests that the TTA is less of an annihilation
process in the 4CzIPN-based device relative to the 2CzPN-based device. Therefore, TTA
is not a dominant annihilation process in the devices under the low injection current

density of 3.0 mA cm 2.
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Figure A-1. MFE profiles of 20 wt.%-doped 2CzPN based OLED under various current
conditions. (a) MEL; and (b) MR. Characteristics of J-MFE @ 0.5 T. (c) MEL; and (d)
MR.
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Figure A-2. MEL, profiles of 20 wt.% 4CzIPN-base under various current conditions and
(b) J-MEL; characteristics of 20 wt.% 4CzIPN-based OLED.
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3-6. Appendix B: Relative AleL(B,t) in device degradation
The magneto-electroluminescence, i.e., MEL/(B,t) under magnetic field, B, at driving

time, t, can be expressed by:

Al (B, t)
I, (£)

AlgL(B,t) and IeL(t) are the change in the EL intensity of the device under a magnetic field

MEL;(B,t) =

and the EL intensity without the field, respectively. For a pristine condition, MELB,0)

can be expressed by:

Al (B,0)
Ig,. (0)

AlgL(B,0) and g1 (0) are the change in the EL intensity of device under magnetic field and

MEL;(B,0) =

the EL intensity without the field at the initial condition of device, respectively. [gi(t) of

the degraded device is approximately indicated by:

L
Ig (t) =I5, (0) X I
0

L/Ly is the relative luminance. Therefore, the relative change in the EL intensity during
degradation based on the EL intensity of the pristine device, i.e., AEL(B,t)/IL(0), can be

expressed by:

Alg (B, t)
I, (0)
The products of L/Lo and the amplitudes of LFE and HFE, i.e., A1 and 4n, should be the

L
= MEL;(B,t) X —
Ly

factors that correspond to Algi(B,t)/[eL(0)s. In Figure B-1, non-linear relationships
between those factors and L/Lo were observed in contrast to simple factors such as 4 and

Au (Figure 3-10).
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Abstract

Control of the molecular orientation in a glassy film is a crucial issue, not only for
an understanding of the fundamental processes of organic amorphous film formation but
also for enhancement of the performance of OLEDs by increasing their light-outcoupling
efficiency. In this study, the molecular orientation in codeposited films composed of a
host molecule and a disk-shaped emitter that exhibits TADF is investigated systematically.
It is found that the orientation of the transition dipole moment (TDM) of the disk-shaped
emitters is strongly dependent on the glass transition temperature and the polarization of
the host molecules and almost perfectly horizontal orientation of the TDM of the disk-
shaped emitters can be realized. My findings clarify the role of the host-guest dipole-
dipole interaction in the molecular orientation and it will enable expansion of both the

molecular design and the material combination rules for high-performance OLEDs.
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4-1. Introduction

In Chapters 2 and 3, I discussed degradation mechanisms, especially, triplet-
exciton interactions in TADF-OLEDs. Further, the improvement of light-outcoupling
efficiency (70oc) is one of the simplest ways to increase EQE and decrease operational
current density, i.e., low electrical stress under device operation, resulting in a lenghtend
device lifetime. Although vapor-deposited small organic molecules were believed to be
deposited randomly in these glassy films, it has been found that the molecules that have
a large aspect ratio in their shapes, i.e., linear-shaped molecules, can show horizontal
orientations on a substrate even in a glassy film'. For OLED performances, particularly
for enhancement of the 770c, which is a limiting factor for the EQE?®, molecular orientation
control is essential because it provides the transition dipole moment (TDM) orientation
of the emitting molecules. Over the last decade, the TDM orientation mechanisms of
emitters in amorphous films have been investigated widely'# and it has been shown that
various emitters exhibit horizontal TDM orientations in amorphous thin films®> .

This molecular orientation behavior also indicates that a permanent dipole moment
(PDM) can be oriented simultaneously if the molecule has polarization. Spontaneous
PDM ordering, i.e., spontaneous orientation polarization (SOP) of organic molecules with
anisotropic shapes, leads to the formation of polar films with a high surface potential
called the giant surface potential (GSP)!*!%. Therefore, the molecular orientation will also
critically affect charge carrier injection and accumulation properties in OLEDs!'#16,

Although the detailed mechanism for ordering of the molecules remains unclear,
possible mechanisms including intermolecular dipole-dipole interactions (long-range
interactions) and van der Waals interactions between molecules and a surface during

deposition (short-range interactions) have been proposed and studied experimentally and
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14-19 " Furthermore, it has been widely accepted that linear-shaped

computationally
molecules preferentially show horizontal TDM orientation because of the orientations of
their long molecular axes on substrates. However, studies of the TDM and PDM
orientations of non-linear-shaped but disk-shaped molecules that exhibit TADF are in
their early stages’®, while OLEDs based on disk-shaped TADF emitters have
demonstrated excellent device performance?!. Therefore, in this study, I investigated the
TDM and PDM orientations of various disk-shaped TADF emitters in host-guest systems
systematically using angular-dependent PL. measurements and displacement current
measurement (DCM) techniques. I compared various combinations of emitters and host
matrices with different PDMs and found that the TDM orientations of the disk-shaped
molecules could be controlled toward horizontal alignment by tuning the glass transition

temperature and polarization of the host matrix in glassy host-guest systems; this will lead

to advanced molecular design rules for high-performance OLEDs.
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4-2. Experimental
4-2-1. Materials

The molecular structures of the emitter and host molecules used in this study and
the PDMs of the guest emitter molecules (pg) and the host molecules (pn) calculated using
Gaussian 09 program package with a basis set of B3LYP/6-31G (d) for the ground state
are summarized in Figures 4-1 and 4-2. 1,4-dicyano-2,3,5,6-tetrakis(carbazol-9-
yl)benzene (4CzTPN), 1,4-dicyano-2,3,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)benzene
(4CzTPN-Ph) and 1,4-dicyano-2,5-bis(carbazol-9-yl)benzene (2CzTPN) were used as the
molecules with small or zero polarization because of their symmetrical structures,
whereas 2,3,5,6-tetrakis(carbazol-9-yl)benzonitrile (4CzBN), 2,3,5,6-tetrakis(carbazol-
9-yl)-4-phenylbenzonitrile (4CzBN-Ph), 2,3,5,6-tetrakis(carbazol-9-yl)-4-(9,9-
dimethylfluoren-3-yl)benzonitrile (4CzBN-Flu) and 1,2,3,4-tetrakis(carbazol-9-yl)-5,6-
dicyanobenzene (4CzPN) had larger PDMs, i.e., >1 D. 4,4'-di(9H-carbazol-9-yl)-1,1'-
biphenyl (CBP) and 1,3,5-tris(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene (TPBi1) were

used as the hosts with nonpolar and polar characteristics, respectively.
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Figure 2. Molecular structures and calculated permanent dipole moments (pg and pn) of
disk-shaped TADF emitters and host molecules.
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Figure 4-2. Directions of permanent dipoles of (a) 4CzBN, (b) 4CzBN-Ph, (c) 4CzBN-
Flu and (d) 4CzPN. With regard to molecules with major conformers, the more stable

structures in Figure C-1 were used for this calculation.

Computational calculations of the molecular geometry revealed that some of the
TADF molecules, including 4CzTPN, 4CzTPN-Ph, 2CzTPN and 4CzBN, have two major
conformers with completely different angles for their carbazole moieties, as shown in
Figures C-1 and C-2 (see Appendix C). In the 2CzTPN case, the averaged PDM values
of several conformers weighted by existence ratios estimated using the Boltzmann
distribution along with their calculated energies were used as shown in Figure C-2. For
the other molecules, the PDMs of the most stable structures were used. Although TPBi
also has two major conformers that show completely different PDMs, as indicated by

Noguchi et al.'*, the more stable molecular structure was used in this study (Figure C-3).
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4-2-2. Angular-dependent PL. measurement

Angular-dependent PL measurements were performed using an H14234-01
(Hamamatsu Photonics) at an excitation wavelength of 365 nm (Figure 4-3)’. The
samples were 15-nm-thick doped organic films on glass substrates fabricated via vacuum
deposition. The order parameters (S) of the emitters were estimated by comparing the
angle profiles given by the experimental and simulated results using an optical simulator

(Setfos). The S value is given by
1
S = 5 (3 cos? )

where @is the angle between the transition dipole and the substrate normal.

Codeposited layer
Semispherical lens

(15 nm)

Rotati I
Glass substrate otation angle

1
s Polarizer

|
. Detector

Figure 4-3. (a) Sample configuration for angular-dependent PL measurements, (b)

TM part of PL

Measurement setup for angular-dependent PL. measurements.
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4-2-3. DCM method

The carrier injection and accumulation properties of the two-layer devices were
investigated using the DCM method. The device structures with active area (4) of 4 mm?
are shown in Figure 4-4a. A voltage with a triangular waveform was applied to the
devices using a function generator (WaveStation 2052, Teledyne Lecroy), and their
current responses were measured using a voltage/current amplifier (CA5350, NF
Corporation) and an oscilloscope (HDO4054A, Teledyne Lecroy). The triangular
waveform ramp rate was 100 V s™! and the voltage ranges were varied for each sample
because of their different surface charge densities.

Figures 4-4b and ¢ show the typical DCM profiles of devices based on the undoped
TPBi and CBP films. Because of the negative charges at the interface between 4,4-bis[ N-
(1-naphthyl)-N-phenylamino]-biphenyl (a-NPD) and the polar layers, e.g., TPBI, hole
injection and accumulation at the interfaces were observed in the DCM profiles. I defined
the accumulation voltage and the threshold voltage of the actual current as Vace and Vi,

respectively. The surface charge density (os) can be calculated as follows:

Ccodeposited

Eoér
Os = (Vacc - Vth) T = (Vacc - Vth) A

where d is the film thickness of the codeposited layers, which is 60 nm here. Ceodepositeds
& and & are the codeposited layer capacitance, the vacuum permitivity and the relative
permitivity of the codeposited films, respectively. Here, when calculating os, use of the
Ceodeposited and A values is more relevant than use of & and d because of the value of & of

each codeposited film is experimentally inaccessible!.
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Figure 4-4. (a) Device structure used for DCM measurements. ITO and a-NPD are
indium tin oxide and 4,4-bis[ N-(1-naphthyl)-N-phenylamino]-biphenyl, respectively. (b)
DCM profiles of devices based on undoped CBP- and TPBi films. (¢) Detailed analysis
to determine values of Ceodeposited, Vace and Vin. The apparent capacitance (Capp) and actual
current (Jact) in Figure 4-4¢ are given by Cgp, = (C forward — C backward) /2 and
Jace = (€ forwara + C backward )/ 2, respectively. Crorward and Chackwara ate DCM signals of
forward and backward scans, respectively (Figure 4b).
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4-3. Results
4-3-1. Angular-dependent PL. measurement

The S values of the test samples are summarized in Table 4-1 and Figure 4-5. Here,
note that the directions of the TDM vectors of these molecules are oriented parallel to the
central phenyl ring (Figure 4-6). For emitters doped into a CBP host, the TDM
orientations of both 4CzBN and 2CzTPN were shown to be completely random (S~0),
whereas the TDMs of the other emitters showed relatively good horizontal orientations.
The random orientations of the 4CzBN and 2CzTPN emitters were caused by the presence
of unsubstituent positions on the central phenyl unit. Free rotation of the carbazole units

is possible during film formation and causes randomization of the molecular orientation

(Figure C-2).

Table 4-1. S values of the emitters in 20 wt.%-doped films in two host materials

Host 4CzTPN  4CzTPN-Ph  2CzTPN

CBP —-0.29 —0.50 —0.01

TPBi —0.37 —0.49 -0.27
Host 4CzBN 4CzBN-Ph  4CzBN-Flu 4CzPN
CBP —0.10 —-0.29 —0.31 —-0.29
TPBi -0.23 —0.40 —0.40 —-0.37
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Figure 4-5. Angular-dependent PL profiles of (a) 4CzTPN and (b) 4CzPN as emitters in
different hosts.

Figure 4-6. Directions of transition dipoles of (a) 4CzTPN, (b) 4CzTPN-Ph, (¢) 2CzTPN,
(d) 4CzBN, (e) 4CzBN-Ph, (f) 4CzBN-Flu and (g) 4CzPN. Blue arrows indicate the
direction of the transition dipole. With regard to molecules with major conformers, the
structure-(1) types in Figure C-1 were used for this calculation. For the calculation, time-
dependent density functional theory (TD-DFT) and CAM-B3LYP/6-31G (d) methods

using optimized ground state geometries was used.
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4CzTPN-Ph achieved S = —0.5, thus demonstrating the completely horizontal
orientation of the TDM. An OLED based on a 4CzTPN-Ph:CBP codeposited film as an
emission layer showed the maximum EQE of 4.6% (Figure 4-7), even though the
photoluminescence quantum yield of the 20 wt.% 4CzTPN-Ph:CBP film was only 16%.
Under the assumption that both the carrier balance and the exciton utilization yields were
100%, the value of 7oc reached 29%, thus indicating that the completely horizontal
orientation contributes to the enhancement of the light outcoupling efficiency.

The TDM of each emitter in a polar host such as TPBi showed higher horizontal
orientation than that of each emitter with the CBP host. The doping concentration
dependence of the TDM orientation was also studied using both 4CzPN (6.5 D) and
4CzTPN (0 D) (Figures 4-8a and b). For each emitter, a high doping concentration
resulted in higher horizontal orientation in the CBP host. In contrast, in the TPBi host, a
weak doping concentration dependence on the orientation was observed that resulted in a
highly horizontal TDM orientation, even at low concentrations, i.e., in a 1 wt.% emitter-

doped TPBi film.
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Figure 4-7. (a) OLED device structure based on a 4CzTPN-Ph:CBP film. T2T and BPy-
TP2 are 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine and  2,7-bis(2,20-bipyridine-5-
yDtriphenylene, respectively. (b) Current density-luminance-voltage characteristics. (c)
EQE-current density characteristics. (d) EL spectrum. The EQE and J-V-L measurements
were performed using a calibrated luminance meter (CS-2000, Konica Minolta). EQE
values were collected based on the results of angular-dependent EL profile measurements
(C9920-11, Hamamatsu Photonics).
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Figure 4-8. (a) and (b) Doping concentration dependences of S values of 4CzTPN (inset
of Figure 4-8a) and 4CzPN (inset of Figure 4-8b) in two hosts, respectively.
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4-3-2. Evaluation of surface charge density

Figures 4-9a and b show the DCM profiles of two-layer devices based on
codeposited films composed of 4CzTPN and 4CzPN in CBP and TPBi hosts, respectively.
The calculated surface charge densities of these codeposited films (os) were plotted
versus the emitter PDM values in Figures 4-9¢ and d. In the undoped films, I observed a
proportional relationship between the os values and the emitter PDM values, as reported
previously by Osada et al.'® The os values of the emitter:CBP doped films were also
similar to those of the undoped films and a similar proportional relationship with pg was
also observed. Furthermore, although the numbers of polar emitter molecules in the 20
wt.%-doped CBP film were one-fifth of those in the undoped films, the os values of the
emitter:CBP films were greater than 20% of the corresponding values of the undoped
films, thus indicating that os showed a nonlinear relationship with the number of polar
molecules. These results can be understood based on the discussion of the manner of
dipole-pair formation proposed by Jéger et al.'®> Here, the dipole-dipole interaction

energies of parallel-pair (Uyy) and antiparallel-pair (Uy,) are given by

2

UTT = - (3C05ﬁ - 1) and UTl = _UTT

A3
where p is the permanent dipole moment of each molecule, and 7 is the distance between
two dipoles, and £ is the angle between the direction of dipoles and the line connecting
them as shown in Figure 4-10a. As a result of the spatial separation of the polar emitters
in the codeposited films caused by the presence of nonpolar host molecules, the dipole-
dipole interactions should be reduced and the formation of the anti-parallel dipole-pairs

that counteract the molecular polarity should be suppressed. The formed parallel pairs can

then increase os for the doped films (Figure 4-10b).
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Figure 4-9. DCM profiles of two-layer devices based on (a) 4CzTPN and (b) 4CzPN. (¢)
and (d) Relationships between surface charge densities (os) of the codeposited layers and
PG.
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Figure 4-10. (a) Schematic of dipole-dipole interaction. (b) Schematics of formation of
dipole-dipole pairs in an undoped film of polar molecules and in a codeposited film based
on nonpolar and polar molecules. Arrows represent the permanent dipole vectors. For the
undoped film, dipole interactions promote the formation of anti-parallel pairs. In contrast,
the nonpolar molecules provide a spatial distance between the polar molecules to prevent
the formation of anti-parallel pairs in the codeposited film.
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For the TPBi host matrix, the os values of all codeposited films were greater than
that of the undoped TPBi film. While the os values of codeposited films based on the
nonpolar emitters (4CzTPN, 4CzTPN-Ph and 2CzTPN) were greater than the sum of
os(neat TPBi) + os(neat TADF), the os values based on highly polar molecules were
smaller than os(neat TPBi) + os(neat TADF). Furthermore, the emitter dependence of o3
for the TPBi host was rather small when compared with the values for the CBP hosts,

indicating the presence of different host-guest interactions in the polar TPBi host layer.
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4-4. Discussion
4-4-1. Horizontal orientation of TDM in host matrix

Next, I discuss the origin of the TDM orientations of the disk-shaped molecules in
codeposited films. Mayr and Briitting reported that one of the most important factors for
TDM orientation of the guest molecules is the glass transition temperature (7;) of the host
matrix>. A high T, for the host materials results in suppression of guest molecule
reorientation and randomization during deposition, and results in horizontal orientation
of the guest molecules due to minimization of the film’s surface energy during deposition.
The Ty values of CBP and TPBi are 62°C and 122°C, respectively. To confirm the effect
of the host 7§, another high-T7; host with low polarization (0.34 D, Figure 4-11), 2-(9,9'-
spirobi[fluoren]-3-yl)-4,6-diphenyl-1,3,5-triazine (SF3-TRZ)*? with a T, of 135°C was
also used as a host for 4CzTPN, 2CzTPN, 4CzBN and 4CzPN, and the S values of the
emitter: SF3-TRZ films are summarized in Table 4-2 and Figure 4-12. For the nonpolar
emitters, 4CzTPN and 2CzTPN, in the SF3-TRZ host, smaller S values than those in CBP
and TPBi were confirmed, indicating that the higher 7, clearly affects the molecular
orientations of the ‘nonpolar’ TADF emitters. In contrast, the S values of the ‘polar’
emitters in SF3-TRZ showed comparable values with those in the CBP host. This implies
that there are other underlying origins of the horizontal orientation in the TPBi host, rather

than the effect of 7§ alone.

Table 4-2. S values of TADF emitters in SF3-TRZ as host.
4CZzTPN 2CzTPN 4CzBN 4CzPN 4CzPN
20 wt.%) (20 wt.%) (20 wt.%) (6 wt.%) (20 wt.%)

S-) —0.41 —0.29 —0.10 —0.21 —-0.29
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Figure 4-11. (a) Computational results for SF3-TRZ molecule. The blue arrow represents
the PMD vector of the molecule. (b) Results of DCM study of ITO (100 nm)/a-NPD (30
nm)/SF3-TRZ (120 nm)/Al structure. According to the results, os (SF3-TRZ undoped) is
—0.15 mC m 2, which means that the SF3-TRZ molecule acts as a nonpolar molecule and

shows a significantly low surface charge.
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Figure 4-12. (a) and (b) S values of nonpolar and polar emitters in hosts with different

glass transition temperatures (7%), respectively.
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The observed concentration dependence of the S values in a CBP host can be
understood based on the change in 7, for the mixed emitter:CBP systems. The
concentration dependence was discussed by Jiang et al.'!, who suggested that the
difference between the substrate temperature during deposition, Tsw, and the 7 of the
mixed system, 7gmixed, 1 a critical issue for determination of the orientations of molecules
and Tgmixed 1S strongly dependent on the doping concentration of the mixed system.
Although the T values of molecules such as 4CzTPN and 4CzPN unfortunately could not
be identified because of the similarity of their values to their melting points and
decomposition temperatures, I could perform differential scanning calorimetry (DSC)
measurements for mixed samples such as an emitter:host system (Figures 4-13a and b).
In fact, the T mixed of the TADF emitters:host system showed high or similar values when
compared with the host-only system, indicating the high 7, of the TADF emitters.
Therefore, because of the large variation of Tgmixea In @ CBP host, significant
concentration dependences were observed. Furthermore, Figures 4-13¢ and d show the
relationship between the S values of the emitters and the 7 mixed values of the emitter:host
combinations, with similar results to the trends shown in Figure 4-12, i.e., a nonlinear
relationship for the polar emitters.

Mayr and Briitting also noted a similar host dependence for phosphorescence
emitters in the TPBi host’. Although computational studies have suggested that dipole-
dipole interactions are not the dominant factor for TDM orientation’, I can infer that the
intermolecular dipole-dipole interaction of the host-guest molecules is one possible
mechanism by which horizontal orientation is induced. Additionally, I can also speculate
that the small but non-negligible polarization of the host molecule slightly disturbs the

dipole-dipole interactions between the guest molecules and causes enhancement of the
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horizontal TDM orientation of the emitters (Figure 4-16¢).
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Figure 4-13. (a) DSC profiles of each mixed compound. The measurements were
performed using a Netsch DSC204 Phoenix calorimeter with a scanning rate of 10°C
min' under a N, atmosphere. (b) Concentration dependence of Tgmixed values. (c)
Relationship between Tgmixed and S values of 4CzZTPN in various hosts. (d) Relationship

between Tgmixed and S values of 4CzPN in various hosts.
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4-4-2. Orientation of PDM in nonpolar host

The o5 values of the emitter: CBP films showed a clear dependence on pg, as shown
in Figure 4-9¢. As noted above, because of the suppression of anti-parallel dipole-pair
formation in the host-guest film, the host-guest film SOP should be more significant than
that in undoped films. To discuss the degree of SOP, I defined the averaged PDM per

molecule and the ratio of os to pug in host-guest systems, i.e., pug, and os" as follows:

Cy Ce
pHG:pHXW-l'pGXW
«_ s
GS_pHG

where cn and cg are the molar ratios of the codeposited systems of host and guest
molecules, respectively. For undoped films, cy and cg are simply 100 and 0, respectively.
Figure 4-14a shows the relationship between pg and os*. The plots of 4CzTPN, 4CzTPN-
Ph and 2CzPN are excluded because these molecules show almost no polarization. The
os* values of the doped films are higher than those of the undoped films, indicating the
major contribution of polar emitters to the SOP due to the suppression of anti-parallel

dipole-pair formation.
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Figure 4-14. (a) Guest PDM (pc) dependence of calculated os” values of emitter-doped
films in CBP and TPBi hosts and undoped films. (b) Averaged PDM (puc) dependence of

os values of films based on emitter:CBP systems.
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The os* values are plotted versus puc as shown in Figure 4-14b. The plots in
Figure 4-14b other than 4CzBN clearly showed nearly linear relationship, indicating that
smaller dipole moments in doped systems are preferred to increase the degree of SOP.
Because 4CzBN in the CBP host showed a random TDM orientation, the PDM orientation
of 4CzBN would be also random in a CBP host. os* then became smaller than the value
estimated using puc because of the small numbers of parallel pairs of dipoles available to
increase os.

Note here that no clear relationship was observed between os” and S for the emitters
in a CBP host (Figure 4-15), suggesting that the manner of the parallel and anti-parallel
dipole-pairs is the dominant factor for surface charge formation, rather than the direction

of the PDM vector.
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Figure 4-15. Relationships between (a) S and os, and (b) S and os for various
emitter:host systems.
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4-4-3. Orientation of PDM in polar host

The os* characteristics of the emitter:TPBi films are shown in Figure 4-14a. The
dotted line indicates the os* of an undoped TPBi film. Doping of nonpolar molecules (pa
<1 D) such as 4CzTPN, 4CzTPN-Ph and 2CzTPN results in an increase in os* when
compared with that of undoped TPBi. This can be explained using the discussion of the
combination of nonpolar and polar molecules mentioned earlier'>. Doping of polar
molecules showed similar os* values to that of undoped TPBi, despite the non-negligible
pc values. Furthermore, the os concentration dependence (Figure 4-16a) showed
relatively large and small variations in os with the doping concentrations of 4CzZTPN and
4CzPN, respectively, in the TPBi host. These results suggest that the polarizations of both
TPBi and 4CzPN contribute to surface charge formation and then the concentration
dependence of os became weak.

Additionally, the os* values of TPBi films with polar emitters such as 4CzBN-Flu
and 4CzPN (Figure 4-14a) were smaller than the sum of (os (TPBi neat) + o3 (TADF
neat)). Therefore, during codeposition, intermolecular dipole-dipole interaction promotes
formation of anti-parallel dipole-pairs between host-host, guest-guest and host-guest
molecules because of the high pg. The os values of the combination of polar host and
guest molecules then showed limited values. Therefore, the dipole-dipole interactions
between the polar guest and host contribute the molecular ordering during deposition
(Figure 4-16¢). Figure 4-16b shows the relationships between puc and os* for the
emitter:TPBi films. Similar to the results for the CBP matrix, the small puc values in the
doped films increased the degree of SOP because weak dipole-dipole interactions allow

parallel-pairs of PDMs to form and contribute to the surface charge formation.
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Figure 4-16. (a) Concentration dependence of os values of films based on emitter:host
systems. (b) puc dependence of os” values of films based on emitter:TPBi systems. (c)
Schematics of film formation processes for emitter:host systems including (1) nonpolar
emitter:low-7; host, (2) nonpolar emitter:high-7; host, (3) polar emitter:nonpolar host,
and (4) polar emitter:polar host. Dotted and broken lines indicate emitter-emitter dipole

interactions for (3), and emitter-emitter, host-host and emitter-host dipole interactions for

nonpolar host polar host

(4), respectively. Black arrows indicate PDMs of emitter and host molecules.
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4-5. Summary

In this study, I analyzed the molecular orientations of disk-shaped emitters
exhibiting TADF via a coupling of optical and electrical methods. I found that the 7 and
the polarization of host molecules are the key factors for increased horizontal molecular
order. Furthermore, while previous computational studies reported that the short-range
interaction is the dominant factor for orientation of the phosphorescent emitters, my
experimental results showed that the dipole-dipole interactions also affect the PDM and
TDM orientations in codeposited films. Although detailed computational studies are
required for disk-shaped emitters exhibiting TADF, my experimental results showed the
considerable potential of disk-shaped emitters to provide ultimate OLED characteristics,
including high exciton-utilization efficiency, high light-outcoupling efficiency and high

device stability.
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4-6. Appendix C: Molecular conformation

Figure C-1. Molecular structures of conformers. (a) 4CzZTPN-(1), (b) 4CzTPN-(2), (c)
4CzTPN-Ph-(1), (d) 4CzTPN-Ph-(2), (e) 2CzTPN-(1), (f) 2CzTPN-(2), (g) 4CzBN-(1)
and (h) 4CzBN-(2).
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Figure C-2. (a) Relationship between total energies of 2CzZTPN molecule and dihedral
angles of two carbazole units (2,5-substituted). At —70° and 50°, the molecule showed
the (1)-structure (Figure C-1) with the same total energy in each case. At —10°, the
molecule showed the (2)-structure. Because the activation energy for the transformation,
i.e., the difference between the local maximum (at 20°) and minimum (at —10° and 50°)
energies, of ~0.001 hartree (0.027 eV) is comparable to the thermal energy at room
temperature (RT), transitions between the (1)- and (2)-structures are possible even at RT.
Relationships between the total energies of the molecules and the dihedral angles of two
carbazole units (2,5-substituted) for (b) 4CzBN, (c) 4CzTPN and (d) 4CzTPN-Ph. These
profiles showed the local energy minima, i.e., for the (1)- and (2)-structures. For these
molecules, the activation energies for the transformation are greater than the thermal
energy at RT. (e) Energy differences relative to the local minimum around —40° for the
(1)-structures of 4CzBN, 4CzTPN and 4CzTPN-Ph. The broader energy profile for
4CzBN when compared with those of 4CZTPN and 4CzTPN-Ph suggests that large
fluctuations in the carbazole units are possible for 4CzBN. (f) Dihedral angle dependence
of PDM and existence fraction of 2CzZTPN conformers under the assumption that —30° to

—60° represents a typical cycle.

When there are several (n) conformationally different structures with a total
molecule energy of E,, I can calculate the existence ratio, Ry, i.e., the fraction of each

structure under the assumption of a Boltzmann distribution, which is given by

exp (- “ipr)

Sexp (- B

where E;, ks and T are the lowest energy, the Boltzmann constant and the system

Ry,

temperature (7 = 300 K in this calculation). Furthermore, when each conformer has
permanent dipole moments (p,), an averaged dipole moment (pavc) in the system can be

calculated using the following equation:

Pave = Z(Rn X Pn)
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In the 2CZTPN case, because of the small activation energies required for the
transformation, the calculation of pavc introduced above was performed. For simplicity,
I used the angular dependence of the total energy from —30° to —60° (Figure C-2a) to
represent a typical cycle. Figure C-2f shows the angular dependences of the PDMs and

the calculated fractions. Based on Figure C-2f, I calculated pavg to be 0.4 D for 2CzTPN.

&‘n

Figure C-3. Molecular structures of conformers of TPBi. (a) Structure-(1) with a
permanent dipole moment of 2.0 D. (b) Structure-(2) with a permanent dipole moment of
6.0 D.
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Summary of this thesis
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Summary of this thesis

In this thesis, OLED device architectures and materials were investigated to reveal
the origins of device degradation with the improvement of device stabilities.

In Chapter 2, device degradation processes in TADF-OLEDs based on 5CzBN and
3Cz2DPhCzBN having similar molecular structures but significantly different triplet
exciton lifetimes were carefully considered. The device based on 3Cz2DPhCzBN with a
shorter triplet lifetime than that of 5SCzBN showed a significantly long device lifetime
under constant current operation. Simple observations of the difference spectra, Algr, in
the degradation processes suggested the shift of the carrier recombination site toward the
HBL-side and hole-injection into the HBL under continuous operation. The
3Cz2DPhCzBN-based OLED showed the smaller spectral changes than those of the
5CzBN-based OLED. Furthermore, carrier-transport stabilities of the EMLs were
investigated by HODs and EODs studies. I revealed that the coupled operational stress of
electron current and the excitation of the TADF molecules, i.e., triplet exciton-polaron
interaction (TPI) is one of dominant channels of the degradation of TADF-OLEDs.
Because of its short triplet lifetime, 3Cz2DPhCzBN resulted in low triplet-exciton density
and a suppressed rate of TPI in the device. Therefore, the improvement of the RISC
characteristics of TADF molecules and the control of carrier transport properties of EML
aimed for the suppression of TPI are significantly needed for improvement of a device
lifetime.

In Chapter 3, exciton dynamics in TADF-OLEDs under operation were
investigated by MFEs in the devices. Magnetic responses of OLED characteristics could
be expected to use as a method to prove the manner of exciton annihilation processes such

as TPI as suggested in Chapter 2, because separation of degenerate triplet states by a
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magnetic field should affect the device performance and reflect the exciton dynamics in
devices. Thus I compared MEL profiles of TADF-OLEDs based on various emitters and
revealed that the profiles contain two origins of MFEs such as PP and TPI models. Further,
the MEL amplitudes based on TPI model significantly depended on emitters’ exciton
lifetime that clearly suggests that emitters with long exciton lifetimes suffer from more
significant annihilation induced by TPI than the emitters with short exciton lifetimes.
Furthermore, for an analysis of degraded OLEDs, I identified the exciplex-formation on
a film interface as one of the origins of a change in MEL profiles because the device aging
affects carrier transport properties in an EML. Therefore, as same as the conclusion in
Chapter 2, exciton lifetimes of TADF molecules and a control of carrier transport
properties are important for improvement of device stability. Furthermore, because of the
generation of interfacial excited state such as an exciplex, I clarified that the stability of
the interface should be also improved.

In Chapter 4, a molecular orientations in organic host:guest films based on disk-
shaped TADF molecules were investigated. Because the orientation is one of limiting
factors of EQE of OLEDs, the investigations of an emitter molecule and a combination
with a host molecule are needed for improvement of an emission efficiency and a decrease
of driving current. I revealed that a 7, and the polarization of a host molecule are ones of
key factors to control the emitter’s molecular orientation. For the nonpolar TADF
molecules, a high-7, host molecule can easily fix a molecular motion of the emitter
molecule, and achieve the highly horizontal emitter’s TDM orientation. For polar emitter
molecules, the polarization of a host molecule disturbs intermolecular dipole-dipole
interactions between emitter molecules by a formation of the interaction between host

and emitter molecules. Further, I demonstrated perfectly horizontal TDM orientation and

128



light-outcoupling efficiency of around 30% of an OLED based on a 4CzTPN-Ph:host film.
These results provide a possibility to achieve an ultimate OLED performance with a
combination of 100% of internal quantum efficiency, extremely high light-outcoupling
efficiency and high device stability of the OLEDs based on disk-shaped TADF emitters.
For the ultimate performance, further development of emitter and host molecules and
film-fabrication process will be needed to exploit the abilities in emitters and OLEDs.

I hope that my results will be useful to realize ultimately stable TADF-OLED in

near future.
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Future perspective

For TADF-OLEDs, an unstable triplet exciton generated by electrical excitation is
one of the origins for degradation of the devices. An efficient RISC (high rate constant of
RISC, krisc) process can decrease a density of accumulated triplet excitons in operating
devices. To enhance RISC properties of the emitters, a fine molecular tuning is performed
and clear advances have been reported! . As introduced in Chapter 2, Noda et al.
reported that the insertion of second type electron-donor (D2) moieties having a suitable
locally excited triplet state (*LE) to the donor-acceptor (D-A) TADF molecular systems
based on carbazole-benzonitrile (CzBN) efficiently improved the krisc because of the
reduced activation energy for the RISC process due to tuned energy difference between
3LE of D; and the triplet charge-transfer (*CT) state of the D-A system®. According to this
RISC improvement mechanism, the strategy to insert multiple-donor moieties, i.e.,
several (n) types of donor (D,), into TADF molecules can be expected to efficiently
enhance krisc. For BN-based structures, the maximum of z value is five, i.e., five different
donor moieties having tuned *LE levels, can be substituted to the BN group to reduce
activation energy for RISC. With considering the triplet levels of these moieties, for
example, fluorene, dibenzofuran, and dibenzothiophene are promising candidates for the
electron-donor moieties with a suitable triplet energy (Figure 5-1). As Noda et al.
reported’, the substitution of phenyl or methyl groups to donor moieties can change their
triplet energies, that makes fine tuning of the *LE level possible. Design of a multiple-
donor TADF molecule with high krisc can be expected to improve the device
characteristics such as efficiency rolloff and device stability because of suppressed
unwanted triplet interactions under device operation.

Further, the high radiative decay rate constant from S; (k") also essentially reduces
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the exciton density in EMLs, however, the k> of a TADF molecule is basically limited
because of the tradeoff relationship between the small AEst and the high k> of TADF
molecules. A TADF-assisted-fluorescence (TAF) system-based EML®’ comprising host,
TADF, and fluorescent molecules can reduce the exciton density in the EML through the
FRET energy transfer from S; of TADF molecules to Si of fluorescent molecules having
high 45. Therefore, the TAF-OLEDs based on the combination of TADF molecules
having high krisc and fluorescent molecules having high k5 that show efficient FRET

energy transfer is a promising proper system for high OLED stability (Figure 5-4).

|

Ds D, Carbazole Fluorene
SLE~3.04 eV 3LE~3.04 eV

o S
”
Multiple-donor structure with

benzonitrile as electron acceptor Dibenzofuran Dibenzothiophene
3LE~3.04 eV 3LE~3.02 eV

Figure 5-3. The molecular structure of a multiple-donor TADF molecule based on
benzonitrile as an electron acceptor. D,s (n = 1-5) are donor moieties having suitable *LE
levels to reduce the activation energy for the RISC process. The candidates for D, are

fluorene, dibenzofuran, and dibenzothiophene having 3LE levels around 3 eV®.

In addition to the importance of EMLs’ stability, HBLs and EBLs can also
contribute the triplet-exciton management in the EML. For example, an insertion of a thin
Liq layer into the interface between an EML and an HBL dramatically increased the
device lifetime’. The lifetime improvement was ascribed the triplet quenching, adhesion

effect and a removal of water molecules. For any reasons, their results clearly suggest that
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an interface engineering between EML and other layers significantly affects the device
lifetime because of high exciton density at the layer interfaces. Generally, a recombination
site position in an EML of TADF-OLEDs generally locate near film interface between an
EML and an HBL in case of TADF-OLEDs because an electron-transport is controlled by
the confined LUMO level of the TADF molecule inside the LUMO level of the host
molecule'®. In case of a single-host EML, carrier balance is not completed, then major
charge carriers (electrons or holes) in the EML might invade the adjacent layers, i.e., EBL
or HBL, and degrade the charge transport and injection characteristics (Figure 5-2a and
b). Therefore, I suggested mainly two approaches for further improvement of device
lifetimes, i.e., a tuning of carrier transport properties of an EML and interface engineering
in OLEDs.

For state-of-the-art phosphorescence-based OLEDs, an exciplex co-host technique
has been used for highly efficient and stable OLEDs'""'? as shown in Figure 5-2¢. Co-
host structures form a highly efficient exciplex state and well-balanced carrier transport
properties to improve efficiency rolloff and stability issues. Although there are a few
reports to apply co-host technique and they mentioned that the efficiency rolloff and
stability issues were successfully improved even in TADF-OLEDs'*!“, the improvement
of device lifetime was still primitive. One of limiting factors of the improvement might
be a stability of n-type host molecule because of difficulty of a compatibility of high
electron mobility, stability of excited and cation states, high Ti energy for energy
confinement and high 7. Especially, for using as a host molecule, the stability of excited
and cation states of a molecule is highly demanded because not only an anion state but
also the excited and cation states of the host molecule are generated in the EML. Although

SF3-TRZ used as the HBL molecule in this study was supposed as n-type host suggested
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by Cui et al.'s, 1 observed the red electromer emission from the SF3-TRZ layer'’,
indicating that imperfect hole-blocking function and successive device degradation
channel. Therefore, the preparation of stable n-type host molecules for blue TADF
molecules is one of critical issues to improve the device stability. Further, the carrier
injection and transport properties of all the layers and interfaces in OLEDs should be
considered. For good carrier transport and injection, a high carrier mobility and a small
HOMO or LUMO energy difference between organic layers (AEnomo and AErumo) are
needed. Regarding carrier injection performance, smaller AExomo and AELumo than 0.2
eV are favorable for good carrier injection without carrier accumulation because the
localized density of states (DOS) distributions with the width of ~0.2 eV in general
organic layers should be largely overlapped in each interface between layers'®!,

At the interface between an EML and an HBL where the electrically-generated
excitons are highly localized, some unwanted chemical reactions would generate
decomposed materials and degrade device performance. Fujimoto et al. clarified that a
short device fabrication time provides a significant improvement of device lifetime?’,
indicating that the adsorption of some materials during the deposition process affect the
device stability. It was concluded that the materials, i.e., chamber impurities such as
previously-deposited materials and plasticizers in the deposition chamber, adsorbed on
the layer interfaces promote the chemical reactions and the device degradation.
Furthermore, in Chapter 3, I observed the presence of interfacial excited states in
degraded devices. It is speculated that these excited states would interact with the
chamber impurities, and result in inferior device performance. Therefore, for high device
stability, not only the control of exciton distribution in the EML, but also the decrease of

chemical reactants during the device fabrication to suppress unwanted chemical reactions
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is a critical issue. In particular, the preparation of clean chamber condition and the
minimization of the exposure time of film interfaces during the fabrication should be

required for the improvement of device lifetimes.

a b e

EBL HBL EBL HBL

EML
EBL (co-host) HBL

Figure 5-2. Schematics of (a) p-host EML, (b) n-host EML, and (c) co-host EML system:s.
Green, red blue lines show HOMO and LUMO levels of EBL (p-host), HBL (n-host) and
doped emitter molecules, respectively. Each EML system can be expected to show a

highly-localized and a broad exciton distributions in the EMLs, respectively.

In Chapter 3, I discussed the exciton energy loss at the layer interface between a
EML and a HBL through unexpected exciplex generation due to dramatically degraded
carrier transport properties of the EML. Because the interlayer exciplex based on mCBP
and SF3-TRZ is unfortunately not emissive (PLQY~4%)), there are large energy loss via
triplet CT and LE states of mCBP and SF3-TRZ, that cannot contribute the EL from TADF

molecules because of the low energy transfer efficiency. Therefore, the design of a highly
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efficient exciplex based co-host system!? is also needed to reduce exciton loss through
intermediate excited states.

In Chapter 4, [ mentioned that the 7§ values of host molecule and mixed system of
host and emitter molecules are the key issues to control an emitter’s orientation. Recently,
a relationship between a T, a film density and device characteristics has been studied and
a remarkable improvement of device characteristics such as device lifetime was
reported?!?2. A film density can be well controlled by a substrate temperature during a
deposition, Tsuw, and a rate of Tsun/Te. A molecule shows highly horizontal orientation in
small Tsu/Tg condition whereas a film density shows the maximum value in 0.75-0.85 of
Tsun/Tg. Furthermore, phosphorescent OLEDs based on the EML deposited under a
controlled Tsu, corresponding to 0.857; of a host molecule such as TPBi showed an
improvement of device lifetimes?!. The authors mentioned that a suppressed nonradiative
decay of the triplet exciton of a phosphorescent emitter in the highly dense TPBi film
resulted in the improvement of device stability. Although the control of a 75y, during the
deposition of organic layers is not common in the industry field, the control would
effectively improve a device lifetime due to high density of the films. Furthermore, for
the application to an automotive high thermal stability of the device has been
demonstrated by using organic molecules having high T, above 130°C*}. When the high-
Ty molecules are used in the devices, Tww should be controlled above the room
temperature for the formation of the highly dense films (Figure 5-3). Therefore, the
clarification of detailed physics of film formation processes and the development of the
Tsuw-control system for manufacturing processes are important issues to improve the

device performance.
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Figure 5-3. Relationships between a Twp and 7, to get the highest density of a deposited
film. Blue and red lines show the relationship for Tsuw/Te = 0.852! and 0.75%, respectively.

I demonstrated the perfect horizontal orientation of an emitter in a doped film and
a light-outcoupling efficiency of around 30% in Chapter 4. For CzBN-based disk-shaped
emitter molecules, the suppression of rotation and fluctuation of Cz units in the molecules
is essentially needed to obtain horizontal TDM orientation. For example, the substitution
of bulky moieties such as spirobifluorene!®> and adamantane? to the BN unit (Figure 5-
1) can be expected to result in a rigid molecular structure and higher 7; of the emitter
molecule, that are favorable for the emitter’s horizontal orientation. However, a stability
of the orientation in the device under operation is still unknown. If the horizontal
orientations (770c = 30%) of an emitter in the device randomize under device operation
(noc = 20%), a luminance decrease to ~67% of the initial luminance, meaning that the
randomization should be one of the degradation mechanisms. Therefore, further
investigation of orientation stability is needed for ultimate efficient and stable OLEDs,

because the aggregation of molecules in the devices is sometimes one of the reasons to
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degrade the device performance?.

In summary, for the improvement of TADF-OLEDs’ stability, the enhancement of
krisc of rigid TADF molecules, the preparation of stable bipolar host (co-host) molecules
with high 7§s exhibiting high PLQY and efficient RISC process, interface engineering to
reduce energy loss and improve carrier injection, the application of a TAF system with
highly emissive fluorescence molecules, and clean fabrication environment and Tsub-
control system are needed as shown in Figure 5-4.

By further considerations and assembling the above technique, I strongly expect

the realization of ultrahigh stability of OLEDs.

137



AEomo < 0.2 8V 0

__ Efficient RISC —_
p AE jmo < 0.2 eV

G I e

3
S
i EML position
(p,n-host:TADF:Flu.)
b
SLexciplex FRET FRET
\\ TLexciplex l SLTADF Dexter

m*\. \\ﬁF % v Si Fu.
T1_Flu.

Ground state

Figure 5-4. Schematics of the OLED based on the combination of a co-host and a TAF
system for high device stability. (a) HOMO-LUMO energy diagrams of stacked layers
such a HTL, an EBL, an EML, a HBL, and an ETL. The EML comprises host, TADF, and
fluorescent (Flu.) molecules. Orange dotted lines show the HOMO and LUMO energy

levels of fluorescent molecule. In the co-host system, broader exciton distribution can be

expected as shown. (b) Energy transfer pathway in the TAF-cohost-EML. Carrier

recombination, i.e., electrical exciton generation, on exciplex host and TADF molecules

is assumed.
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Abbreviation list
Keywords
Benzonitrile-carbazole (CzBN)
Density functional theory (DFT)
Differential scanning calorimetry (DSC)
Displacement current measurement (DCM)
Electroluminescence (EL)
Electron-blocking layer (EBL)
Electron-injection layer (EIL)
Electron-only device (EOD)
Electron-transporting layer (ETL)
Emission layer (EML)
External quantum efficiency (EQE)
Forster resonance energy transfer (FRET)
Giant surface potential (GSP)
High-field effect (HFE)
Hole-blocking layer (HBL)
Hole-injection layer (HIL)
Hole-only devices (HOD)
Highest occupied molecular orbital (HOMO)
Hole-transporting layer (HTL)
Internal quantum efficiency (IQE)
Intersystem crossing (ISC)
Lifetime (LT)
Lowest singlet excited state (S1)
Lowest triplet excited state (T1)
Lowest unoccupied molecular orbital (LUMO)
Low-field effect (LFE)
Magnetic field effect (MFE)
Organic light-emitting diodes (OLEDs)
Permanent dipole moment (PDM)
Photoluminescence (PL)
Photoluminescence quantum yield (PLQY)
Photomultiplier tube (PMT)
Polaron (P)
Polaron pair (PP)
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Resistance-capacitance (RC)

Reverse intersystem crossing (RISC)

Room temperature (RT)

Singlet ground state (So)

Singlet-triplet annihilation (STA)

Spontaneous orientation polarization (SOP)
Thermally-activated delayed fluorescence (TADF)
Time-dependent density functional theory (TD-DFT)
Transition dipole moment (TDM)

Triplet exciton-polaron annihilation (TPA)

Triplet exciton-polaron interaction (TPI)
Triplet-triplet annihilation (TTA)

Zero-field splitting (ZFS)

Materials

10-[4-(4,6-Diphenyl-1,3,5-triazin-2-yl)phenyl]-10H-phenoxazine (ACRXTN)
Tris(8-hydroxyquinolinato)aluminium (Alqs3)

4,4-Bis[ N-(1-naphthyl)-N-phenylamino]-biphenyl (a-NPD)
2,7-Bis(2,20-bipyridine-5-yl)triphenylene (BPy-TP2)
4,4'-Di(9H-carbazol-9-yl)-1,1'-biphenyl (CBP)

N,N-Dimethylformamide (DMF)

1,4,5,8,9,11-Hexaazatriohenyleane hexacarbonitrile (HAT-CN)
Indium-tin-oxide (ITO)

Lithium fluoride (LiF)

8-Hydroxyquinolinolato-lithium (Liq)

Tris(2-phenylpyridine)iridium(II) (Ir(ppy)s)
3,3'-Di(9H-carbazol-9-yl)-1,1'-biphenyl (mCBP)
1,3-Bis(N-carbazolyl)benzene (mCP)

Molybdenum trioxide (MoQO3)
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3-(9,9-Dimethylacridin-10(9H)-yl)-9H-xanthen-9-one (PXZ-TRZ)
2-(9,9'-Spirobi[ fluoren]-3-yl)-4,6-diphenyl-1,3,5-triazine (SF3-TRZ)
4,4’-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzamine] (TAPC)
9,9'-Diphenyl-6-(9-phenyl-9H-carbazol-3-yl)-9H,9'H-3,3'"-bicarbazole (Tris-Pcz)
1,3,5-Tris(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene (TPBi)
2,4,6-Tris(biphenyl-3-yl)-1,3,5-triazine (T2T)
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1,2-Bis(carbazol-9-yl)-4,5-dicyanobenzene (2CzPN)
1,4-Dicyano-2,5-bis(carbazol-9-yl)benzene (2CzTPN)
2,4,6-Tris(3,6-diphenylcarbazole-9-yl)-3,5-(9H-carbazole-9-yl)benzonitrile
(2Cz3DPhCzBN)
9-(3-(9H-Carbazol-9-yl)-9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9H-carbazol-6-
yl)-9H-carbazole (3CzTRZ)
2,4,6-Tris(9H-carbaozle-9-yl)-3,5-bis(3,6-diphenylcarbazole-9-yl)benzonitrile
(3Cz2DPhCzBN)

2,3,5,6-Tetrakis(carbazol-9-yl)benzonitrile (4CzBN)
2,3,5,6-Tetrakis(carbazol-9-yl)-4-(9,9-dimethylfluoren-3-yl)benzonitrile (4CzBN-Flu)
2,3,5,6-Tetrakis(carbazol-9-yl)-4-phenylbenzonitrile (4CzBN-Ph)
2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN)
1,2,3,4-Tetrakis(carbazol-9-yl)-5,6-dicyanobenzene (4CzPN)
1,4-Dicyano-2,3,5,6-tetrakis(carbazol-9-yl)benzene (4CzTPN)
1,4-Dicyano-2,3,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)benzene (4CzTPN-Ph)
Penta(9H-carbazol-9-yl)benzonitrile (5CzBN)

Physical symbols

Accumulation voltage (Vacc)

Active device area (4)

Actual current (Jact)

Amplitude of HFE (4n)

Amplitude of LFE (4L)

Angle between the direction of dipoles and the line connecting them ()
Apparent capacitance (Capp)

Carrier balance (7cB)

Change in driving voltage (AV)

Change in emission efficiency under magnetic field (An(B))
Characteristic field of LFE (Bn)

Characteristic field of HFE (BL)

Codeposited layer capacitance (Ceodeposited)

Current density (J)

DCM signal of backward scan (Cbackward)

DCM signal of forward scan (Crorward)

Difference spectrum (AlgL)

Dipole interaction energy of antiparallel-pair (Up})
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Dipole interaction energy of parallel-pair (Upy)

Distance between two dipoles (7)

Electroluminescence intensity (/gr)

Emission efficiency with no magnetic field (1(0))

Energy gap between the lowest singlet and triplet excited energy levels (AEst)
Exciton-utilization efficiency (77ex)

Glass transition temperature (7)

Glass transition temperature of mixed system (7'g mixed)

Initial luminance (Lo)

Initial voltage (Vo)

Injection voltage (Vinj)

Light-outcoupling efficiency (70c)

Luminance (L)

Magnetic field (B)

Magneto-conductance (MC)

Magneto-efficiency under constant current (M)
Magneto-efficiency under constant voltage (Mnyv)
Magneto-electroluminescence, magnetic-field-modulated EL (MEL)
Magneto-electroluminescence under constant current (MEL))
Magneto-electroluminescence under constant voltage (MELy)
Magneto-photoluminescence (MPL)

Magneto-resistance (MR)

Molar ratio of guest molecule (cg)

Molar ratio of host molecule (cn)

Normalized EL intensity (/EL,normalized> JEL,norm)

Order parameter (.S)

Permanent dipole moment (p)

Permanent dipole moment of guest molecule (pc)

Permanent dipole moment of host molecule (pn)

Permanent dipole moment of host-guest system (puc)
Photoluminescence quantum yield (7qy)

Rate constant of intersystem crossing of excitonic state (kisc, kex)
Rate constant of intersystem crossing of polaron pair state (kiscp)
Rate constant of radiative decay from singlet excited state (k:>)
Rate constant of reverse intersystem crossing of excitonic state (krisc)

Rate constant of triplet exciton-polaron interaction (krpr)
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Ratio of surface charge density to permanent dipole moment of host-guest system (os")
Relative permitivity (&)

Substrate temperature during deposition (7sub)
Surface charge density (os)

Thickness (d)

Threshold voltage (Vi)

Voltage (V)

Work function of anode (@anode)

Work function of cathode (dcathode)

Zeeman splitting (AEz)

Zero-field splitting parameters (D and E)

147



Publication list
Original papers

1. Masaki Tanaka, Hiroki Noda, Hajime Nakanotani and Chihaya Adachi, Advanced

Electronic Materials, S, 1800708 (2019)
“Effect of carrier balance on device degradation of organic light-emitting diodes

based on thermally activated delayed fluorescence emitters”

2. Masaki Tanaka, Ryo Nagata, Hajime Nakanotani and Chihaya Adachi,

Communications Materials (submitted)
“Proving the origin of degradation in and organic light-emitting diode derives from

triplet exciton interaction by a magnetic field”

3. Masaki Tanaka, Hiroki Noda, Hajime Nakanotani and Chihaya Adachi, Applied

Physics Letters, 116, 023302 (2020)
“Molecular orientation of disk-shaped small molecules exhibiting thermally activated

delayed fluorescence in host-guest films”

Joint paper

1. Chin-Yiu Chan, Masaki Tanaka, Hajime Nakanotani and Chihaya Adachi, Nature

Communications, 9, 5036 (2018)

Presentations at international conferences

1. Masaki Tanaka, Hiroki Noda, Hajime Nakanotani and Chihaya Adachi, The 3

International TADF Workshop, Fukuoka, Japan (July 19, 2018).

148



“Change of carrier balance in organic light-emitting diodes having thermally

activated delayed fluorescence emitters”

2. Masaki Tanaka, Ryo Nagata, Hajime Nakanotani and Chihaya Adachi, The 4"

International TADF Workshop, Fukuoka, Japan (August 19, 2019).

“Analysis of TADF-OLED characteristics based on external magnetic field effect”

3. Masaki Tanaka, Ryo Nagata, Hajime Nakanotani and Chihaya Adachi, The 24"
International KRUTYN SUMMER SCHOOL 2019, Krutyf, Poland (September 4,
2019).

“Analysis of TADF-OLED characteristics based on external magnetic field effect”

4. Masaki Tanaka, Ryo Nagata, Hajime Nakanotani and Chihaya Adachi, The 26

International Display Workshop, Sapporo Japan (November 27, 2019)
“Analysis Method for Dynamics of Exciton in Organic Light-Emitting Diodes
Based on Thermally Activated Delayed Fluorescence Emitters: Magnetic Field

Effect as Footprint of Exciton”

Presentations at domestic conferences

1. W IR, BFH OKE. PSS —. E THER
HGHEL 5w B 26 mfl&. 6 H 21 H. 2018 . H il
“TADF-OLED O {LBIRICE T 2R ART PAZLE F X VT NT VR

D BAFR”

2. W IER. B ORE. PEHA 0 KE TER

149



5 79 MGV SESMEEAEEES. 9 H 20 H. 2018 £, EHIE

“TADF-OLED D% {LiBRIC BT 5 FHe A =7 b vZAl & FEEE S (L F g

. Hp IEE, KH sE. REA . E TR
G EL 5ime 56 28 [MIfl&. 6 A 13 H. 2019 4F, HEUAP

“EATHHEVIEERE 5 EL 1< 3515 2 S8R5 Hhnzh 51>

. He IE, kE =, RS . SE TIEER
% 80 [mC YA A EAEES. 9 H 18 Hy 2019 4, dbifFdE

“SERES ENINZH R % R U 72 TADF-OLED R¢: o T (1)

. Hp IEE, KE =, REe . E TIEER
% 80 [MCHYH A EAEES. 9 H 18 Hy 2019 4, dbiffdE

“ILERTE IS EN NN % R L 72 TADF-OLED 44 o fi##r (1)

150



Acknowledgements

The studies in this thesis were carried out at Adachi laboratory, Department of
Chemistry and Biochemistry, Graduate School of Kyushu University from 2017-2019.

I am deeply grateful to Professor Chihaya Adachi for supervising this thesis,
excellent experimental environment, helpful discussion, and advise for all of my works.
I would also deeply grateful to Professor Yuji Oki and Professor Takuma Yasuda for co-
supervising of this thesis. I would also like to thank Associate Professor Hajime
Nakanotani for useful comments and helps in preparing of my papers. All the studies in
this thesis were financially supported by the Program for Building Regional Innovation
Ecosystems of the Ministry of Education, Culture, Sports, Science and Technology, Japan.
Dr. Kentaro Harada and Ms. Sachiko Higashikawa supported my work in this program.
Dr. Hiroki Noda, Mr. Ryo Nagata, and Mr. Yu Esaki also helped me in many discussions
and preparation of chemicals. Ms. Keiko Kusuhara and Ms. Nozomi Nakamura also helps
in preparation and measurement of thermal properties of chemicals. Assistant Professor
Kenichi Goushi, Associate Professor Takeshi Komino (University of Hyogo), Dr. Yoichi
Tsuchiya, Dr. Chin-Yiu Chan, Dr. Yi-Ting Lee, Dr. Umamahesh Baljjapalli, Dr. Morgan
Auffray, Dr. Ayataka Endo (Kyulux), Dr. Yoshitake Suzuki (Kyulux), Associate Professor
Toshinori Matsushima, Associate Professor Ryota Kabe (Okinawa Institute of Science
and Technology Graduate University), Assistant Professor Masashi Mamada, Assistant
Professor Yuya Tanaka (Chiba University), Mr. Ko Inada, Mr. Ryota Ieuji, Mr. Yuhi Ueda,
Dr. Masayuki Yahiro (ISIT), Dr. Hiroshi Fujimoto (i*opera), Dr. Hin-Wai Mo (i’opera),
Ms. Kaori Nagayoshi (i*opera), Ms. Nao Onishi (i*opera), Ms. Hiroko Kuratomi, Ms.

Yuko Kawahara, Ms. Rei Sasagawa (Koala tech.), Ms. Hiromi Aizaki (Koala tech.), and

151



Ms. Chihiro Hino also helped me in experiments and daily life. Finally, I would like to

express my gratitude to my family for their moral support and warm encouragements.

152



