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A display is a comprehensive word of an imaging device that 

converts an output signal of an electronic device into visual information 

and displays it on a screen. The display industry has been continuously 

developed from liquid crystal displays (LCD), light-emitting diodes 



(LEDs), organic light-emitting diodes (OLEDs) to micro and large-area 

displays, and is being actively researched.

OLEDs expressed as a self-luminous display that uses organic 

materials to express color and light without a backlight. The fundamental 

working principles of OLEDs are described below. When an external 

voltage source is applied to the device, charge carriers are injected; When 

free holes and electrons recombine each other, they form excitons to emit 

photons.

OLEDs have many advantages such as no need for backlight or 

color filters which can reduce volume, provide low power consumption, 

fast response speed, excellent contrast ratio, wide viewing angle, and the 

possibility of expansion into a transparent or flexible, foldable display.

Because of these advantages, OLEDs are noted as next-generation 

displays. However, still several challenges need to overcome for better 

applications in OLEDs industry.

In order to achieve high color purity, high efficiency, and long 

device operating lifetime in organic light-emitting diodes, research has 

been ongoing. Since the color is determined by the intrinsic properties of 

the emitter, proper selection of materials is the most important in OLEDs.



For selecting emitter, various materials such as single molecules, 

heterogeneous molecules, exciplexes, fluorescent dyes, phosphorescent 

dyes, and thermally active delayed fluorescent (TADF) materials can be

used and various color emission also possible because of multiple choice 

possibilities of emitters. Among the various colors of OLEDs, the case 

of blue OLEDs, exciplex forming materials have to satisfy energy levels

larger than 2.8 eV. (EA
LUMO-ED

HOMO-Eb) It is difficult to select a common 

host forming an exciplex with high triplet energy and blue emission, and 

it has been a problem in terms of stability because a high driving voltage 

is required when driving the device. That’s why blue OLEDs exhibit 

lower efficiency and device stability compared to devices showing other 

color emission. Therefore, blue OLEDs have been continuously studied 

as hot issues to be solved for use in daily life or industry.

This thesis is about the research topic of stable conventional 

fluorescent OLEDs using greenish-blue and blue exciplex co-hosts.

In Chapter 2, devices that show greenish-blue light emission 

based on exciplex with high kISC kRISC is introduced. Due to the high 

thermal stability (Tg) of constituent materials, high stability was expected 

while forming exciplex.79 Using the combination of molecules which 



contain spiro-annulated structure hole transporting material (HTM) with

phosphine oxide containing high triplet energy (T1) electron transporting 

material (ETM), novel exciplex forming co-host was designed with the 

peak energy of 2.54 eV. Also, greenish-blue exciplex formed by -

spirobi[indolo(3,2,1-de)acridine]  (H2)] and [(1,3,5-triazine-2,4,6-

triyl)tris(benzene-3,1-diyl)]tris(diphenylphosphine oxide)  (PO-T2T)] 

shows high (kp, kISC kRISC) kinetic constants which enable efficient 

triplet harvesting and collect radiative excitons. Based on new exciplex 

systems, fabricated OLED achieved 10.6% of maximum EQE.

Operational device stability is one of the areas to be addressed 

in OLEDs. In Chapter 3, to apply exciplex forming co-host based 

OLEDs, I used yellow conventional fluorescent dopant for fabricating 

fluorescent OLEDs with extended operational device lifetime using an 

exciplex co-host. According to the photophysical properties, I found that

the energy transfer process to yellow fluorescent emitter can occur well 

because of spectra overlap between absorption of dopant and 

photoluminescence (PL) of exciplex. Utilizing a new exciplex system 

with a yellow fluorescent dopant, the fluorescent OLEDs achieved 7.2%

maximum EQE. This device showed an operational lifetime (LT50) over 

60hours at 1000 cd m-2.



In the last few decades, designing materials and optimization of 

device structure have been executed for better efficiency and stability of 

OLEDs. However, still, it is challenging in blue OLEDs part because it 

is hard to find out suitable materials for blue exciplex which have to 

satisfy energy levels larger than 2.8 eV. (EA
LUMO-ED

HOMO-Eb) In 

Chapter 4, novel deep blue exciplex and exciplex-based blue fluorescent 

OLEDs were introduced. The color gamut Commission Internationale de 

L´ Eclairage (CIE) of exciplex OLEDs (CIE y < 0.13) was shown in a

deep blue region. Expanding the basic concept of fabricating fluorescent 

OLEDs, I used blue fluorescent emitters to keep pure blue color emission.

As a result, a blue fluorescent OLEDs with a maximum EQE of 5.22%, 

4.81% was achieved.

Keywords: Fluorescent organic light-emitting diodes, exciplex, 

maximum EQE, conventional fluorescent emitter, efficient triplet 

harvesting, energy transfer
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Chapter 1. Introduction

1.1 Brief introduction of organic light-emitting diodes

Organic light-emitting diodes (OLEDs) are devices, based on 

the use of organic molecules to conduct large amounts of charge, which 

recombines to emit light. Normally, the structure of OLEDs consists of 

Anode / organic transporting materials / Cathode. Furthermore, organic 

transporting materials are divided into three-layer: hole transporting 

material (HTM) / emitting layer (EML) / electron transporting material 

(ETL). (Figure 1.1) 

The fundamental working principles of OLEDs are described

below. When an external voltage source is applied to the device, charge 

carriers are injected; holes from anode and electrons from cathode then 

moves to the transporting layer. When free holes and electrons 

recombine each other, they form excitons in the emissive layer (EML)

leading to emit photons.

OLEDs are addressed in the new field of flat-panel display due 

to their various advantages in the wide fields. In recent years, OLEDs 

attract huge attention for a large area, low cost and also can apply in 



lightweight, ultra-thin and flexible electronics. Since there are many 

advantages and wide field of application are expected, active researches 

are underway after the 20th century. In 1987, C. Tang and S. A. 

VanSlyke.1 proposed a multi-layer structure of thin-film and 1% external 

quantum efficiency (EQE) electroluminescent (EL) devices under 

vacuum deposition with below structure; indium tin oxide (ITO) / 1,1-

Bis[(di-4- tolylamino)phenyl]cyclohexane (TAPC) / tris(8-

hydroxyquinolinato)aluminum (Alq3) / Mg:Ag. Since this discovery, 

OLEDs have been actively researched and evoked scientific curiosity to 

a commercial applications incorporated into devices for bright displays 

that showing vivid colors and challenges to longevity until nowadays. 

Figure 1.2 shows the commercial products and applications adopting 

OLEDs such as a mobile phone, signature television with a large area, 

OLED wallpapers with multiple display and back light of automobiles. 



Figure 1.1 Schematic diagram of charge generation mechanisms in 
organic light-emitting diodes (OLEDs)



Figure 1.2 Commercial products and applications adopting OLEDs. (a) 
Apple iPhone 11 Pro applying curved OLED panel (Apple 2019) (b) LG 
signature TV (LG display 2019). (c) LG OLED Falls (LG Electronics 
2019). (d) OLED lighting in automobile (Audi 2016).



1.2 Determining factors in efficiency of OLEDs

In OLEDs, EQE is the representative parameter for the 

efficiency. EQE is defined as the ratio between the number of emitted 

photons per injected charge carriers in OLEDs. (Equation 1.1)2

EQE int out S/T eff PL out( , ) ( , )q (1.1)

Basically, the external quantum efficiency EQE( ) can be expressed as 

multiply of internal quantum efficiency int( ) and out-coupling 

efficiency out( ) . In detail, is the charge carrier balance factor, 

accounting for the same amounts of charge carriers are injected and an 

equal portion of them recombines to form an exciton. S/T is the 

singlet-triplet factor which also considered as components affecting int

of OLEDs. In terms of spin-statistics, in the case of two electrons, the 

singlet has a spin in the opposite direction and the case of spins in the 

same direction are called triplets. The ratio of singlet to triplet is 1:3, 

which means that the singlet 25% triplet 75% is generated. Fluorescent 

emitters can assume S/T as 0.25 and for the phosphorescent emitters 

as 1. eff PL( , )q is the effective radiative quantum efficiency factor, 



which depends on photoluminescence quantum yield (PLQY) and the 

geometric factor ( ) . eff PL( )q is expressed as below. (Equation 1.2)

r
eff PL

r nr

( ) kq
k k

(1.2)

kr and knr represent of radiative decay rate and non-radiative decay rate 

each. In cavity structure, different indices of refraction inherent in 

different materials will affect the radiative decay rate of the exciton, 

which also takes into account as Purcell factor.21,22,23 However, in the 

non-radiative decay rate, are not affected by the cavity structure so we 

don’t need to consider Purcell factor.24
out ( , ) is the out-coupling 

efficiency factor, which depends on the horizontal ratio of an emitting 

dipole ( ) and the geometric factor ( ) . These are related to the 

orientation of emitter which contributed to the degree of light 

extraction.25,26,27 Many studies have been conducted on OLEDs using 

molecules having a high horizontal orientation ratio, which showed high 

EQE.2-3,28,29-39



1.3 Exciplex-based OLEDs

Exciplex stands for excited-state charge transfer complex. It is 

formed between donor and acceptor molecules while they are excited. 

Basically, the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energy levels of the donor 

molecule are higher than acceptor molecule. Since exciplex formation 

can occurr as the charge transfer (CT) from a locally excited (LE) 

molecule to counterpart one, the wave function of the exciplex can be 

expressed as a combination of LE, CT, and neutral ground states.42,43

Exciplex in solid-state is assumed to have various geometric 

difference and distances between donor and acceptor molecules. Thus, 

Photoluminescence (PL) spectrum of exciplex normally shows broad, 

featureless, and red-shifted emission from the constituting materials 

(donor, acceptor molecule) emission.44 Also exciplexes are expected to

have small EST which enables efficient reverse intersystem crossing 

(RISC) process due to the lower overlap between the frontier 

orbitals.45,46,47

In the twentieth century, the formation of exciplex was thought 

of as the reducing factor in the efficiency of OLEDs.48,49,50 However, this 



perception changed after few advantages of exciplex were reported.

Exciplexes have small EST which enables efficient intersystem crossing 

(ISC) and reverse intersystem crossing (RISC) process for additional 

efficiency. There are two ways of fluorescence. One is molecules in the 

singlet state can fluorescence to ground state rapidly called prompt 

fluorescence (PF) and another is delayed fluorescence (DF) that 

fluorescence after singlet state being back from the ISC and RISC cycles.

Exciplex utilizes both PF and DF for efficient triplet harvesting. 

A number of papers have been published with exciplex forming 

co-host as the emitter in OLEDs.19,45-47,51-60 Also, exciplex-sensitized 

conventional fluorescent4,41,67-70 and phosphorescent OLEDs have been 

reported.2-5,8,29,61-66



1.4 Generation of OLEDs

A large number of OLEDs papers have been published since C. 

Tang and S. A. VanSlyke reported a representative EL device in 1987, to 

date that OLEDs are divided into three generations.1,4,5-20 The first 

generation OLEDs were based on fluorescent emitters that only the 

singlet excited states can participate in light emission while triplet states 

dominantly emit heat.4,41,67-70 When emitting light, fluorescence has a 

different spin direction (singlets), so it emits light quickly and easily 

when electrons fall to the ground. 

Second generation OLEDs were based on phosphorescence 

emitters with heavy metal complexes are called phosphorescent 

OLEDs.2-5,8,29,61-66 In this case, triplet excited states can be fully utilized 

for light emission and also singlet excited states which enable an internal 

quantum efficiency of up to 100%. Phosphorescent emitter (organo-

metallic compound) containing heavy metal atoms are capable of 

transition between different spin states because of spin-orbit coupling 

(heavy-atom effect).5 When emitting light, due to phosphorescence has 

the same spin direction (triplets), the electrons are slow to fall to the 

ground state, the light is emitted slowly and the emission time is long. 



Third generation OLEDs were based on thermally activated 

delayed fluorescence (TADF) emitters and triplet-triplet annihilation 

(TTA) process.16,17,18-20 The big difference between TADF and TTA is 

the number of molecules that involved in reaction; TADF is a reaction 

of a molecule and TTA is a reaction of biomolecules.18,19,20 H. Uoyama 

et al., developed TADF materials which shown small singlet and triplet 

excited states gap ( EST), to harvest triplet excited states without heavy 

metal.6 Donor-acceptor structures have been widely used in TADF 

emitters for intra-, inter-molecular energy transfer and to convert the 

triplet state excitons to the singlet state via a reverse intersystem crossing. 

Second generation OLEDs (Phosphorescence) and third-generation 

OLEDs (TADF) were based on the spin mixing process of singlet and 

triplet excited states. However, the lifetime of OLEDs still needs to 

progress because of the long decay time caused by the spin-mixing 

process.

To solve the slow decay process in the emitters, research has 

been carried out to harvest triplets using conventional fluorescence dyes 

as emitters.9,10,12-15 Sensitizing is one of the methods using a spin-mixing 

mediator, so-called sensitizer while designing emitting material. Organo-

metallic compounds or TADF materials or Exciplex has been studied as 



a suitable sensitizer. M. Baldo et al. firstly reported fluorescent OLEDs 

using a phosphorescent sensitizer.9 They used 4,4 -N,N -dicarbazole-

biphenyl (CBP) as the donor and host material, tris(2-phenylpyridine) 

iridium (Ir(ppy)3) as sensitizer, 4-(Dicyanomethylene)-2-methyl-6-

julolidyl-9-enyl-4H-pyran (DCM2) as a fluorescent dye. While excitons 

are transferred to the singlet state of the fluorescent dye, an additional 

spin-mixing process caused by heavy metal complex inducing more 

probability of energy transfer into the singlet state of the fluorescent dye

and also by a F rster energy transfer process.

H. Nakanotami et al. reported fluorescent OLEDs using a TADF 

sensitizer in 2014.10 Up-conversion from triplet states to the singlet state 

of the TADF molecule, and these additional up-converted singlet state 

can be transferred to singlet excited state of the fluorescent dye via a 

F rster energy transfer process.

The second method for overcame theoretical limit of 25% in 

fluorescent is called extra-fluorescence. M. Segal et al. reported 

fluorescent OLEDs using a mixed layer inserted structure which affects 

charge transfer (CT) states that act as precursors to excitons.15 They used 

Alq3 doped with PtOEP as the emissive layer (EML). This system shows 

that the CT spin mixing process can enormously increase the fraction of 



singlet excitons in fluorescent materials because of the CT spin mixing 

process caused by heavy metal in organo-metallic compounds.

Based on the two methods written above, these results clearly 

showed that the fluorescent OLEDs overcame the theoretical limit for 

the singlet exciton formation efficiency.

Recently, Adachi et al. reported almost 30 to 40% EQE from 

phosphorescence-based OLEDs with thick MAPbCl3 transport layer and 

light-scattering sheet.40

Through the various generation of OLEDs, still have more 

possibility and needs more challenge for a novel strategy to improve the 

efficiency and operational stability of OLEDs. As with these, OLEDs

should develop more and more. Overall schematic diagram of the

excited-state process; so-called various generation of OLEDs are 

illustrated in figure 1.3 and figure 1.4



Figure 1.3 Schematic diagram of excited-state process; (a) 1st generation: 
Fluorescent OLEDs (b) 2nd generation: Phosphorescence OLEDs 
(Organo-metallic compounds) (c) 3rd generation: Thermally activated 
delayed fluorescence (TADF) OLEDs.



Figure 1.4 Schematic diagram of excited-state and energy transfer 
process in fluorescent OLEDs (a) Phosphorescent-sensitized OLEDs (b) 
TADF-sensitized OLEDs (c) Fluorescent OLEDs based on TADF or 
exciplex host.



1.5 Outline of thesis

In this thesis, generally introduces a novel exciplex system and 

its expansion to conventional fluorescent OLEDs based on exciplex 

forming co-hosts. Especially addressed on the blue emission because of 

the low efficiency and instability of blue fluorescent is an issue to the 

commercialization of OLEDs, which need to be solved.

New exciplex forming co-host for greenish-blue emission has 

been developed. Exciplex system consists of thermally stable molecules

as donor and acceptor. Using this exciplex system, a device with 10.6% 

of maximum external quantum efficiency (EQE) was achieved. Also, 

observation of EL spectra red-shift caused by voltage increment in 

greenish-blue exciplex OLEDs analyzed as to its own unique 

characteristic (Chapter 2).

Based on the novel greenish-blue exciplex system reported in 

Chapter 2, I designed conventional fluorescent OLEDs based on 

exciplex forming co-host and yellow fluorescent emitter. I tried to fix the 

EL spectra of the H2:PO-T2T exciplex system in which the EL spectra 

changes with applied voltage. Also, greenish-blue H2:PO-T2T exciplex 

system has a high delayed components ratio (kISC  kRISC, d  ), which 



speculated as triplet harvesting would increase the proportion of singlet 

excitons that could emit additional light if energy transfer occurs well 

from exciplex to a conventional fluorescent emitter. The yellow 

fluorescent OLED showed a 7.2% maximum EQE. Besides, the 

operational device lifetime of fluorescent OLED was measured as 60

hours, which is 8.5 times longer than TCTA:B4PYMPM exciplex co-

host based fluorescent OLEDs with the same fluorescent emitter and 

doping condition. Confirmation of energy transfer occurs well in this 

exciplex system and also energy transfer process reduces the excited-

state excitons lifetime of the exciplex in fluorescent material, resulting 

in improvement of the device operational stability of the OLEDs 

(Chapter 3). 

Various emission range exciplex forming co-host based OLEDs 

with fluorescent dopant system has the potential to reach operational 

stability and efficiency with better color purity for fluorescent OLEDs. 

However, the exciplex forming co-host for deep-blue fluorescent OLEDs 

has been rarely reported because it is hard to find out suitable materials 

forming exciplex not only for blue emission range but also for

transporting energy gap of exciplex should be larger than 3.0 eV or

optical bandgap larger than 2.7 ~ 2.8 eV. I designed a new deep-blue 



exciplex system using hole transporting material (HTM) with carbazole 

moieties and electron transporting material (ETM) with triphenyl-

phosphine oxide moieties. Based on the exciplex system, a fluorescent 

device was fabricated using the blue fluorescent emitters. Fabricated blue 

fluorescent OLEDs showed a maximum EQE of 5.22%, 4.81% and an 

operational lifetime (LT50) of 0.4, 2.7 hours. Also fluorescent OLEDs 

showed EL peak wavelength ( max
EL  : 464nm / 464nm) and color 

coordinate (CIE x, CIE y: 0.13, 0.22 / 0.13, 0.17) indicating these results 

are well-matched with blue emission. (Chapter 4).   



Chapter 2. Greenish-blue exciplex forming co-host 

based Organic Light-Emitting Diodes with 10.6%

External Quantum Efficiency and high kISC kRISC

rate constants 

2.1 Introduction

Excited-state charge-transfer complex (Exciplex) was used as 

one of the candidates for composing the emitting layer. Exciplex forming 

co-hosts have outstanding advantages in OLEDs history, for example, 

exciplex forming co-host systems are expected to have small EST which 

enables efficient reverse intersystem crossing (RISC) process due to the 

lower overlap between the frontier orbitals.45,46,47 Up to now the

efficiency of exciplex which is used as the emitter in OLEDs, has been 

reported showing EQEs of 5~20% without dopant.19,45-47,51-60

Recently, the maximum external quantum efficiency (EQE) up

to 20% of exciplex-based OLEDs has been achieved by using a triplet-

confined exciplex system with 100% photoluminescent quantum yield 

(PLQY).57 In triplet-confined exciplex system, where triplet energy is 



bound to the exciplex, that reverse energy transfer from the exciplex to 

the electron donor or acceptor seems prohibited. And this can be one of 

the factors that influences on PLQY.77

In this chapter, bulky and diagonal configuration core structure, 

a spiro-bonded molecule based on indolo-acridine (H2) was selected as

a donor and having phosphine oxide moieties based on triazine core 

structure (PO-T2T) was used as an acceptor. It was intended to design an 

exciplex system that satisfies the triplet-confinement using molecules 

with high triplet energy larger than 2.90eV. 61,76,78 The spiro-bond main 

core structure worked as donor providing high triplet energy over 2.90

eV and the acceptor with a phosphine oxide also providing high triplet 

energy over 2.99 eV. Also expected that composing exciplex with a

thermally stable donor can form stable exciplex for better PLQY which 

influences on EQE.

This work presents highly efficient (kISC kRISC) kinetic constant

based on a new exciplex-forming co-host consisting of a hole-

transporting material -spirobi[indolo(3,2,1-de)acridine]  (H2)] and 

an electron-transporting material containing phosphine oxide moieties 

based on triazine-core structure [(1,3,5-triazine-2,4,6-triyl)tris(benzene-

3,1-diyl)]tris(diphenylphosphine oxide)  (PO-T2T)]. The H2:PO-T2T 



exciplex forming co-host based OLED shown a maximum EQE of 10.6% 

and a current efficiency (CE) of 24.4 cd A-1 with low operating voltage 

2.7 V. More interestingly, the device using the H2:PO-T2T exciplex 

shows EL spectra red-shift while applying voltage and this situation was 

reversible.



2.2 Experimental

2.2.1 Organic film fabrication

To fabricate organic film samples, cleanly washed quartz

substrates should be prepared after the piranha treatment. The way to 

dissolve the solution for the piranha treatment is to mix sulfuric acid 

(H2SO4) and hydrogen peroxide (H2O2) in a 3:1 ratio. The piranha 

process is done by dipping the substrate in the piranha solution for at 

least 1hour and 30 minutes and rinsing with deionized water. After 

piranha treatment, all substrates were cleaned using isopropyl alcohol 

and acetone inside of a bath to remove remains. The organic layers were 

deposited on a quartz substrate by thermal vacuum-evaporation under a 

pressure of 5.9×10-8 Torr. Metal masks were used to form an active area 

of 2×2 mm2 and to fabricate various conditions. In a single material layer 

was deposited at a rate of 1 Å/s and the deposition rate of the co-

deposited layers was 1 Å/s in total, which was calculated in proportion 

to the molar mass of composing materials.



2.2.2 Device fabrication

To fabricate exciplex OLEDs, the organic layers and aluminum 

(used as an electrode) were deposited on top of 70-nm-thick indium tin 

oxide (ITO) by the thermal vacuum-evaporation process under a pressure 

of < 1×10-7 Torr. Metal masks were used to form an active area of 2×2

mm2 and to fabricate various conditions. Before deposition, all 70-nm-

thick ITO substrates were pre-heated at 250 C for 30 minutes and 

rinsed with deionized water. After the rinsing process, all substrates were 

pre-cleaned using isopropyl alcohol and acetone inside of a bath to 

remove remains. Next, the substrates were exposed under a UV-ozone 

flux for an overall 6 minutes. (1 minute 30 seconds for nitrogen, oxygen 

each and 3 minutes for UV light) In a single material layer was deposited 

at a rate of 1 Å/s and the deposition rate of the co-deposited layers was 1 

Å/s in total, which was calculated in proportion to the molar mass of 

composing materials. The deposition rate of aluminum (used as an 

electrode) was 4 Å/s. The fabricated devices were encapsulated with a 

cover glass using UV-curable resin in a glovebox before the 

measurement of device properties.



2.2.3 Photophysical properties of an organic film

The Absorption spectra of organic films were measured using 

Cary 5000 UV-vis-NIR (Agilent Technologies) spectrophotometer. The 

PL spectra of organic films were measured using a spectrofluorometer 

(Photon Technology International) connected to a monochromator 

(Acton Research). The excitation wavelength of xenon-lamp was fixed

as 325nm for H2 neat film and H2:PO-T2T mixed film. To measure the 

solution PL spectra, H2 material was diluted in MC solvent to 10-3, 10-4,

10-5 M. The Solution PL spectra of H2 material was measured using a 

He-Cd laser (325 nm) as the excitation source and a fiber optic 

spectrometer (Ocean Optics Maya 2000) as the optical detection system.

To measure the PL efficiency, organic materials were deposited on quartz 

substrates in 30-nm thickness. 6-inches diameter integrating sphere

(Labsphere Co.), pasted with barium sulfate (BaSO4) was served as a 

darkroom for measuring accurate efficiency value, and a monochromator

(Acton Research Co.) attached to a photomultiplier tube (Hamamatsu 

Photonics K.K.) was used as the optical detection system. Detailed 

experimental information for calculation of PL efficiency value is 

described in previously reported papers.71,72,73 To measure the transient 



PL signals, nitrogen laser (337 nm) was used as the excitation light 

source, and a streak camera (Hamamatsu Photonics) was used as the 

optical detection system. Angle-dependent PL (ADPL) experiment was 

performed using a fiber optic spectrometer (Ocean Optics Maya2000).

ADPL measurement behaved on automatically rotating stages and half-

cylinder lens. The organic film attached to a half-cylinder lens without 

any refractive index difference using index matching oil. Detailed 

experimental information for the experimental setup is described in 

previously reported papers.2,34,74-75

2.2.4 Device characterization

Current density, luminance, and EL spectra were measured using 

a programmable source meter (Keithley 2400) and a radiometer 

(SpectraScan PR650). The EQEs and power efficiency of OLEDs were 

obtained from overall data of current density-voltage-luminance (J-V-L)

characteristics, EL spectra, and Lambertian correction factors.



2.3 Result and discussion

PLQY is one of several parameters that make up the EQE to 

evaluate efficiency among device characteristics. Even there are many 

factors influence photoluminescence quantum yield (PLQY) such as 

environment, morphology and so on, the basic concept of designing high 

PLQY of materials without any optical loss channel needs to satisfy 

triplet-confinement while forming exciplex.77 Basically, energy 

transition takes place from high energy to low energy. In the triplet non-

confined exciplex system, there is a possibility of an energy leakage 

pathway between exciplex and constituting molecules because the low 

energy triplet state of constituting molecules is positioned below 

exciplex states. Thus, it is important to remind that the high triplet energy 

levels of materials forming exciplex are a necessary requirement for 

better efficiency of OLEDs. This basic concept is explained 

schematically in Figure 2.1. 
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Figure 2.1 Schematic illustration of the correlation between with or 

without triplet-confined exciplex system and PLQY value.



In this work, we report a novel greenish-blue exciplex OLEDs 

based on a triplet-confined system with high (kp, kISC kRISC) kinetic

constants and more delayed fluorescence components. The OLEDs

showed a maximum EQE of 7.5% and a driving voltage of 2.7 V. 

Furthermore, reducing the formation of interface exciplex, 5 nm neat 

HTM layer was inserted between HTL and EML. As a result, a greenish-

blue device with a 10.6% maximum EQE device was fabricated. And this 

result showed 1.4times increment in EQE compared with the previous 

one and almost 63 ~ 72% of radiative singlet excitons ( s) were related 

to the emission process harvested through the delayed components.

-spirobi[indolo(3,2,1-de)acridine]  (H2)] was selected as 

donor material and [(1,3,5-triazine-2,4,6-triyl)tris(benzene-3,1-

diyl)]tris(diphenylphosphine oxide)  (PO-T2T)] was selected as 

acceptor material to form an exciplex. Figure 2.2a and figure 2.2b show 

the chemical structure of the materials used in the devices, along with 

the emitting layer structure, the highest occupied molecular orbital 

(HOMO), lowest unoccupied molecular orbital (LUMO), and triplet 

energy levels.61,76,78 H2:PO-T2T (molar ratio of 1:1) co-deposited film 

was used as the host and this exciplex satisfies triplet confinement.



Figure 2.2 (a) Chemical structures and energy levels of H2 and PO-T2T. 
(b) Triplet energy diagram of host materials (H2, PO-T2T) with H2:PO-
T2T exciplex. (c) Room-temperature absorption spectra and PL spectra 
of H2, PO-T2T, mixed H2:PO-T2T (30 nm-thick thin films)

• Energy levels were determined by CV or UPS.

• LUMO of H2 was calculated by HOMO and the optical gap



Figure 2.2c shows that the mixed film forms exciplex obviously

by the appearance of a broad, featureless PL spectra redshifted from 

those of H2 and PO-T2T.

The transient PL of the H2:PO-T2T exciplex co-deposited film

was measured for understanding the kinetic constants. All kinetic 

constants were extracted as the same method followed by previously 

reported papers.46,47,52 Figure 2.3a shows the transient PL data of H2:PO-

T2T exciplex integrated from 355 nm to 617 nm and TCTA:B4PYMPM 

exciplex from 350 nm to 750 nm as reference.52 The transient PL decays 

showed delayed emission for all films, indicating that possibility of 

efficient triplet harvesting occurs in every exciplex system. The rate 

constants of the prompt emission (kp) extracted from the steep slope of 

the decay curves in the nano-seconds scale are about 10 to the power of 

7 for H2:PO-T2T exciplex system. (Table 2.1) This value is one order 

higher than TCTA:B4PYMPM exciplex system52, which means having 

a possibility for a better radiative transition portion. Delayed emission 

constants (kd) also extracted from low boundary slope of the decay 

curves in micro-seconds scale, are almost the same as 10 to the power of 

4 for overall exciplex systems.



Figure 2.3 (a) Normalized transient PL decay curves of H2:PO-T2T and 
TCTA:B4PYMPM exciplex film (30-nm-thick deposited on a fused 
silica substrate) at room temperature. (Inset: prompt decay curves of
nanoseconds scale) (b) Experimentally obtained angle-dependent PL 
intensity of the p-polarized light emitted from a 30 nm-thick H2:PO-T2T 
exciplex film.
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However, the delayed kinetic constants (kISC kRISC) are one order larger 

than TCTA:B4PYMPM exciplex system, indicating more delayed cycles

can appear in this exciplex system. It was assumed that more delayed 

portions have a possibility for additional light emission. Overall kinetic 

constants extracted from the transient PL data of both exciplex systems 

are summarized in table 2.1.

Kinetic constants of various exciplex systems are extracted from 

below formulas46,47,52:

s s
nr ISC p rk k k k (2.1)

T ISC RISC
nr RISC d

p

k kk k k
k

(2.2)

d
ISC RISC p d

p

k k k k (2.3)

s
r p pk k (2.4)

d
ISC RISC

p d

(2.5)



The PLQY and emitting dipole orientation were also observed 

because those are influencing factors in device characteristics such as 

EQE. The PLQYs of the prompt ( p ) and the delayed components ( d )

at room temperature was calculated by the integration of the prompt and 

delayed portion of transient PL data. H2:PO-T2T shows 51% PLQY 

value.

Figure 2.3b shows that the emitting dipole orientation of H2:PO-

T2T exciplex was analyzed using the angle-dependent PL intensity. The 

angle-dependent PL of H2:PO-T2T exciplex was measured at 487 nm.

The experimental data are well fitted by a horizontal-to-vertical dipole 

ratio of h:v = 0.59:0.41 for H2:PO-T2T indicating that the transition 

dipole moments of H2:PO-T2T exciplex have a preferred orientation in 

anisotropic direction.



Figure 2.4 Schematic diagram of the device structure and energy levels 
of the consisting layers of H2:PO-T2T exciplex forming co-host based 
OLEDs. (Variation of ETL thickness 40nm/50nm/60nm while HTL 
thickness fixed as 50nm.)

• Every substrate was annealed at 250 C for 30min before evaporation

• ETL thickness variation (30nm/40nm/50nm)

• Energy levels were determined by CV or UPS.

• HOMO levels of TAPC, TCTA and H2: CV measurement

• LUMO levels of TAPC, TCTA and H2: HOMO levels + the optical gap

• HOMO levels of PO-T2T: UPS measurement

• LUMO levels of PO-T2T: CV measurement



An OLED was fabricated based on an exciplex forming co-host

as an emitter. The schematic diagram of the device structure and the 

energy levels of the consisting layers are shown in Figure 2.4. The device 

structure of OLED is same as follows; ITO (70 nm) / TAPC (50 nm) / 

TCTA (10 nm) / H2:PO-T2T (30 nm) / PO-T2T (x nm) / LiF (1 nm) / Al 

(100 nm). The thickness of the electron transporting layer (ETL) was 

changed from 40 nm to 60 nm at an interval of 10 nm. The current 

density-voltage-luminance (J-V-L) characteristics of the exciplex

OLEDs at room temperature with various ETL thickness are shown in 

Figure 2.5a. It shows the turn-on voltage of 2.7 V to 3.3 V due to different 

ETL thickness and bandgap. The EQEs and luminance of the devices are 

displayed in Figure 2.5b. The maximum efficiency of the H2:PO-T2T

exciplex forming co-host based OLED was 7.5% with greenish-blue

emission. Detailed characteristics of devices are summarized in table 2.2.
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Figure 2.5 (a) Current density-voltage-luminance (J-V-L) characteristics 
of H2:PO-T2T exciplex forming co-host based OLEDs (b) External 
quantum efficiencies (EQEs) versus luminance curves of H2:PO-T2T 
exciplex forming co-host based OLEDs
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The EL spectra of fabricated OLEDs are shown in figure 2.6a. 

Interestingly, EL spectra of H2:PO-T2T exicplex forming co-host based

OLEDs shows a red-shifted profile while applying voltage increment. To

analyze this phenomenon, firstly I considered the possibility that the 

location of the emission zone changed from the center of EML to EML 

located close to HTM or surface of HTM. To confirm this assumption, 

the simulation was performed using Luxol software, which allows the 

fabrication of virtual devices and the extraction of device properties. The 

simulated EL spectra profile (square-dot-plot) and experimentally 

achieved EL spectra data (line-plot) are shown in figure 2.6b. However,

the change of EL peak with the change of emission zone showed a 

change of about 10 nm from 486 nm to 496 nm, while the experimentally 

obtained EL spectra showed almost 36nm shift from 496nm to 532nm.

Also, full-width at half maximum (FWHM) value was increased from 

88nm to 111nm. These results indicate that the location of the emission 

zone could be one of the factors affecting EL spectra changing profile, 

but still need progress to understand other factors.

Secondly, I fabricated additional interface-exciplex OLEDs and 

bulk-exciplex OLEDs to determine whether these phenomena are 

reversible or due to the inherent property of the H2:PO-T2T exciplex.
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Figure 2.6 (a) Electroluminescence (EL) spectra profile of H2:PO-T2T
exciplex forming co-host based OLEDs while applying voltage 
increment. (b) Comparison of simulation and experimental results for EL 
spectra shifted profile.



Figure 2.7a and figure 2.7b depict the device structure with its energy 

levels. The interface-exciplex OLED structure is as followed: ITO (70 

nm) / TAPC (50 nm) / TCTA (10 nm) / H2 (30 nm) / PO-T2T (x nm) / 

LiF (1 nm) / Al (100 nm). In order to observe the profile of the EL spectra 

at the interface exciplex between pure H2 and PO-T2T, I designed the 

OLED structure without a mixed co-host. 

The bulk-exciplex OLED structure is as followed: ITO (70 nm)/ 

TAPC (50 nm) / TCTA (10 nm) / H2 (5 nm) / H2:PO-T2T (30 nm) / PO-

T2T (x nm) / LiF (1 nm) / Al (100 nm). In order to minimize the 

possibility of exciplex formation at the interface with TCTA by shifting 

the emission zone toward HTM, OLEDs having a structure in which a 

5nm pure H2 layer is inserted between HTM and EML. The thickness of

the electron transporting layer (ETL) was changed from 30 nm to 50 nm 

at an interval of 10 nm for both OLEDs. Figure 2.8a and figure 2.8b show 

the current density-voltage-luminance (J-V-L) characteristics of the 

devices. It shows the turn-on voltage of 2.7V to 3.3V due to different 

ETL thickness and bandgap. The EQEs and luminance of the devices are 

displayed in Figure 2.8c and Figure 2.8d. The maximum efficiency of 

the H2:PO-T2T bulk-exciplex OLEDs and interface-exciplex OLEDs 

were 10.6%, 1.6% each with greenish-blue emission. 
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Figure 2.7 (a) Schematic diagram of the device structure and energy 
levels of the consisting layers of H2:PO-T2T interface-exciplex OLEDs 
and (b) H2:PO-T2T bulk-exciplex OLEDs.

• Every substrate was annealed at 250 C for 30min before evaporation

• ETL thickness variation (30nm/40nm/50nm)

• Energy levels were determined by CV or UPS.

• HOMO levels of TAPC, TCTA and H2: CV measurement

• LUMO levels of TAPC, TCTA and H2: HOMO levels + the optical gap

• HOMO levels of PO-T2T: UPS measurement

• LUMO levels of PO-T2T: CV measurement
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Figure 2.8 (a) Current density-voltage-luminance (J-V-L) characteristics 
of H2:PO-T2T bulk-exciplex OLEDs and (b) H2:PO-T2T interface-
exciplex OLEDs (c) External quantum efficiencies (EQEs) versus 
luminance curves of H2:PO-T2T bulk-exciplex OLEDs and (d) H2:PO-
T2T interface-exciplex OLEDs.



It should be noted that the maximum EQE increased by 1.4 times from 

7.5% to 10.6% compared to H2:PO-T2T OLEDs that do not contain pure 

H2 (5 nm) layer between HTM and EML. This is presumably due to the 

decrease of the ratio of exciplexes formed at the interface with TCTA 

and the increase of H2:PO-T2T exciplex formation rates when the 

emission zone of the device moves toward HTM. Detailed characteristics 

of both devices are summarized in table 2.3.

Figure 2.9 represents the ratio of singlet excitons participating 

in luminescence. The devices were fabricated with an ETL thickness of 

30 nm to 50 nm at 10 nm intervals. In the simulation, the charge balance 

was assumed to be 1. Normally in conventional fluorescent OLEDs, only 

about 25% of singlet excitons are known to be involved in luminescence. 

However in H2:PO-T2T exciplex system, experimentally obtained 

maximum EQE values indicate that at least 63% and at most 72% of the 

radiative singlet excitons (
S
) are involved in the luminescence when 

comparing the simulation results with experimental values. This is

speculated as efficient triplet harvesting is possible by the delayed 

component in H2:PO-T2T exciplex system, thereby increasing the 

proportion of singlet excitons capable of emitting light.



Ta
bl

e 
2.

3
D

ev
ic

e 
pe

rfo
rm

an
ce

 o
f H

2:
PO

-T
2T

 in
te

rf
ac

e,
 b

ul
k 

ex
ci

pl
ex

 b
as

ed
 O

LE
D

s

*
Va

ria
tio

n 
of

 E
TL

 th
ic

kn
es

s (
30

nm
/4

0n
m

/5
0n

m
)w

hi
le

 H
TL

 th
ic

kn
es

s f
ix

ed
 a

s 5
0n

m
.



Figure 2.9 Air mode analysis of H2:PO-T2T exciplex forming co-host 
based OLEDs depending on PO-T2T (ETL) thickness while TAPC 
thickness fixed as 50nm. The device structure described in Figure 2.7b 
is used for the simulation.



The EL spectra of fabricated OLEDs are shown in figure 2.10a

and 2.10b. Figure 2.10c and 2.10d show the J-V-L characteristics and 

current efficiency, power efficiency plot of OLEDs. I tried to observe 

whether the EL spectra red-shift phenomena is reversible or not. The first 

measurement was conducted from 3 V to 6 V, and the second 

measurement was taken after 5 minutes from 3 V to 13.5 V. Regardless 

of the first and second measurements, both interface-exciplex and bulk-

exciplex devices showed that the EL spectra red-shift started from the 

same initial peak wavelength. All of these situations prove that this 

phenomenon is reversible due to its own characteristic of H2:PO-T2T 

exciplex.
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Figure 2.10 (a) EL spectra of H2:PO-T2T bulk-exciplex OLEDs. The 
first measurement was conducted from 3 V to 6 V, and the second 
measurement was taken after 5 minutes interval from 3 V to 13.5 V. (b)
H2:PO-T2T interface-exciplex OLEDs. (c) Current density-voltage-
luminance (J-V-L) characteristics of H2:PO-T2T bulk-exciplex and
interface-exciplex OLEDs (d) Current efficiency and power efficiency 
of the OLEDs



2.4 Conclusion

In this chapter, I introduced novel greenish-blue exciplex system 

with high delayed emission components (kISC kRISC, d ). OLEDs with 

7.5% maximum EQE were fabricated using H2:PO-T2T exciplex system. 

To reduce the formation of the interface exciplex in H2:PO-T2T OLED, 

a 5nm pure H2 layer was inserted between HTM and EML. As a result,

a device with a maximum EQE of 10.6% has been fabricated, and this 

result is 1.4 times better than the previous device. This finding suggests 

that the insertion of a buffer layer between EML and HTM or ETM has 

a possibility of increasing the exciplex formation, leading to increased 

efficiency. Also, maximum EQE value indicates that at least 63% and at 

most 72% of the radiative singlet excitons (
S

) are involved in the 

luminescence when comparing the simulation results with experimental 

values.

Another interesting point was the EL spectra showed a tendency 

to red-shift (reversible reaction) depending on the applied voltage

increment. This phenomenon was assumed as the intrinsic properties of 

the H2:PO-T2T exciplex or consisting materials.



Chapter 3. Yellow Fluorescent Organic Light-

Emitting Diodes with extended lifetime and low 

efficiency roll-off using H2:PO-T2T exciplex as 

host

3.1 Introduction

During few decades, organic light-emitting diodes (OLEDs) has 

been improved very rapidly due to advent of new generations of OLEDs

which has own advantages suggesting a breakthrough solution for 

achieving a theoretical limit of EQE and device stability. Fluorescent

OLED is one representative of the 1st generation of OLEDs. Fluorescent 

OLEDs have advantages such as low cost, long operational lifetime, and 

fast exciton decay rate. The main important point of fluorescent OLEDs 

is, how to transfer energy efficiently from host to dopant preserving more 

radiative excitons for better efficiency and optimization of a device 

structure for device stability. In general, only 25% of singlet excitons are 

known to participate in luminescence, which shows theoretical limit. To 

overcome the theoretical limit, researchers have been actively focused



on the selection of host materials or sensitizer. Exciplex hosts can be one 

of the candidates as a sensitizer for fluorescent OLEDs which composed 

of a hole transporting material (HTM) and electron transporting material

acting as a bipolar host. As exciplex is expected to have small EST

which enables efficient reverse intersystem crossing (RISC) process,

then additional triplet excitons can be harvest to singlet excitons in the 

delayed emission process. These additional excitons can be transferred

from exciplex to the dopant through the Förster energy transfer process

which influences an additional portion for maximum EQE. Sensitization

concept has been widely used to overcome the theoretical limit, then 

reached the EQE over 30% using TADF materials as host or sensitizers 

recently in fluorescent OLEDs.83,84

There have been many reports of yellow fluorescent OLEDs 

based on exciplex system.13,67-68,81-84 Few studies have focused on 

achieving high EQE and device stability. However, in the lifetime aspect, 

we still need to progress in conventional fluorescent OLEDs.

In this chapter, a yellow fluorescent OLED with extended 

operational lifetime, low operational voltage and efficiency roll-off was 

reported. This work presents fluorescent OLED based on a new exciplex-

forming co-host consisting of a hole-transporting material -



spirobi[indolo(3,2,1-de)acridine]  (H2)], and an electron-transporting 

material containing phosphine oxide and triazine core structure [(1,3,5-

triazine-2,4,6-triyl)tris(benzene-3,1-diyl)]tris(diphenylphosphine oxide)

(PO-T2T)] with high delayed emission, including ( ISC RISC , d )

kinetic constants, doped with yellow fluorescent dye: [2,8-di(t-butyl)-

5,11-di[4-(t-butyl)phenyl]-6,12-diphenylnaphthacene (TBRb)]. The 

yellow fluorescent OLED based on H2:PO-T2T exciplex forming co-

host has a maximum EQE of 7.2%, a current efficiency (CE) of 21.8 cd 

A-1 and power efficiency (PE) of 25.3 lm W-1 with low operating voltage 

2.7 V and EQE roll-off. Furthermore, the device using the H2:PO-T2T 

exciplex doped with TBRb as EML, has an LT50 of 60 hours at 1,000 cd 

m-2. This operational lifetime result is higher than previously reported 

exciplex based fluorescent OLEDs such as TCTA:B4PYMPM:TBRb,

without phosphorescent sensitizer.13



3.2 Experimental

3.2.1 Organic film fabrication

To fabricate organic film samples, cleanly washed quartz 

substrates should be prepared after the piranha treatment. The way to 

dissolve the solution for the piranha treatment is to mix sulfuric acid 

(H2SO4) and hydrogen peroxide (H2O2) in a 3:1 ratio. The piranha 

process is done by dipping the substrate in the piranha solution for at 

least 1hour and 30 minutes and rinsing with deionized water. After 

piranha treatment, all substrates were cleaned using isopropyl alcohol 

and acetone inside of a bath to remove remains. The organic layers were 

deposited on the quartz substrate by the thermal vacuum-evaporation 

process under a pressure of 6×10-8 Torr. Metal masks were used to form

an active area of 2×2 mm2 and to fabricate various conditions. In a single 

material layer was deposited at a rate of 1 Å/s and the deposition rate of 

the co-deposited layers was 1 Å/s in total, which was calculated in 

proportion to the molar mass of composing materials.



3.2.2 Device fabrication

To fabricate exciplex OLEDs, the organic layers and aluminum 

(used as the cathode) were deposited on top of 70-nm-thick indium tin 

oxide (ITO) by the thermal vacuum-evaporation process under a pressure 

of < 7.6×10-8 Torr. Metal masks were used to form an active area of 2×2

mm2 and to fabricate various conditions. Before deposition, all 70-nm-

thick ITO substrates were pre-heated at 250 C for 30 minutes and 

rinsed with deionized water. After the rinsing process, all substrates were 

pre-cleaned using isopropyl alcohol and acetone inside of a bath to 

remove remains. Next, the substrates were exposed under a UV-ozone 

flux for an overall 6 minutes. (1 minute 30 seconds for nitrogen, oxygen 

each and 3 minutes for UV light) In a single material layer was deposited 

at a rate of 1 Å/s and the deposition rate of the co-deposited layers was 1 

Å/s in total, which was calculated in proportion to the molar mass of 

composing materials. The deposition rate of aluminum (used as an

electrode) was 4 Å/s. The fabricated devices were encapsulated with a 

cover glass using UV-curable resin in a glovebox before the

measurement of device properties.



3.2.3 Photophysical properties of an organic film

The Absorption spectrum of [2,8-di(t-butyl)-5,11-di[4-(t-

butyl)phenyl]-6,12-diphenylnaphthacene  (TBRb)] was measured 

using Cary 5000 UV-vis-NIR (Agilent Technologies) spectrophotometer. 

The TBRb solution was prepared by dissolving the TBRb material at a 

concentration of 10-5M in methylene chloride solvent.13 The PL spectra 

of organic films were measured using a spectrofluorometer (Photon 

Technology International) connected to a monochromator (Acton

Research). The excitation wavelength of xenon-lamp was fixed as 

325nm for H2, PO-T2T neat film, H2:PO-T2T mixed film, and H2:PO-

T2T:TBRb doped film. To measure the PL efficiency, organic materials 

were deposited on quartz substrates in 30-nm thickness. 6-inches 

diameter integrating sphere (Labsphere Co.), pasted with barium sulfate 

(BaSO4) was served as a darkroom for measuring accurate efficiency 

value, and a monochromator (Acton Research Co.) attached to a 

photomultiplier tube (Hamamatsu Photonics K.K.) was used as the 

optical detection system. Detailed experimental information for 

calculation of PL efficiency value is described in previously reported

papers.71,72,73 To measure the transient PL signals, nitrogen laser (337 nm) 



was used as the excitation light source, and a streak camera (Hamamatsu 

Photonics) was used as the optical detection system. Angle-dependent 

PL (ADPL) experiment was performed using a fiber optic spectrometer 

(Ocean Optics Maya2000). ADPL measurement behaved on 

automatically rotating stages and half-cylinder lens. The organic film 

attached to a half-cylinder lens without any refractive index difference 

using index matching oil. Detailed experimental information for the 

experimental setup is described in previously reported papers. 2,34,74-75

3.2.4 Device characterization

Current density, luminance, and EL spectra were measured using 

a programmable source meter (Keithley 2400) and a radiometer 

(SpectraScan PR650). The EQEs and power efficiency of OLEDs were 

obtained from overall data of current density-voltage-luminance (J-V-L)

characteristics, EL spectra, and Lambertian correction factors. Device 

lifetime was measured using (Polaronix M6000T) device operation 

system. A current depending on initial luminance of 1,000 cd m-2 was 

applied to the device until it reached 50% of the initial luminance.



3.3 Result and discussion

Based on previously reported exciplex in chapter 2 which shown

about 12 powers of 10 delayed kinetic constant (kISC kRISC) and EL 

spectra red-shift occurs while applying voltage increment, I expect 

better EQE and device stability if it applied to fluorescent OLEDs due 

to better photoluminescence quantum yield and fixed EL spectra.

Figure 3.1 depicts the overall excited-state process while transferring 

energy from exciplex to conventional fluorescent dye.

-spirobi[indolo(3,2,1-de)acridine]  (H2)] was selected as 

donor material and [(1,3,5-triazine-2,4,6-triyl)tris(benzene-3,1-

diyl)]tris(diphenylphosphine oxide)  (PO-T2T)] was selected as 

acceptor material to form an exciplex. [2,8-di(t-butyl)-5,11-di[4-(t-

butyl)phenyl]-6,12-diphenylnaphthacene  (TBRb)] known to have 

high PLQY10,13,85 was used as a conventional fluorescent emitter.

Figure 3.2a shows the chemical structures of the materials used in the 

devices (EML) the highest occupied molecular orbital (HOMO), 

lowest unoccupied molecular orbital (LUMO) energy levels.61,76,78



Figure 3.1 Schematic illustration of the excited-state process while 
transferring energy from exciplex to conventional fluorescent dye.



Figure 3.2 (a) Molecular structure and energy levels of the exciplex-
forming host and fluorescent emitter. (b) The room-temperature 
absorption spectrum of TBRb (short dot) and PL spectra of H2 (line with 
rectangulars), PO-T2T (line with circles), and co-deposited H2:PO-T2T 
(line with upward triangles) 30nm-thick thin film and TBRb (line with 
downward triangles).



Figure 3.2b shows an absorption spectrum of TBRb and the PL spectra 

of H2, PO-T2T neat film, H2:PO-T2T (molar ratio of 1:1) co-deposited 

film. The large spectral overlap between the absorption spectrum of 

TBRb and the PL spectrum of the H2:PO-T2T exciplex, meaning 

efficient F rster energy transfer occurs from exciplex to the singlet of 

TBRb. The F rster radius from H2:PO-T2T exciplex to the TBRb dopant 

was calculated as 4.6 nm. Figure 3.3a shows the PL spectra of 0.5wt%, 

1wt%, 2wt% TBRb doped in the H2:PO-T2T-mixed co-host 30 nm-film. 

As the concentration of TBRb doping was increased, exciplex emission 

gradually decreased, indicating that energy transfer from exciplex to 

TBRb occurred efficiently. The PLQYs of the three films were 45% 

(with 0.5wt TBRb), 52% (with 1wt% TBRb), 57% (with 2wt% TBRb) 

and emission peak at 565nm, emitting dipole orientation ( ) value is 

well fitted by a horizontal-to-vertical dipole ratio TBRb h:v = 0.84:0.16

indicating the emitting dipole orientation results match with the 

previously reported TBRb dopant properties.10,13,85
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Figure 3.3 (a) PL spectra of 0.5, 1, 2wt% TBRb doped in the H2:PO-
T2T-mixed film. (b) Transient PL of the H2:PO-T2T mixed film, TBRb 
doped in H2 film and the H2:PO-T2T:2wt% TBRb film (x-axis: 
nanoseconds scale) (c) Transient PL decay curves in microseconds scale



To confirm the energy transfer process between exciplex and 

fluorescent dopant, I measured transient PL. Figure 3.3b and Figure 3.3c 

show the transient PL data of the H2:PO-T2T mixed film, TBRb doped 

in H2 film and the H2:PO-T2T:2wt% TBRb film. Every film doped with 

the fluorescent dopant shows that the radiative decay rate decreased to

several hundred nanoseconds. Also, more delayed fluorescence was 

observed in TBRb doped in H2:PO-T2T exciplex film than TBRb doped 

in neat H2 film. This suggests that additional fluorescence can affect the 

efficiency of the device.

To identify the effect of the fluorescent dopant, an OLED was 

fabricated based on H2:PO-T2T exciplex co-host and TBRb as an emitter. 

The schematic diagram of the device structure and the energy levels of 

the consisting layers are shown in Figure 3.4a. The device structure of 

fluorescent OLED was same as follows; ITO (70 nm) / TAPC (65 nm) / 

TCTA (10 nm) / H2 (5 nm) / H2:PO-T2T:2wt% TBRb (30 nm) / PO-T2T 

(65nm) / LiF (1 nm) / Al (100 nm). 1,1-Bis[(di-4-

tolylamino)phenyl]cyclohexane (TAPC) and 4,4 4 -Tris(carbazol-9-

yl)triphenylamine  (TCTA) were selected as hole-transport material 

(HTM) in OLED devices.



It's high ionization potential (IP=5.6V, 5.8V) and hole mobility shows 

good hole injection and transport properties widely used.86,87 Fabricated 

device shows EL emission peak at 565nm indicating efficient F rster 

energy transfer to TBRb. (Figure 3.4b)

The current density-voltage-luminance (J-V-L) characteristics of 

the exciplex OLED and exciplex-based conventional fluorescent OLED 

at room temperature are shown in Figure 3.4c. Both devices showed a

turn-on voltage of 2.7V. The EQEs and luminance of the devices are 

displayed in Figure 3.4d. The maximum efficiency of the fluorescent 

OLEDs was 7.2% with yellow emission.
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Figure 3.4 (a) Schematic diagram of the fluorescent device structure and 
energy levels of the consisting layers of H2:PO-T2T:TBRb fluorescent 
OLEDs (b) Electroluminescence (EL) spectra at 1,000 cd m-2. (c) Current 
density-voltage-luminance (J-V-L) characteristics of H2:PO-T2T and 
H2:PO-T2T:TBRb OLEDs (d) External quantum efficiencies (EQEs) 
versus luminance curves of H2:PO-T2T and H2:PO-T2T:TBRb OLEDs

• Every substrate was annealed at 250 C for 30min before evaporation

• Energy levels were determined by CV or UPS.

• HOMO levels of TAPC, TCTA and H2: CV measurement

• LUMO levels of TAPC, TCTA and H2: HOMO levels + the optical gap

• HOMO levels of PO-T2T: UPS measurement

• LUMO levels of PO-T2T: CV measurement
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As refer to EQEs of fluorescent OLEDs as a function of luminance 

(figure 3.4d), comparing the EQE values at 5,000 cd m-2 from the 

maximum EQE, data shows a decrease about 31% from 7.2% to 5% for 

fluorescent OLEDs and a 65% reduction from 10.6% to 3.8% for 

exciplex-based OLEDs. These prove efficiency roll-off decreased in 

fluorescent OLEDs compared with H2:PO-T2T exciplex OLEDs.

Detailed characteristics of the device are summarized in table 3.1.

Figure 3.5a shows the decay of the EL intensity of the OLEDs 

as a function of operating time under constant current at an initial 

luminance (L0) of 1,000 cd m-2. Although 312.7 h of a lifetime has been 

reported in 2017, based on TCTA:B4PYMPM exciplex with Ir(ppy)3 as 

a sensitizer and TBRb as a fluorescent dopant, I only focused on 

comparing conventional fluorescent OLEDs based on exciplex as host 

from the previous result.13 The LT50 lifetime of the yellow fluorescent 

OLEDs was 60 h at 1,000 cd m-2 in TBRb doped with H2:PO-T2T 

exciplex system. This result is about 8.5 times better than TBRb doped 

with TCTA:B4PYMPM exciplex system and 1,000 times better than 

H2:PO-T2T exciplex forming co-host based OLEDs.13



I assumed this prolonged lifetime comes from fixed EL spectra 

compared with H2:PO-T2T exciplex-based OLEDs and reduced exciton 

radiative decay rate constant from transient PL data.

To analyze the reason for an extended lifetime in H2:PO-

T2T:TBRb fluorescent OLEDs, I compared transient PL data between 

TBRb doped in H2:PO-T2T exciplex and TCTA:B4PYMPM exciplex.

(Figure 3.5b) Since the prompt radiative decay rate of H2:PO-T2T:TBRb 

is faster than TCTA:B4PYMPM:TBRb, it could be assumed that the time 

for exciton remains in the excited state is reduced, and the proportion of 

degradation products produced in the excited state is reduced, resulting 

in a relatively extended lifetime.
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Figure 3.5 (a) Operational lifetime of OLEDs at an initial luminance (L0)
of 1,000 cd m-2. (b) Comparison of transient PL data between TBRb 
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3.4 Conclusion

I fabricated yellow fluorescent OLEDs with fixed EL peak 

wavelength (595nm). The fluorescent OLEDs based on H2:PO-T2T 

exciplex shows improved efficiency roll-off compared with H2:PO-T2T 

exciplex based-OLEDs. The LT50 lifetime of the yellow fluorescent 

OLEDs was 60 h at 1,000 cd m-2 in TBRb doped with H2:PO-T2T 

exciplex system. This result is about 8.5 times better than TBRb doped 

with TCTA:B4PYMPM exciplex system and 1,000 times better than 

H2:PO-T2T exciplex OLEDs.



Chapter 4. Blue Fluorescent Organic Light-

Emitting Diodes based on blue exciplex forming co-

hosts

4.1 Introduction

Efficient blue exciplex-forming co-host based organic light-

emitting diodes (OLEDs) with device stability are still challenging issues

since it has been actively researched after the 20th century.91,92,93 To 

obtain better efficiency, thermally activated delayed fluorescence (TADF) 

materials were reported and used for efficient triplet harvesting via 

reverse intersystem crossing (RISC) process.97-105 Exciplex or TADF 

molecule can be one of the host candidates which has a small singlet-

triplet energy difference( EST). However, still efficient blue OLEDs with

the stable blue-exciplex system has been reported rarely compared to the 

years studied.14,19,61,78,94-96

For better efficiency and operational stability in blue OLEDs, 

the sensitization concept has been widely used for harvesting additional 

radiative excitons that contribute to efficiency increment. The use of 



TADF sensitizers has proven highly successful in recent years, showing 

efficient blue fluorescent OLEDs with external quantum efficiencies 

(EQEs) up to 18.8%.10,14,106-109 However, still exciplex forming co-host 

based fluorescent OLEDs are rarely reported. In this work, I wanted to 

fabricate conventional fluorescent OLEDs based on a blue exciplex-

forming co-host.

This work presents blue fluorescent OLEDs with extended 

operational lifetime based on novel blue exciplex-forming co-host 

consisting of a hole-transporting material [9-(4-(9H-pyrido[2,3-b]indol-

9-yl)phenyl)-9H- -bicarbazole]  (pBCb2Cz)] and an electron-

transporting material containing phosphine oxide [(2,6-bis(4-

(diphenylphosphoryl)-phenyl)-pyridine)  (BM-A11)] doped with two 

different blue fluorescent dyes: [2,5,8,11-Tetra-tert-butylperylene

(TBPe)] and [N1,N6-bis(5-(tert-butyl)-2-methylphenyl)-N1,N6-bis(2,5-

dimethylphenyl)-pyrene-1,6-diamine (MBD105)].10,14,89,90 The name 

of MBD105 referred from [N1,N6-bis(5-(tert-butyl)-2-methylphenyl)-

N1,N6-bis(2,5-dimethylphenyl)-pyrene-1,6-diamine (3Me-1Bu-TPPDA)

(MBD106)] reported by Jong wook Park’s group in 2018, also MBD105

synthesized by the same group. 88

The blue fluorescent OLEDs with the pBCb2Cz:BM-A11 



exciplex host has a maximum EQE of 5.22%, 4.81% and a current 

efficiency (CE) of 7.85cd A-1, 6.25cd A-1 with low operating voltages of 

3.00, 3.30V each. More importantly, the fluorescent devices based on the 

pBCb2Cz:BM-A11 exciplex host shows extended operational lifetime 

LT50 of 0.44hours, 2.7hours at 400 cd m-2. Also fluorescent OLEDs show 

EL peak wavelength ( max
EL : 464nm / 464nm) and color coordinate (CIE 

x, CIE y: 0.1329, 0.2225 / 0.1302, 0.1770) which results are well-

matched with blue emission with y-axis close to 0.2.

The deep blue emission is defined as having a CIE coordinate y

< 0.15 along with x + y < 0.30.80 The color coordinate of fabricated 

devices are x + y < 0.30 for exciplex OLEDs which showing deep-blue 

emission and x + y < 0.35, x + y < 0.31 for blue-fluorescent OLEDs each. 

These are important because having possibility for stable highly efficient 

full-color display and high color render index (CRI) white OLED 

(WOLEDs).80



4.2 Experimental

4.2.1 Organic film fabrication

To fabricate organic film samples, cleanly washed quartz 

substrates should be prepared after the piranha treatment. The way to 

dissolve the solution for the piranha treatment is to mix sulfuric acid 

(H2SO4) and hydrogen peroxide (H2O2) in a 3:1 ratio. The piranha 

process is done by dipping the substrate in the piranha solution for at 

least 1hour and 30 minutes and rinsing with deionized water. After 

piranha treatment, all substrates were cleaned using isopropyl alcohol 

and acetone inside of a bath to remove remains. The organic layers were 

deposited on the quartz substrate by the thermal vacuum-evaporation 

process under a pressure of 2×10-7 Torr. Metal masks were used to form

an active area of 2×2 mm2 and to fabricate various conditions. In a single 

material layer was deposited at a rate of 1 Å/s and the deposition rate of 

the co-deposited layers was 1 Å/s in total, which was calculated in 

proportion to the molar mass of composing materials.



4.2.2 Device fabrication

To fabricate exciplex OLEDs, the organic layers and aluminum 

(used as the cathode) were deposited on top of 70-nm-thick indium tin 

oxide (ITO) by thermal vacuum-evaporation under a pressure of 8.6×10-

8 Torr. Metal masks were used to form an active area of 2×2 mm2 and to 

fabricate various conditions. Before deposition, all 70-nm-thick ITO 

substrates were pre-heated at 250 C for 30 minutes and rinsed with 

deionized water. After the rinsing process, all substrates were pre-

cleaned using isopropyl alcohol and acetone inside of a bath to remove 

remains. Next, the substrates were exposed under a UV-ozone flux for 6 

minutes. (1 minute 30 seconds for nitrogen, oxygen each and 3 minutes 

for UV light) In a single material layer was deposited at a rate of 1 Å/s 

and the deposition rate of the co-deposited layers was 1 Å/s in total,

which was calculated in proportion to the molar mass of composing 

materials. The deposition rate of aluminum (used as an electrode) was 4 

Å/s. The fabricated devices were encapsulated with a cover glass using 

UV-curable resin in a glovebox before the measurement of device 

properties.



4.2.3 Photophysical properties of an organic film

The Absorption spectra of [2,5,8,11-Tetra-tert-butylperylene

(TBPe)] and [N1,N6-bis(5-(tert-butyl)-2-methylphenyl)-N1,N6-bis(2,5-

dimethylphenyl)-pyrene-1,6-diamine (MBD105)] were measured 

using Cary 5000 UV-vis-NIR (Agilent Technologies) spectrophotometer. 

TBPe, MBD105 solutions were prepared by dissolving materials at a 

concentration of 10-5M in methylene chloride solvent.14 Also, the 

Absorption spectra of organic films were measured using Cary 5000 UV-

vis-NIR (Agilent Technologies) spectrophotometer. The PL spectra of 

organic films were measured using a fiber optic spectrometer (Ocean 

Optics Maya 2000) as the optical detection system. The excitation 

wavelength of He-Cd laser was set as 325nm for pBCb2Cz, BM-A11 

neat film, pBCb2Cz:BM-A11 mixed film and pBCb2Cz:BM-A11:TBPe, 

pBCb2Cz:BM-A11:MBD105 doped films. To measure the PL efficiency, 

organic materials were deposited on quartz substrates in 30-nm thickness. 

6-inches diameter integrating sphere (Labsphere Co.), pasted with 

barium sulfate (BaSO4) was served as a darkroom for measuring accurate 

efficiency value, and a monochromator (Acton Research Co.) attached 

to a photomultiplier tube (Hamamatsu Photonics K.K.) was used as the 



optical detection system. Detailed experimental information for 

calculation of PL efficiency value is described in previously reported 

papers.71,72,73 To measure the transient PL signals, nitrogen laser (337 nm) 

was used as the excitation light source, and a streak camera (Hamamatsu 

Photonics) was used as the optical detection system. Angle-dependent 

PL (ADPL) experiment was performed using a fiber optic spectrometer 

(Ocean Optics Maya2000). ADPL measurement behaved on 

automatically rotating stages and half-cylinder lens. The organic film 

attached to a half-cylinder lens without any refractive index difference 

using index matching oil. Detailed experimental information for the 

experimental setup is described in previously reported papers. 2,34,74-75



4.2.4 Device characterization

Current density, luminance, and EL spectra were measured using 

a programmable source meter (Keithley 2400) and a radiometer 

(SpectraScan PR650). The EQEs and power efficiency of OLEDs were 

obtained from overall data of current density-voltage-luminance (J-V-L)

characteristics, EL spectra, and Lambertian correction factors. Device 

lifetime was measured using (Polaronix M6000T) device operation 

system. A current depending on initial luminance of 400 cd m-2 was 

applied to the device until it reached 50% of the initial luminance.



4.3 Result and discussion

Figure 4.1a shows the molecular structures of the compounds 

used in the devices (EML), the highest occupied molecular orbital 

(HOMO), lowest unoccupied molecular orbital (LUMO), and triplet 

energy levels. [9-(4-(9H-pyrido[2,3-b]indol-9-yl)phenyl)-9H- -

bicarbazole]  (pBCb2Cz)] was selected as donor material and [(2,6-

bis(4-(diphenylphosphoryl)-phenyl)-pyridine)  (BM-A11)] was 

selected as acceptor material to form an exciplex. Two kinds of blue 

fluorescent materials were used as emitters: [2,5,8,11-Tetra-tert-

butylperylene (TBPe)] and [N1,N6-bis(5-(tert-butyl)-2-

methylphenyl)-N1,N6-bis(2,5-dimethylphenyl)-pyrene-1,6-diamine

(MBD105)].10,14,89,90 Figure 4.1b shows absorption spectra of 

fluorescent emitters: TBPe, MBD105 and the PL spectra of pBCb2Cz,

BM-A11 neat film, pBCb2Cz:BM-A11 (molar ratio of 1:1) co-

deposited film, and TBPe, MBD105 doped films. The large spectral 

overlap between the absorption spectra of TBPe, MBD105 and the PL 

spectra of the pBCb2Cz:BM-A11 exciplex, indicating the possibility 

of efficient F rster energy transfer from exciplex to the singlet of 

fluorescent emitters. The F rster radius from pBCb2Cz:BM-A11



exciplex to TBPe, MBD105 dopants were calculated as 4.30 nm, 4.14

nm each.

The PLQY and emitting dipole orientation was also observed 

because those are influencing factors in device characteristics such as 

EQE. Each values are summarized in table 4.1 and figure 4.2.

pBCb2Cz:BM-A11 shows 12% PLQY value and pBCb2Cz:BM-

A11:1wt% TBPe, pBCb2Cz:BM-A11:5wt% MBD105 shows 68%, 48% 

each. The Emitting dipole orientation of pBCb2Cz:BM-A11, 

pBCb2Cz:BM-A11:1wt% TBPe and pBCb2Cz:BM-A11:5wt% 

MBD105 were analyzed using the angle-dependent PL intensity. The 

experimental data are well fitted by a horizontal-to-vertical dipole ratio 

of h:v = 0.66:0.34 for pBCb2Cz:MB-A11, h:v = 0.74:0.26 for TBPe and

h:v = 0.86:0.14 for MBD105 indicating that the transition dipole 

moments have a preferred orientation in horizontal direction.



Figure 4.1 (a) Molecular structures of the host (pBCb2Cz, BM-A11) and 
fluorescent dopants (TBPe, MBD105) with energy levels (b) Absorption
and normalized photoluminescence (PL) spectra of pBCb2Cz (line with 
squares), BM-A11 (line with circles), pBCb2Cz:BM-A11 co-deposited 
thin films (line with upward triangles), pBCb2Cz:BM-A11:1wt% TBPe 
(line with downward triangles), pBCb2Cz:BM-A11:5wt% MBD105 
(line with leftward triangles).
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I measured the transient PL to identify the energy transfer 

process. Figure 4.3a and figure 4.3b show the transient PL of the exciplex 

emission integrated from 400nm to 600nm. The decay rate of the 

exciplex emission was faster when 1wt% TBPe and 5wt% MBD105 was 

doped in pBCb2Cz:BM-A11 exciplex indicating effective energy 

transfer occurred. While the decay curve shows single-exponential decay 

in pBCb2Cz:1wt% TBPe, pBCb2Cz:5wt% MBD105 case, fluorescent 

emitters doped in exciplex film shows more delayed fluorescence. This 

suggests the possibility of additional fluorescence resulted from delayed 

components of PL. As referred to transient PL data, figure 4.3c and 

figure 4.3d suggest that the emission of fluorescent doped films 

originated from each dopant through the efficient energy transfer process.
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Figure 4.3 Comparison of transient PL data between fluorescent emitters 
doped in pBCb2Cz:BM-A11 exciplex and neat pBCb2Cz. (a) TBPe (b) 
MBD105 (c) Time-resolved PL spectra of pBCb2Cz:BM-A11 exciplex 
film and 1wt% TBPe doped in pBCb2Cz:BM-A11 exciplex film (d) 
Time-resolved PL spectra of pBCb2Cz:BM-A11 exciplex film and 5wt% 
MBD105 doped in pBCb2Cz:BM-A11 exciplex film.



To identify the effect of the fluorescent dopant, an OLED was 

fabricated based on pBCb2Cz:BM-A11 exciplex co-host and TBPe, 

MBD105 as emitters. The schematic diagram of the device structure and 

the energy levels of the consisting layers are shown in Figure 4.4a. The 

device structure of OLEDs was same as follows but only type and 

concentration of blue fluorescent dopant were different; ITO (70 nm) / 

10wt% MoO3 doped TAPC (35 nm) / TAPC (20 nm) / pBCb2Cz (5 nm) 

/ pBCb2Cz:BM-A11:1wt% TBPe or pBCb2Cz:BM-A11:5wt%

MBD105 (30 nm) / BM-A11 (5nm) / CN-T2T (35nm) / LiF (1 nm) / Al 

(100 nm). 1,1-Bis[(di-4- tolylamino)phenyl]cyclohexane (TAPC) was 

selected as hole-transport material (HTM) in OLED devices. It's high 

ionization potential (IP=5.6V) and hole mobility shows good hole 

injection and transport properties widely used.86,87

The fabricated device shows EL emission peak at 464nm 

indicating efficient F rster energy transfer to TBPe and MBD105.

(Figure 4.4b) The current density-voltage-luminance (J-V-L)

characteristics of the fluorescent OLEDs at room temperature are shown 

in Figure 4.4c. It shows the turn-on voltage of 3.3V, 3.0V, 3.3V each. The 

EQEs and luminance of the devices are displayed in Figure 4.4d. The 

maximum efficiency of the exciplex OLEDs was 0.53% with a deep blue 



emission, TBPe-doped fluorescent OLEDs was 5.22% with blue 

emission and MBD105-doped fluorescent OLEDs was 4.81% with deep 

blue emission. Detailed characteristics of the device are summarized in 

table 4.2.
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Figure 4.4 (a) Schematic diagram of the blue fluorescent device 
structure and energy levels of the consisting layers of pBCb2Cz:BM-A11 
exciplex forming co-host based OLED and TBPe, MBD105 fluorescent 
OLEDs (b) Electroluminescence (EL) spectra at 1,000 cd m-2. (c) Current 
density-voltage-luminance (J-V-L) characteristics (d) External quantum 
efficiencies (EQEs) of OLEDs as a function of luminance.

• 10wt% MoO3 was doped to TAPC for better charge injection.

• Every substrate was annealed at 250 C for 30min before evaporation.

• HOMO levels of TAPC and TCTA: CV measurement

• LUMO levels of TAPC and TCTA: HOMO levels + the optical gap

• LUMO levels of CN-T2T: CV measurement

• HOMO levels of CN-T2T: LUMO levels + the optical gap

• Energy levels of EML: transporting energy
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To confirm how much amount of sensitizing effect occurred in

fabricated device, simulation was performed using Luxol software, 

which allows the fabrication of virtual devices and extraction of device 

properties. Comparison of the EQE value between simulated achieved 

one and experimentally achieved one. EQE values obtained through 

simulation (line-plot) depending on ETL thickness and experimentally 

achieved maximum EQE data (circle-dot-scatter) are shown in figure 

4.5a. The experimental value was about 0.08, 0.4 values as high for TBPe, 

MBD105 fluorescent OLEDs when comparing the experimentally 

obtained value with that obtained from the simulation.

Figure 4.5b shows the decay of the EL intensity of the OLEDs 

as a function of operating time under constant current at an initial 

luminance (L0) of 400 cd m-2. The LT50 lifetime of the blue fluorescent 

OLEDs was 0.44 h, 2.71 h at 400 cd m-2 in TBPe, MBD105 doped with 

pBCb2Cz:BM-A11 exciplex system. This result is about 5 times better 

than TBPe doped with mCBP:TSPO1 co-host system14 I assumed this 

prolonged lifetime comes from delayed fluorescence of exciplex 

compared with non-exciplex forming mCBP:TSPO1 co-host.



0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

Simulation
 1wt% TBPe
 5wt% MBD105

Experimental data
 1wt% TBPe
 5wt% MBD105

 A
ir 

m
od

e 
(%

)

Thickness of ETL (nm)

0.01 0.1 1 10
50
55
60
65
70
75
80
85
90
95

100
0.089h

 pBCb2Cz:BM-A11
mCBP:TSPO1:TBPe
 pBCb2Cz:BM-A11:1wt% TBPe
 pBCb2Cz:BM-A11:5wt% MBD105 2.71h

0.07h

0.44h

L/
L 0

 (%
), 

L 0
= 

40
0 

cd
 m

-2

Time (hours)

(b)

(a)

Figure 4.5 (a) Comparison of maximum EQE values obtained through 
simulation (line-plot) and experimental (circle-dot-scatter) (b) 
Operational lifetime of fluorescent OLEDs at an initial luminance (L0)
of 400 cd m-2



4.4Conclusion

I designed a novel deep blue-exciplex forming co-host. Then, 

fabricated blue fluorescent OLEDs with fixed EL peak wavelength 

(464nm). The fluorescent OLEDs based on pBCb2Cz:BM-A11 exciplex 

shows a maximum EQE of 5.22% (TBPe), 4.81% (MBD105). The LT50

lifetime of the blue fluorescent OLEDs was 0.44 h (TBPe), 2.71 h

(MBD105) at 400 cd m-2. Comparison with previously reported 

conventional blue fluorescent OLEDs, this result is about 5 times better 

than TBPe doped with mCBP:TSPO1 co-host.14



Chapter 5. Summary and Conclusion

OLEDs are addressed in the new field of flat-panel display and 

solid-state lighting due to their various advantages in a wide fields. Since 

there are many advantages and application are expected, active 

researches are underway after it discovered in 1987. However, still, blue 

OLEDs are recognized as scientific challenges in high efficiency and 

operational stability compare with other emission colors due to its large 

bandgap and selection of stable materials. Until now, studies of blue 

exciplexes are rarely reported for these reasons. If an exciplex showing 

blue emission is found, a wide range of applications may be possible in 

OLEDs.

For this reason, this thesis focusing on greenish-blue to blue region 

of exciplex forming co-host based OLEDs which can efficiently harvest 

triplet excitons using exciplex co-host and using conventional dyes for 

better color coordinate and operational stability of the device. 

In Chapter 2, the novel greenish-blue exciplex forming co-host

with better-delayed component constants and delayed emission portions

were reported. For optimizing device structure, a 5nm pure donor layer 

was inserted between HTM and EML, which maximum EQE showed 



about 1.4 times higher than the device without a pure donor layer. This 

maximum EQE value indicates that at least 63% and at most 72% of the 

radiative singlet excitons (
S
) are involved in the luminescence when 

comparing the simulation results with experimental values. Also, EL 

spectra red-shifted occur while applying voltage increment in H2:PO-

T2T exciplex-based OLEDs, and it defined as its own characteristics.

Using exciplex with better-delayed fluorescence as reported in 

Chapter 2, I tried to focus on device stability in Chapter 3. By using 

conventional fluorescent dopant with better PLQY, the yellow 

fluorescent OLEDs based on exciplex co-host showed maximum EQE 

7.2%, with extended lifetime (60 h) at 1,000 cd m-2 until initial 

luminance decreases to LT50. Compared with previously reported results

in the same condition (only exciplex system difference), these results are 

about 8.5 times higher than TCTA:B4PYMPM:2wt% TBRb.

In Chapter 4, I found novel blue exciplex forming co-host with 

triplet energy above 2.70 eV for consisting materials. For an effective 

triplet harvesting process, I use exciplex forming co-host as a sensitizer 

expecting sensitizing effect with fluorescent emitters. Also, for the 

purpose of better color coordinate with device stability, blue fluorescent 



dopants were doped with a blue exciplex system. As a result, the blue 

fluorescent OLEDs based on exciplex forming co-host showed EQE of 

5.22, 4.81%. These maximum EQE values were achieved by experiment.

I believe that still more research should need for a better future of 

OLEDs. Organic materials with good opto-electronic properties such as 

stability, suitable energy level, more radiative excitons, reduced non-

radiative excitons, I believe someday highly efficient OLEDs with a long 

operational lifetime will be invent.
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