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Abstract

There are three topics in this thesis. In the first part, acridine-carbazole-imidazole
derivatives, 10-(3,5-di(9H-carbazol-9-yl)-4-(pyrimidin-2-yl)phenyl)-9,9-dimethyl-
9,10-dihydroacridine (4Ac35CzPy) and 10-(2,5-di(9H-carbazol-9-yl)-4-(pyrimidin-2-
yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (4Ac25CzPy), provided by Prof. Man-
Kit Leung’s group, Department of Chemistry in National Taiwan University, were used
as blue thermally activated delayed fluorescence (TADF) dopants in the 9,9'-(2-(1-
Phenyl-1H-benzo[d]imidazol-2-yl)-1,3-phenylene)bis(9H-carbazole) (0-2CbzBz) host
as the emitting layer (EML) of the organic light-emitting diodes (OLEDs), which
reached the maximum current efficiency, power efficiency, and external quantum
efficiency (EQE) of 50.4 cd/A, 45.3 Im/W, and 19.7%, respectively.

In the second part of this thesis, 10-(3,5-di(9H-carbazol-9-yl)-4-(1-phenyl-1H-
benzo[d]imidazol-2-yl) phenyl)-9,9-dimethyl-9,10-dihydroacridine (4Ac26CzBz),
provided by Prof. Man-Kit Leung’s group, Department of Chemistry in National
Taiwan University, was utilized as host material doped with the sky-blue thermally
activated delayed fluorescence (TADF) dopant, 2,3,5,6-tetrakis(3,6-di-tert-butyl-9H-
carbazol-9-yl) benzonitrile (4TCzBN) as the EML of the OLED. By adjusting the
device structure, maximum current efficiency, power efficiency, and EQE of 59.84
cd/A, 62.83 Im/W, and 35.78% were achieved, respectively, which are the highest

efficiencies among all the 4TCzBN-based OLEDs, to our best knowledge.
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Chapter 1 Introduction

1.1 Overview

This thesis focuses on two main themes. First, we demonstrated sky-blue
fluorescent organic light-emitting diodes (OLEDs) based on two thermally activated
delayed fluorescence (TADF) emitter synthesized by Professor Man-kit Leung’s
research group at the Department of Chemistry, National Taiwan University. One of
the carbazole-pyrimidine derivatives achieved a maximum external quantum efficiency
(EQE) of 21.2%. Second, we introduced a novel acridine and carbazole moieties linked
to a benzimidazole core as the host of blue TADF-OLED, which was also synthesized
by Professor Man-kit Leung’s research group. EQE of 35.8% was achieved in this

device.

1.2 Introduction of TADF OLED

In a TADF material, the up conversion of triplet excitons to singlet excitons, or
called reverse intersystem crossing (RISC) process, is possible through thermal energy,
which can theoretically realize an internal quantum efficiency (IQE) of 100% [1-4]. In
recent years, the efficiencies of TADF devices have improved significantly, with the
EQE of green devices exceeding 30%, and those of blue and red devices approaching
41% and 20%, respectively [5-7]. TADF molecules usually comprise strong donors

and acceptors, which are orthogonally connected through an aromatic ring [8]. This
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design enables the materials to possess a small singlet—triplet energy splitting (AEst),

which facilitates RISC and enhances OLED efficiency [9,10].

1.3 Review of comprising acridan-pyrimidine TADF OLED

Acridine is an important electron donor moiety in designing TADF materials
[11,12]. For instance, 9,9-dimethyl-9,10-dihydroacridine exhibits moderate electron-
donating ability and a high triplet energy, making it a suitable candidate for TADF
applications. On the other hand, pyrimidine is an effective electron acceptor that has
demonstrated excellent performance in TADF systems. Emitters substituted at the 2, 4,
5, and 6 positions of pyrimidine have been explored [13,14]. Yasuda reported a series
of D—A type pyrimidine-based TADF materials with electron donors connected at the
2-position, among which 9,9-dimethylacridan,2-phenyl pyrimidine (Ac-PM) was the
bluest emitter in the series, showing a maximum EQE of 11.4% [15]. The introduction
of bulky phenyl substituents and rigid spiro structures to enhance steric shielding
increased the EQE of Ac-46DPPM to 15.5%, while that of spiro[2,7-dimethylacridan
9,90-fluorene] 2-phenyl pyrimidine (MFAc-PPM) increased to 20.4%, with their
spectral peak of electroluminescence (EL) emission slightly red-shifted to 464 nm and
470 nm, respectively [16]. On the other hand, when an electron-withdrawing cyan
group was introduced at the 5-position of the pyrimidine ring (Pm5), the EQE increased
to 30.6%; however, its spectral peak significantly red-shifted to 541 nm [17]. Hence,

maintaining blue emission while enhancing EQE remains a challenging research topic.

1.4 Review of comprising carbazole-based TADF OLED

In 2021, K. H. Choi et al. reported three carbazole-dibenzofuran derivatives, 2,8-
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di(9H-carbazol-9-yl)dibenzo[b,d]furan  (28CzDBF), 9,9'-(dibenzo[b,d]furan-2,6-
diyl)bis(9H-carbazole) (26CzDBF) and 4,6-di(9H-carbazol-9-yl)dibenzo[b,d]furan
(46CzDBF), as host materials with high triplet energies, which all showed triplet
energies above 2.95 eV. The molecular structures of these three materials are shown in
the Fig. 1-1 [18], which also presents the HOMO and LUMO distributions of 26CzDBF,
46CzDBF, and 28CzDBF. The HOMO and LUMO distribution results were similar for
these three compounds: the HOMO was mainly located on the carbazole units and
partially extended onto the dibenzofuran core, which showed carbazole unit was an

effective electron donor unit.

Q o
: O C

26CzDBF 46CzDBF 28CzDBF

(a)

(b)

LUMO (simulated)

LUMO (measured) - .
-2.66 e\ -2.66 eV

26CzDBF 46CzDBF 28CzDBF

HOMO (simulated) = e e e e

HOMO (measured)

Fig. 1-1 (a) Molecular structures of 26CzDBF, 46CzDBF and 28CzDBF, (b) HOMO
and LUMO calculated and experimental results of 26CzDBF, 46CzDBF, and 28CzDBF
[18].
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1.5 Review of blue TADF OLED with 4TCzBN as dopant

In this section, we focus on reviewing blue TADF OLEDs employing 2,3.5,6-

tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)benzonitrile (4TCzBN) as the dopant in

different host materials [19-27]. Table 1-1 summarizes the efficiency performances of

green TADF OLEDs using 4TCzBN as the dopant material in recent years. To the best

of our knowledge, the highest EQE record for blue TADF OLEDs based on 4TCzBN

was achieved using TBA-BCz-BN as the emitter, 4TCzBN as the TADF sensitizer, and

mCBP as the host, which was 30.8%. Fig. 1-2 (a) and (b) show the molecular structures

of mCBP and TBA-BCz-BN, as well as the device energy diagram. TBA-BCz-BN

exhibited an emission peak at 468 nm with a narrow FWHM of 22 nm.

Table 1-1 Review of blue TADF OLEDs with different host doped with 4TCzBN.

. EQE /PE.
Dopant Host Concentration Von References
(Im/W)
mCBP 40 wt% 16.2%/ 24.4 3.30 19
2,4-2CzBN 10% 21.5%/42.0 2.8 20
mCPBC -- 13.7%/29.2 2.9 21
PH204 40wt% 22%/-- 54 22
4TCzBN DACT-II 20% 2.1%/4.7 3.9 23
P4CzCN-PA 40wt% 13.4%/13.7 53 24
25tee 30% 22.8%/28.2 -- 25
mCBP 25wt% 30.8%/31.3 33 26
3phCN-ICz 20 wt% 22.04%/-- 3.5 27

C.E.: current efficiency. P.E.: power efficiency
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Fig. 1-2 (a) Molecular structure of TBA-BCz-BN, (b) device energy diagram, and (c)
EQE versus luminance curve of optimized blue TADF OLED with TBA-BCz-BN as
dopant [26].

1.6 Motivation

In chapter 3, two novel TADF emitters, namely 4Ac25CzPy and 4Ac35CzPy, were
successfully synthesized by Professor Man-kit Leung’s research group. Device
optimization was performed which achieved maximum EQEs of 12.4% and 21.2%. In
chapter 4, ambipolar host materials, namely 4Ac26CzBz, were designed and
synthesized by Prof. Man-Kit Leung’s group. With introduction of blue TADF dopant,

4TCzBN, maximum EQEs of 35.8% was achieved.
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Chapter 2 Experiment

This chapter describes the fabrication process and measurement methods of
organic light-emitting diodes (OLEDs) and organic thin films. OLED measurements
include current density-luminance-voltage (J-L-V) characteristics, external quantum
efficiency (EQE), operating lifetime, transient electroluminescence (TrEL), time-
resolved photoluminescence (TrPL), photoluminescence quantum yield (PLQY),

absorption and PL spectroscopy, and photoelectron spectroscopy.

2.1 OLED fabrication process

We used a patterned indium tin oxide (ITO) glass substrate through

photolithography process. Next, it was subjected to ultrasonic cleaning in acetone (ACE)
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and isopropanol (IPA) for ten minutes each. To lower the energy barrier between the
ITO and the hole injection layer (HIL), we treated the ITO substrate with O plasma in
a vacuum chamber at a pressure of 30 mtorr for five minutes to enhance its work
function. Following the O plasma treatment, the ITO substrate was placed into an
evaporation chamber where the organic layers and aluminum cathode were thermally
deposited sequentially at pressures below 8 x 10 and 5 x 107 torr, respectively. We
used another glass substrate for the encapsulation process which was carried out in a
glove box with water and oxygen levels below 0.5 ppm. Figure 2-1 shows a schematic

diagram of the resulting OLED device, which has a pixel size of 0.04 cm?2.

1.2

0.2

-

W {02

| - 278

|
1.78

Unit : cm

M: pixel I : Al cathode = : ITO[]: glass substrate
: organic layer []: packaging substrate

Fig. 2-1 Schematic diagram of OLED. (Unit: cm)
2.2 Measurement systems

2.2.1 J-V-L, EQE, and operation lifetime measurements

We used a Keithley source meter to supply voltages to the OLED and obtain the

corresponding current densities. At the same time, the lumingpgeigndIPasimuposthasso
9



electroluminescence (EL) from the OLED were measured with a spectroradiometer,
Minolta CS-1000. These results can be further used to calculate the current efficiency
(cd/A) and power efficiency (Im/W). All instruments were connected to a computer-
controlled by the Labview program.For EQE measurements, a constant current was
supplied to the OLED via a Keithley 2400. The OLED was placed on a rotation holder,
and the luminance and spectrum of the OLED were measured at different angles every
10° from 0° to 80° using the Minolta CS-1000. By integrating all the photons emitted
from the OLED over the supplied electron-hole pairs to the device, EQE can be
calculated. [1] Operation lifetime can be obtained by providing a constant current
density and measuring the luminance and voltage over time with the Keithley 2400 and
Minolta CS-1000. A schematic diagram of the system setup is shown in Figure 2-2.

Computer

Rotation
Keithley 2400 holder

Fig. 2-2 Measurement system for OLED J-V-L, EQE, and operation lifetime
performances.

2.2.2 TrEL measurement

For TrEL measurement, the time-dependent emission from the OLED was
detected by a photomultiplier tube (Hamamatsu H6780-20) which was driven with a

wave function generator (Agilent 33550B). The intensity data were then recorded by a
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computer using the TDS2004C OpenChoice program. The sensitivity of the PMT can
be adjusted using the Keithley 2400 instrument. The current through the OLED can be
obtained by measuring the voltage across the resistor (50Q2) connected in series with
the OLED. The input electrical signal can also be detected by an oscilloscope. The setup

of the TrEL system is shown in Figure 2-3.

__ Keithley 2400

Power supply pps 1021

| uerasi [P

Laames =
‘_h i Y G
rowen_ | ot

Agilent 33500B 2k0 < |
500 ?rl

HAS 4011

Fig. 2-3 TrEL measurement system.

2.2.3 TrPL and PLQY measurement

The decay curves of TrPL in Chapter 3, 4, and 5 were obtained using a picosecond
pulsed diode laser with an emission wavelength of 375 nm as the excitation source, and
a fluorescence spectrometer (Horiba iHR320) for optical signal detection with a time-
resolution of 40 ps was used th detect optical signal with selected wavelength by PMT
(Horiba DM302). The setup of the TrPL system is shown in Fig. 2-4. The PLQY in
Chapter 4 was obtained using a similar TrPL system setup, but with an integrated sphere
(Horiba Quanta-¢) instead of the sample holder, and a xenon lamp (Horiba FL-1039A,

450 W) as the excitation source, as shown in Fig. 2-4.
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Laser
(PicoQuant PDL 800-D)

PMT
(Horiba DM302)

Spectrometer
(Horiba iHR320)

Fig. 2-4 TrPL measurement system.

2.24 Absorption and PL spectra

Absorption and PL spectroscopy were used to study the energy band gap of organic
materials, energy transfer processes in host-dopant systems, and device degradation
mechanisms. The UV-Vis spectrophotometer (Hitachi U-3010) and the fluorescence
spectrophotometer (Hitachi F-4500) used in this study were supported by Prof. Man-
Kit Leung's laboratory, as shown in Figures 2-5(a) and 2-5(b), respectively. Absorption
spectra from 190 nm to 900 nm were acquired using the Hitachi U-3010. Using the

Hitachi F-4500, we can obtain PL spectra by exciting the sample at a selected
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wavelength using a xenon lamp with a monochromator and collecting the signal using

a PMT.

(a) (b)

Fig. 2-5(a) The UV-vis spectrophotometer (Hitachi U-3010) system, and (b) the PL

spectrophotometer (Hitachi F-4500).

2.2.5 Photoelectron spectroscopy

The highest occupied molecular orbital (HOMO) of organic materials was
obtained using photoelectron spectroscopy (AC2, Riken Keiki), which was conducted
by Prof. Yu-Tai Tao's laboratory, as shown in Figure 2-6. UV photons of different
energies were irradiated onto the organic film, and at threshold energy, the

photoelectrons were detected, which allowed us to obtain the HOMO value.

Fig. 2-1 AC2 measurement system.
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Chapter 3 High-efficiency blue TADF
OLED with 4Ac25CzPY and

4Ac35CzPY as the emitters

3.1 Introduction

In this chapter, we demonstrated sky-blue organic light-emitting diodes (OLEDs)
based on acridine-carbazole-pyrimidine materials as the thermally activated delayed
fluorescence (TADF) emitters, which were synthesized by Prof. Man-kit Leung's group
in the Department of Chemistry at National Taiwan University. The resulting
compounds were  10-(3,5-di(9H-carbazol-9-yl)-4-(pyrimidin-2-yl)  phenyl)-9,9-
dimethyl-9,10-dihydroacridine (4Ac35CzPy) and 10-(2,5-di(9H-carbazol-9-yl)-4-
(pyrimidin-2-yl)  phenyl)-9,9-dimethyl-9,10-dihydroacridine ~ (4Ac25CzPy) [1].
Transient PL (TrPL) results revealed delayed emission in 4Ac35CzPy and 4Ac25CzPy
based thin films. By doping 4Ac35CzPy and 4Ac25CzPy emitters into 9,9'-(2-(1-
phenyl-1H-benzo[d]imidazol-2-yl)-1,3-phenylene)bis(9H-carbazole) (0-2CbzBz) host,

the OLEDs achieved maximum EQE of 21.2% and 12.4%, respectively [2].
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3.2 Photophysical properties of 4Ac25CzPy and 4A¢35CzPy

This section provides an overview of photophysical properties of 4Ac35CzPy and

4Ac25CzPy with molecular structures shown in Fig. 3-1.

) )

o8

Fig. 3-1 Molecular structures of (a) 4Ac35CzPy and (b) 4Ac25CzPy.

Table 3-1 presented the photophysical properties of the two compounds, while Fig. 3-2
(a) and (b) showed absorption and photoluminescence (PL) spectra of two materials in
solution and neat film, respectively. The PL spectra of 4Ac25CzPy and 4Ac35CzPy in
solution revealed emission peak at 402 and 443 nm, respectively. Two emitters were
incorporated into two host materials, 9,9'-(2-(1-phenyl-1H-benzo[d]imidazol-2-yl)-1,3-
phenylene)bis(9H-carbazole) (0-2CbzBz) and 9,9',9"-(2-(1-phenyl-1H-
benzo[d]imidazol-2-yl)benzene-1,3,5-triyl)tris(9H-carbazole) (0-3CbzBz) with 12%
dopant concentration for OLED application. Hence, we also included absorption and
PL spectra of 0-2CbzBz and 0-3CbzBz in Fig. 3-2 (b). PL spectra of the host materials
showed good overlap with the absorption spectra of 4Ac35CzPy and 4Ac25CzPy,
indicating efficient energy transfer from the host to the dopants. Fig. 3-3 showed the
measurement results of photoelectron spectroscopy with Riken AC2 for the two

compounds to determine their highest occupied molecular orbital (HOMO) level. Theiggg
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optical band gap was estimated from the onset wavelength of the absorption spectrum
shown in

Fig. 3-2 and calculated used the following equation.

Eg (eV)= 1240 / Aonset™® (nm) (3-1)

where Eg and Aonset™” represented the optical bandgap and onset wavelength of the
absorption spectrum. Therefore, the lowest occupied molecular orbital (LUMO) was
obtained from the optical band gap and HOMO level, which was summarized in Table
3-1. Photophysical properties of 4Ac25CzPy and 4Ac35CzPy-doped film shown a
smaller knr,T suppresses triplet loss pathways, allowing excitons in the Tlstate to
persist longer. When krISC is not particularly large, the triplet population becomes
effectively stored, leading to an extended td elongated TrPL decay tails, and an increase
in the delayed emission contribution was shown in Fig. 3-4 TrPL measurement of
4Ac25CzPy and 4Ac35CzPy in neat film and doped film (12% in 0-2CbzBz) with (a)

40 ns and (b) 400 pus window.and the performance was summarized in Table 3-1.

Table 3-1 Photophysical properties of four compounds.

}\fonset

Amax ° E, ®° ApL® Es® ErY AEst HOMO® LUMO*®
Compound Absa
(nm) (eV) (nm) V) (V) (eV) (eV) (eV)
(nm)
4Ac25CzPy 230,284,334/290,336 402/436 2.73/2.84 508/493 328 296 0.15 5.51/5.67 2.78/2.83
4Ac35CzPy  232,285,335/290,336,406 443/460 2.62/2.69 480/508 293 2.72 0.14 547/557 2.85/2.88
0-2CbzBz  284,319,335/291,325,337 324/369 3.63/3.50 428/398 3.61 3.10 0.39 5.76/5.7 2.26/2.31
0-3CbzBz 290,322,335/ 378/390 3.57/3.36 419/410 3.49 3.10 0.25 5.77/5.80 2.20/2.66

doi:10.6342/NTU202503850
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289,325,337

“Measured in  1x10° M 2-methyl THF solution/ 60-nm thickness in the film state; °

Ey =1240.8/ Aonset of absorption (eV) ; °S1 =1240.8/A (cross point wavelength of absorption and fluorescence spectra) (eV),
9T, =1240.8/ Aonset  Of LTPH (V) ; ¢ Obtained with CV 1x10° M 2-methyl THF  solution and film measured from
AC2 and 60-nm thin-film optical gap, ELumo = Exomo —Eg ; Measured in 1x10° M 2-methyl THF solution, neat film and

12 % emitter doped in 0-2CbzBz..

(a) (b)
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Fig. 3-2 Absorption and PL spectra of (a) 4Ac25CzPy and 4Ac35CzPyin 1 x 10° M
2-methyl THF solution, and (b) four compounds in neat film.
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Fig. 3-3 AC2 measurement of (a) 4Ac35CzPy and (b) 4Ac25CzPy.
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Fig. 3-4 TrPL measurement of 4Ac25CzPy and 4Ac35CzPy in neat film and doped
film (12% in 0-2CbzBz) with (a) 40 ns and (b) 400 ps window.
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Fig. 3-5 PLQY of thin films: (a) 4Ac25CzPy neat film, (b) 4Ac35CzPy neat film, (c)
12% 4Ac25CzPy doped in 0-2CbzBz, and (d) 12% 4Ac35CzPy doped in 0-2CbzBz.

Table 3-2 Photophysical results of 4Ac25CzPy and 4Ac35CzPy-doped film.

Diotal/ Pprompt/ Paclay® P Td® Krs® Knr,1° kisc? Krisc?

[%] [ns] [ps] [x 107 s [x10%s1]  [x107s1]  [x10%sT]
4Ac25CzPy 52.8/11.4/41.4 8.2 60.0 1.4 9.4 10.9 6.8
4Ac35CzPy 65.1/11.7/53.4 11.8 73.2 1.0 4.8 7.4 7.0

2 Photoluminescence quantum yield of overall, prompt and delayed fluorescence. ° Exciton lifetime of prompt and delayed
fluorescence obtained from TrPL. Rate constant of radiative decay from S to Sy (k) and nonradiative decay of T, to Sy

(k7). YRate constant of intersystem crossing (ISC) and reverse intersystem crossing (rISC).
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3.3 Device performances of 4A¢25CzPy and 4Ac35CzPy as OLED

emitter

In our OLEDs, we employed 4,4'-Cyclohexylidenebis[N, N-bis(4-
methylphenyl)benzenamine] (TAPC), N,N'-dicarbazolyl-3,5-benzene (mCP), and
Diphenylbis(4-(pyridin-3-yl)phenyl)silane (DPPS) as the hole transporting layer (HTL),
electron blocking layer (EBL), and electron transporting layer (ETL), respectively. The
device architecture was chosen with a focus on energy level alignment and exciton
stabilization. Specifically, 0-2CbzBz was adopted as a bipolar host material. Its
absorption spectrum exhibited strong overlap with the emission of 0-2CbzBz and the
absorption bands of both 4Ac25CzBz and 4Ac35CzBz, ensuring efficient host-to-guest
energy transfer. In addition, the HOMO and LUMO energy levels of 0-2ChzBz (-5.8
eV and -2.3 eV, respectively) were well matched to confine excitons within the
emission layer (EML), thereby supporting radiative recombination. Consequently, this
host—guest configuration not only enhances device performance but also serves as an
effective platform for probing triplet-related processes in TADF systems. The
molecular structures of TAPC, mCP, and DPPS, along with the device energy diagram,

were shown in Fig. 3-6 and Fig. 3-7. The optimized TADF OLED device structure with
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acridine carbazole emitters was presented in Table 3-3, while their performances were

summarized in Table 3-4.

1.8
2.4 2.3
2.5
)8 2.8 2.0
LiF/Al
0-2CbzBz
TAPC
mCP
AAc35CzPYl Ac25C2Py DPPS
ITO |
5.1 5.5
5.7
5.3
5.9 5.8
6.5

Fig. 3-6 Energy diagram of OLEDs with 0-2CbzBz as host and 4Ac35CzPy and

4Ac25CzPy as the emitters.
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Fig. 3-7 Molecular structures of (a) TAPC, (b) mCP, (c) DPPS, and (d) 0-2CbzBz.

Table 3-3 Optimized device structure of TADF OLED with 4Ac25CzPy and

4Ac35CzPy emitters.
HTL EBL EML (30 nm) ETL EIL/cathode
Device
TAPC mCP 0-2CbzBz: 12% dopant DPPS LiF/Al
3-1 4Ac25CzPy
50 10 45 0.8/120
3-2 4Ac35CzPy
unit: nm

Table 3-4 OLEDs performances of devices 3-1 and 3-2.

Max. Max. b b b ¢
Voltage® CE PE EQE CIE
Device Luminance
W) (cd/A) (Im/W) (%) (xy)
(cd/m?)
3-1
6.7/3.3 2635 31.5/27.6/16.6 28.3/20.7/8.7 12.4/10.9/6.6 (0.166, 0.328)
(4Ac25CzPy)
3-2
7.8/3.3 2724 53.4/42.7/20.3 48.0/31.2/10.5 21.2/17.1/11.9 (0.185, 0.401)
(4Ac35CzPy)

2at J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 c¢d/m?/1000 cd/m?; *measured at maximum current
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Fig. 3-8 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢) EQE

versus J, and (d) CIE coordinates at different voltages.

Fig. 3-8 (a) presented the J-L-V characteristics of the devices. Fig. 3-8 (b) and (c)
showed the current efficiency, power efficiency, and EQE under different current
densities. For 4Ac25CzPy and 4Ac35CzPy, the maximum current efficiencies were
31.5 cd/A and 53.4 cd/A, the maximum power efficiencies were 28.3 Im/W and 48.0
Im/W, and the maximum EQEs were 12.4% and 21.2%, respectively. Fig. 3-8 (d)

illustrated the CIE coordinates as a function of driving voltage. Among the two OLEDs,

device 3-1 exhibited a lower CIE-y value, indicating that 4A023&zfa/éwmg%6}§850
23 o



emission compared to 4Ac35CzPy in photophysical properties. The 4Ac35CzPy
achieved the highest EQE value (21.2%) compared to 4Ac25CzPy, which was
attributed to its higher PLQY doped in 0-2ChzBz as listed in Table 3-2 Photophysical
results of 4Ac25CzPy and 4Ac35CzPy-doped film. Fig. 3-9 showed the
electroluminescence (EL) spectra of OLEDs with 3-1 and 3-2 as the EML, featuring
spectral peaks at 484 nm and 490 nm, respectively, which were consistent with their PL
spectra. Fig. 3-10 showed the TrEL results, where both devices exhibited long-delayed

emission attributed to their TADF characteristics.
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Fig. 3-9 EL spectra of devices (a) 3-1 and 3-2 with 4 V, (b) 3-1 and 3-2 with 9 V, (c) 3-

1, and (d) 3-2 with different voltages.
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Fig. 3-10 TrEL of devices (a) 3-1 and 3-2 with J = 1 mA/cm?, (b) 3-1 and 3-2 with ] =

1 mA/cm?, and switched to -9 V after t > 0, (c) 3-1 with different current densities, (d)
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3-1 with different reverse bias after t > 0, (e) 3-2 with different current densities, (f) 3-
2 with different reverse bias after t > 0, (g) shorter time scale (15 ps) of 3-1 with
different reverse bias after t > 0, and (h) shorter time scale (15 ps) of 3-2 with different

reverse bias after t > 0.

3.4 Optimization procedure of TADF OLED with 4Ac35CzPy as the

emitter

In sections 3-4, we demonstrated the optimization process with 4Ac35CzPy as the
emitters by selecting the host materials, varying dopant concentrations, and changing

ETL and HTL thicknesses for achieving highest maximum EQE.

3.4.1 Selection of host materials

To achieve higher EQE, we first selected the host materials between 0-2CbzBz
and 0-3CbzBz for 4Ac35CzPy emitter. The energy diagram of the OLEDs was shown

in Fig. 3-11, with two hosts, i.e. 0-2CbzBz and 0-3CbzBz. Table 3-5 presented the
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device structures, and their performances were summarized in Table 3-6.

1.8
2.4 2.3 2.3
2.5
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0-3ChzBz
4Ac35CzPy
ITO_|
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5.3 I
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Fig. 3-11 Energy diagram of OLEDs with 4Ac35CzPy-doped in 0-2CbzBz and o-

3CbzBz as the EML.

/Ph

Fig. 3-12 Molecular structure of 0-3CbzBz.

Table 3-5 Device structures of OLEDs with 0-2CbzBz and 0-3CbzBz.

HTL EBL EML ETL EIL/cathode
Device
TAPC mCP Host: 12% 4Ac35CzPy DPPS LiF/Al
3-2 50 10 0-2ChzBz 55 0.8/120
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3-3 0-3ChzBz

unit: nm

Table 3-6 OLED performances of devices (a) 3-2 and (b) 3-3.

Max.
Voltage?* CEP PEP EQEP CIE®
Device Luminance
V) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
3-2
7.8/3.3 2724 53.4/42.7/20.3 48.0/31.2/10.5 21.2/17.1/11.9 (0.185, 0.401)
(0-2ChzB2z)
3-3
6.3/3.1 3938 36.3/33.7/16.8 28.5/25.5/8.9 13.4/11.9/6.3 (0.194, 0.425)
(0-3CbhzBz)

2t J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 c¢d/m?*/1000 cd/m?; “measured at maximum current

efficiency.
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Fig. 3-13 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢)

EQE versus J, and (d) CIE coordinates at different voltages.
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Table 3-5 presented the OLED performances with 0-2CbzBz and 0-3CbzBz as
hosts doped with 4Ac35CzPy as the EML. Fig. 3-13 (a) showed the J-V curves. Under
the same driving voltage, device 3-3 exhibited higher current density and luminance
than device 3-2. Current efficiency, power efficiency, and EQE under different current
densities were plotted in Fig. 3-13 (b), (c), and (d), respectively. Devices 3-2 and 3-3
exhibited maximum current efficiency, maximum power efficiency, and maximum
EQE of 53.4 c¢d/A and 36.2 cd/A, 48.0 Im/W and 28.5 Im/W, and 21.2% and 13.4%,
respectively. Fig. 3-13 (d) showed CIE coordinates, where device 3-2 exhibited a lower
CIE-y value. Fig. 3-14 presented the EL spectra of devices 3-2 and 3-3, where both
exhibited 4Ac35CzPy emission, indicating successful energy transfer from host to
dopant. Fig. 3-15 showed the TrEL measurement of devices 3-2 and 3-3, where delayed

emission was observed from both OLEDs.
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Fig. 3-14 EL spectra of devices (a) 3-2 and 3-3 with 4 V, (b) 3-2 and 3-3 with 9 V, (¢)

25 doi:10.6342/NTU202503850



3-2, and (d) 3-3 with different voltages.
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Fig. 3-15 TrEL of devices (a) 3-2 and 3-3 with ] = 1 mA/cm?, (b) 3-2 and 3-3 with J =

1 mA/cm?, and switched to -9 V after t > 0, (c) 3-2 with different current densities, (d)

3-2 with different reverse bias after t > 0, (e) 3-3 with different current densities, (f) 3-
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3 with different reverse bias after t > 0, (g) shorter time scale (15 ps) of 3-3 with
different reverse bias after t > 0, and (h) shorter time scale (15 us) of 3-2 with

different reverse bias after t > 0.

3.4.2 Optimization of dopant concentration

After selecting 0-2CbzBz as the host of the OLEDs, then we changed the
4Ac35CzPy concentration in 0-2CbzBz from 9%, 12%, to 15% for optimizing the
maximum EQE. Table 3-7 showed the device structures and Fig. 3-16 showed the

energy diagram of the OLED.

1.8
2.4 2.3
2.5
2.6
2.8 ——
LiF/Al
0-2CbzBz
TAPC
mCP
1Ac35CzPY DPPS
ITO |
5.1 5.5
5.3
5.8
5.9

6.5

Fig. 3-16 (a) Energy diagram of OLEDs with 4Ac35CzPy doped into 0-2CbzBz.

Table 3-7 Device structures of OLEDs with different concentrations of 4Ac35CzPy

doped into 0-2CbzBz.

Device HTL EBL EML ETL EIL/cathode

" doi:10.6342/NTU202503850



TAPC mCP 0-2CbzBz: X% 4Ac35CzPy DPPS LiF/Al

3-4 9%
3-2 50 10 12% 55 0.8/120
3-5 15%

unit: nm

Table 3-8 OLED performances of devices 3-4, 3-2, and 3-5.

Max.
Voltage? CEP PE® EQEP CIE*
Device Luminance
V) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
3-4
6.8//3.3 3215 50.4/39.7/18.5 45.3/27.9/9.3 19.7/15.5/7.5 (0.178, 0.382)
(9%)
3-2
7.8/3.3 2724 53.4/42.7/20.3 48.0/31.2/10.5 21.2/17.1/11.9 (0.185, 0.401)
(12%)
3-5
6.5/3.2 3200 51.9/41.3/20.1 46.7/30.6/10.8 19.0/15.3/7.2 (0.181, 0.397)
(15%)

2t J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?/1000 cd/m?; “measured at maximum

current efficiency.
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Fig. 3-17 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢)

EQE versus J, and (d) CIE coordinates at different voltages.

Fig. 3-17 and Table 3-8 summarize the OLED performances with different

4Ac35CzPy concentrations. Fig. 3-17 (a) showed the J-V and L-V characteristics. As

the dopant concentration decreased from 15% (device 3-6) the driving voltage at J = 10

mA/cm? was 6.8 V, indicating that 4Ac35CzPy improved carrier injection and transport.

The OLED doped with 12% 4Ac35CzPy (device 3-2) exhibited the highest current

efficiency, power efficiency, and EQE of 53.4 cd/A, 48.0 Im/W, and 21.2%, respectively

Fig. 3-17 (b), (c), and (d). Fig. 3-19 showed the TrEL decay curves of devices 3-4, 3-2,

and 3-5 in a 1600 ps window, which exhibited long-delayed emission attributed to their

TADF characteristics.
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Fig. 3-18 EL spectra of devices (a) 3-4, 3-2 and 3-5 at4 V, (b) 3-4, 3-2 and 3-5 at 9 V,

(c) 3-4, (d) 3-2 and (e) 3-5 with different voltages.
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Fig. 3-19 TrEL of devices (a) 3-4, 3-2 and 3-5 with ] = 1 mA/cm?, (b) 3-4, 3-2 and 3-5
with J = 1 mA/cm?, and switched to -9 V after t > 0 (c) 3-4 with different current
densities, (d) 3-4 with different reverse bias after t > 0, () 3-2 with different current
densities, (f) 3-2 with different reverse bias after t > 0, (g) 3-5 with different current
densities, (h) 3-5 with different reverse bias after t > 0, (i) shorter time scale (15 us) of
3-5with different reverse bias after t > 0, (j) shorter time scale (15 ps) of 3-2 with
different reverse bias after t > 0, and (k) shorter time scale (15 ps) of 3-4 with different

reverse bias after t > 0.

3.4.3 Optimization of ETL thickness

Then we fixed the different dopant concentrations in this part and adjusted the
thickness of the ETL from 50, 55, 60, to 65 nm for obtaining the highest maximum

EQE.

Table 3-9 Device structures of OLEDs with different ETL thickness.

HTL EBL EML ETL  ElL/cathode
Device 0-2CbzBz: 12%
TAPC mCP DPPS LiF/Al
4Ac35CzPy
3-6 50
3.2 55
50 10 30 0.8/120
3.7 60
3-8 65

unit: nm

Table 3-10 OLED performances of devices 3-6, 3-2, 3-7, and 3-8.
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Max.

Voltage?* CEP PEP EQE" CIE®
Device Luminance
V) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
3-6
6.6/3.3 3190 45.5/36.8/16.7 41.8/25.4/7.6 15.5/12.3/5.6 (0.173,0.367)
(50 nm)
3-2
7.8/3.3 2724 53.4/42.7/20.3 48.0/31.2/10.5 21.2/17.1/11.9 (0.185, 0.401)
(55 nm)
3-7
6.9/3.3 3293 50.4/39.3/18.1 45.2/27.0/8.9 18.9/14.8/6.9 (0.182,0.395)
(60 nm)
3-8
7.4/3.2 3036 48.5/36.9/18.5 43.6/24.1/8.7 17.8/13.6/6.9 (0.186,0.412)
(65 nm)

2t J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?/1000 cd/m?; *measured at maximum

current efficiency.
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Fig. 3-20 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (c)
EQE versus J, and (d) CIE coordinates at different voltages.
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Fig. 3-20 showed the device performances of OLEDs with different ETL
thicknesses. Fig. 3-21 (a) showed J-L-V curves. Device 3-6 exhibited the highest
current density because of the thinnest ETL. Fig. 3-20 (b), (c), and (d) were current
efficiency, power efficiency, and EQE under different current density respectively.
Device 3-2 showed the maximum current efficiency, maximum power efficiency, and
maximum EQE of 53.4 cd/A, 48.0 Im/W, and 21.2%. Fig. 3-21 showed the EL spectra
of devices 3-6, 3-2, 3-7, and 3-8. Fig. 3-22 showed the decay curves of TrEL in 1600
us window which 4Ac35CzPy exhibited long-delayed emission attributed to their

TADF characteristics.
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Fig. 3-21 EL spectra of devices (a) 3-6, 3-2, 3-7 and 3-8 with 4 V, (b) 3-6, 3-2, 3-7 and

3-8 with 9V, (c) 3-6, (d) 3-7, (e) 3-2 and (f) 3-8 with different voltages.
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Fig. 3-22 TrEL of devices (a) 3-6, 3-2, 3-7 and 3-8 with J = 1 mA/cm?, (b) 3-6, 3-2. 3-

7 and 3-8 with J = 1 mA/cm?, and switched to -9 V after t > 0, (c) 3-6 with different

current densities, (d) 3-6 with different reverse bias after t > 0, (e) 3-2 with different

current densities, (f) 3-2 with different reverse bias after t > 0, (g) 3-7 with different

current densities, (h) 3-7 with different reverse bias after t > 0, (1) 3-8 with different

current densities, (j) 3-8 with different reverse bias after t > 0, (k) shorter time scale (15

us) of 3-6 with different reverse bias after t > 0, (1) shorter time scale (15 us) of 3-2

with different reverse bias after t > 0, (m) shorter time scale (15 ps) of 3-7 with different

reverse bias after t > 0, and (n) shorter time scale (15 us) of 3-8 with different reverse

bias after t > 0.
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3.4.4 Optimization of EML thickness

Here, we fixed dopant concentration at 12%, thickness of the ETL at 55 nm, and

tuned the thickness of EML from 25, 30, to 35 nm. The detailed device structures were

shown in Table 3-11.

Table 3-11 Device structures of OLEDs with adjusting the thickness of EML.

HTL EBL EML ETL EIL/cathode
Device
TAPC mCP 0-2CbzBz: 12% 4Ac35CzPy  DPPS LiF/Al
3-9 25
3-2 50 10 30 55 0.8/120
3-10 35
unit: nm

Table 3-12 OLED performances of devices 3-9, 3-2, and 3-10.

Max.
Voltage? CEP PEP EQEP CIE®
Device Luminance
V) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
3-9
6.4/3.2 2271 48.9/39.3/16.9 44.1/25.5/7.7 17.4/14.0/6.1 (0.179,0.386)
(25 nm)
3-2
7.8/3.3 2724 53.4/42.7/20.3 48.0/31.2/10.5 21.2/17.1/11.9 (0.185, 0.401)
(30 nm)
3-10
6.9/3.2 3532 50.4/41.3/20.4 45.2/29.1/10.2 19.6/16.2/8.0 (0.179,0.391)
(35 nm)

2t J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?/1000 cd/m?; “measured at maximum

current efficiency.

4 doi:10.6342/NTU202503850



Table 3-13 OLED performances of devices 3-9, 3-2, and 3-10.

Max.
Voltage? CEP PE® EQEP CIE®
Device Luminance
V) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
3-9
6.4/3.2 2271 48.9/39.3/16.9 44.1/25.5/7.7 17.4/14.0/6.1 (0.179,0.386)
(25 nm)
3-2
7.8/3.3 2724 53.4/42.7/20.3 48.0/31.2/10.5 21.2/17.1/11.9 (0.185, 0.401)
(30 nm)
3-10
6.9/3.2 3532 50.4/41.3/20.4 45.2/29.1/10.2 19.6/16.2/8.0 (0.179,0.391)
(35 nm)

2t J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?/1000 cd/m?; “measured at maximum

current efficiency.

(a)
4
AZ(S) —&— 3-9 (250m) e n 10
- [—e—3-2 (30 nm) e > 10°
E 40 f—a— 31035 nmy  FT 10
<35} {¢ 10°
Esol 1
225} 10
5 20 10"
o15F )
§ 12 r 110
= r K
S o 110
-5 1 1 1 L L 1 1 | L ]0‘
o0 1 2 3 4 5 6 7 8 9 10
Voltage (V)
(c)
—8—3-9 (25nm)
207 —e—3-2 (30nm)
—4&—3-10 (35 nm)
~15r
£
(S
o0
sl
5 L
0 L

0.01

0.1 1 10 100
Current Density (mA/cm’)

Luminance(cdlm2)

=
=)
T

[N
(=]
T

—_
(=]
T

Current Efficiency (cd/A)
(US]
=

CE/PE

—— /—[1—3-9 (25 nm)
—— —0=3-2 (30 nm) |
—he— —/=3-10 (35 nm)

0.1 1 10
Current Density (mA/em’)

0.01 100

60

wn

0
40

130
120
110

—&—3-9 (25nm)
—8—3-2 (30 nm)
| —&—3-10 (35 nm)

/ Increase

0.185 0.190 0.195

CIE x

0.180

Power Efficiency (Im/W)

Fig. 3-23 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢)
EQE versus J, and (d) CIE coordinates at different voltages.

Table 3-12 was device performances. Fig. 3-23 (a) was J-L-V curves, and the

current density would be lower as the EML is thicker. Fig. 3-23 (b), (c), and (d) were
doi:10.6342/NTU202503850



current efficiency, power efficiency, and EQE under different current density. Device
3-2 showed the maximum current efficiency, maximum power efficiency, and
maximum EQE of 53.4 cd/A, 48.0 Im/W, and 21.2%. Figure (d) shows the CIE
coordinates. It can be observed that y-value of the CIE coordinates in devices 3-9 was
lower because the EML were relatively thinner. Fig. 3-24 showed the EL spectra of
devices 3-9, 3-2, and 3-10, resulting from 4Ac35CzPy emission. Fig. 3-25 showed the
decay curves of TrEL which exhibited long-delayed emission attributed to their TADF

characteristics.
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Fig. 3-24 EL spectra of devices (a) 3-9, 3-2, and 3-10 with 4 V, (b) 3-9, 3-2, and 3-10

with 9V, (¢) 3-9, (d) 3-2, and (e) 3-10 with different voltages.
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Fig. 3-25 TrEL of (a) 3-9, 3-2, and 3-10 with ] = 1 mA/cm?, (b) 3-9, 3-2, and 3-10 with
J =1 mA/cm?, and switched to -9 V after t > 0, (c) 3-9 with different current densities,
(d) 3-9 with different reverse bias after t > 0, (e) 3-2 with different current densities, (f)
3-2 with different reverse bias after t > 0, (g) 3-10 with different current densities, (h)
3-10 with different reverse bias after t > 0, (i) shorter time scale (15 ps) of 3-2 with
different reverse bias after t > 0, and (j) shorter time scale (15 us) of 3-10 with different

reverse bias after t > 0.

3.5 Optimization procedure of TADF OLED with 4Ac25CzPy as

the emitter

In this section, we discuss the OLED performances with 4Ac25CzPy as the
emitters doped with two hosts, i.e. 0-2CbzBz and 0-3CbzBz. The device structures
and performances were presented in Table 3-14 and

vvTable 3-15, respectively. To achieve higher EQE, we doped a blue dopant,
4Ac25CzPy, into 0-2CbzBz and 0-3CbzBz hosts as the EML. The energy diagram
of OLEDs shown in Fig. 3-26. Table 3-14 showed device structures and
performance were summarized in

vvTable 3-15.
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Fig. 3-26 Energy diagram of OLEDs with 4Ac25CzPy-doped in 0-2CbzBz and
0-3CbzBz as the EML.

Table 3-14 Device structures of OLEDs with 0-2CbzBz and 0-3CbzBz.

HTL EBL EML ETL  ElL/cathode
Device Host: 12% 4Ac25CzPy
TAPC mCP DPPS LiF/Al
(30 nm)
3-1 0-2ChzBz
50 10 55 0.8/120
3-11 0-3CbzBz

unit: nm

vvTable 3-15 OLED performances of devices (a) 3-1 and (b) 3-11

Max.
Voltage? CEP PE® EQEP CIE®
Device Luminance
M) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
3-1
(0-2CbhzBz) 6.8/3.3 2635 31.5/27.6/16.6 28.3/20.7/8.7 12.4/10.9/6.6 (0.156, 0.396)
3-11
6.0/3.2 2548 21.5/20.8/12.1 16.9/15.9/.6.5 9.0/8.9/5.3 (0.156, 0.396)
(0-3CbzBz)

2at J = 10 mA/cm%L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?%*1000 cd/m?; “measured at maximum current
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efficiency.
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Fig. 3-27 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢)

EQE versus J, and (d) CIE coordinates at different voltages.

Fig. 3-27 showed OLED performances with 0-2CbzBz and 0-3Cbzbz doped
4Ac25CzPy as the EML. In Fig. 3-27 (a), devices 3-1 showed the J-L-V curve. Under
the same driving voltage device 3-11 exhibited higher current density than device 3-1.
Fig. 3-27 (b), (¢), and (d) were current efficiency, power efficiency, and EQE under
different current densities. Devices 3-1 and 3-11 showed the maximum current
efficiency, maximum power efficiency, maximum EQE of 31.5 cd/A and 21.5 cd/A,
28.3 Im/W and 16.9 Im/W, and 12.4% and 9.0%, respectively. Fig. 3-28 was the EL
spectra of devices 3-1 and 3-11. Both showed 4Ac25CzPy emission, which indicated

that energy transferred successfully from host to dopant. Fig. 3-29 was the TrEL
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measurement of devices 3-1 and 3-11. Delayed emission was observed from both

OLED:s.
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Fig. 3-28 EL spectra of devices (a) 3-1 and 3-11 with 4 V, (b) 3-1 and 3-11 with 9 V,

(c) 3-1, and (d) 3-11 with different voltages.
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Fig. 3-29 TrEL of (a) 3-1 and 3-11 with J = 1 mA/cm?, (b) 3-1 and 3-11 with J = 1

mA/cm?, and switched to -9 V after t > 0, (c) 3-1 with different current densities, (d) 3-
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1 with different reverse bias after t > 0, (e) 3-11 with different current densities, (f) 3-
11 with different reverse bias after t > 0, (g) shorter time scale (15 us) of 3-1 with
different reverse bias after t > 0, and (h) shorter time scale (15 ps) of 3-11 with different

reverse bias after t > 0.
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material

4.1 Introduction

In this chapter, we demonstrated blue organic light-emitting diodes (OLEDs) based
on an acridine-carbazole-benzimidazole material, serving as a bipolar host. This
material was synthesized by Prof. Man-kit Leung's group in the Department of
Chemistry at National Taiwan University. The resulting compound was 10-(3,5-di(9H-
carbazol-9-yl)-4-(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl)-9,9-dimethyl-9,10-
dihydroacridine (4Ac26CzBz) [1]. By doping a thermally activated delayed
fluorescence  (TADF) emitter, 2,3,5,6-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-
yl)benzonitrile (4TCzBN) [2], into the 4Ac26CzBz host, the OLEDs achieved a
maximum external quantum efficiency (EQE) of 35.8% and a low lit-on voltage at
luminance of 1 cd/m? was 2.9 V. These outstanding performances were attributed to the
bipolar carrier transport characteristics, well-aligned highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels for carrier
injection, relatively high photoluminescence quantum yield (PLQY), and a high degree

of horizontal orientation of the emission dipoles.

4.2 Photophysical properties of 4Ac26CzBz derivative

This section provides an overview of photophysical properties of 4Ac26CzBz
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with molecular structure shown in Fig. 4-1

L2
Q )

N N

2 e O
;

Fig. 4-1 Molecular structure of 4Ac26CzBz.

Table 4-1 summarized the photophysical properties of the compound, while Fig.
4-2 (a) and (b) presented the absorption and photoluminescence (PL) spectra of the
material in solution and in neat film, respectively. The PL spectra of the solution
revealed an emission peak at 467 nm. Fig. 4-3 displayed the photoelectron spectroscopy
results obtained using a Riken AC2 photoelectron spectrometer to determine the
HOMO energy level. The optical band gap was estimated from the onset wavelength of

the absorption spectra in Fig. 4-2, and calculated using the following equation.

Eg (eV)= 1240 /honset™® (nm) (1)

where Eq and Aonset’™®® represented the onset wavelength of the absorption spectra.
g p g rp p
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Therefore, the LUMO was obtained from the optical band gap and HOMO level, which
was summarized in Table 4-1. About transient photoluminescence (TrPL) and PLQY
measurement, this host material was further compared with 9,9'-(2-(1-phenyl-1H-
benzo[d]imidazol-2-yl)-1,3-phenylene)bis(9H-carbazole) (0-2CbzBz) which has been
recognized as a suitable candidate for OLED applications. Photophysical measurements
of 4Ac26CzBz and 0-2CbzBz-doped film shown a larger knr,T leads to rapid
dissipation of T1 excitons. Consequently, td is shortened, the contribution of delayed
emission decreases, and the TrPL decay tail becomes less pronounced, as revealed by
the TrPL results shown in  Fig. 3-4 TrPL measurement of 4Ac25CzPy and 4Ac35CzPy
in neat film and doped film (12% in 0-2CbzBz) with (a) 40 ns and (b) 400 us
window.and the performance was summarized in Table 4-2. The charge transport
characteristics of 4Ac26CzBz were investigated through current density-voltage (J-V)
measurements as shown in Fig. 4-7 (a). Electron and hole mobilities (p. and ) were
extracted using the trap-free Mott-Gurney law and trap-corrected Poole-Frenkel model
in Fig. 4-7 (b) [3,4]. At electric fields of 0.7 and 2.5 MV/cm, 4Ac26CzBz exhibited i,
=4.11 x 107° cm* Vs and pe = 6.3 x 107 cm?/Vs, respectively. In an OLED, EQE can

be obtained as,

EQE=y X np, X EUE X Noyt (2)

where y was the carrier recombination efficiency, which was supposed to be 100% in

ideal case. np, was PLQY which was 98.6% for 4Ac26CzBz. EUE was the exciton

utilization efficiency which was assumed to be 100%. The last one factor to influence
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EQE was 70u, which meant light outcoupling efficiency.

The transition dipole orientation of 4Ac26CzBz was investigated using grazing-
incidence wide-angle X-ray scattering (GIWAXS). As shown in Fig. 4-8(a), the two-
dimensional (2D) GIWAXS pattern exhibited distinct anisotropy, indicating
preferential molecular orientation in the neat film. A pronounced n-m stacking feature
appears in the out-of-plane (qz) direction with a d-spacing of 9.6 A, suggesting well-
ordered molecular packing. To quantitatively analyze the molecular orientation, we
calculated the order parameter of GIWAXS (Sciwaxs) by integrating the scattering
intensity at various azimuthal angles (), following established methodology. The
orientation parameters were determined using Eqs. 3 and 4, providing a quantitative
measure of the molecular alignment. This analysis confirmed the anisotropic nature of

the 4Ac26CzBz thin film, which was critical for understanding its optoelectronic

properties.
SGiWﬁXSZ§(3 <cos’y > -1) 3)
<cos?y >= Iy 100 (cos?x) (sin x) dx .

15° 100 (sin ) dx
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Table 4-1 Photophysical properties of 4Ac26CzBz and 4TCzBN.

)\amax a 7\«onset Absa Eg ab >\«PLa ES ¢ ET d AEST HOMO*® LUMO ©

Compound
(nm) (nm) (eV) (nm) V) (V) (eV) (eV) (eV)

2.81/3.0
4Ac26CzBz  258,287,333/296,335  392/403 ; 467/440 334 286 035 -5.53/-5.42 -2.72/-2.35

4TCzBN 250,294,338/ - 433/ - 2.73/ - 456/- 286 2.62 0.24 -5.48/ - -2.74/ -

"“Measured in  1x10° M  2-methyl THF solution/ 60-nm thickness in the film state; °

By =1240.8/ honset Of absorption (eV) ; °S; =1240.8/A (cross point wavelength of absorption and fluorescence spectra) (eV), 4T
1 =1240.8/ honset  of LTPH (eV) ; ¢ Obtained with CV 1x10° M 2-methyl THF  solution and film measured from AC2 and
60-nm thin-film optical gap, ELumo = Enomo —E, ; 'Measured in 1x10”° M 2-methyl THF solution, neat film and 12 % emitter
doped in 0-2CbzBz..

(a) (b)
—_ Solution ~ 1.2 Film
= f—e— 4Ac26C2B4 = Lol j—— 4Ac26C2zBz
'E 1.0} - ;-’;_*—)41(;?%1 = Abs. /PL (A_:350 nm)
% S. (Apx:350 nm) g] 08
£ a I
< ; = 06f
S 05 24l
g = Udr
: E
Z S 02¢
(Y E—— 0.0 — : : ‘
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 4-2 (a) Absorption and PL spectra of 4Ac26CzBz in 1 * 10° M 2-methyl THF
solution and 4TCzBN in toluene solution., and (b) absorption and PL spectra of
4Ac26CzBz in neat film.
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Fig. 4-3 AC2 measurements of 4Ac26CzBz.
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Fig. 4-4 TrPL measurement of 4Ac26CzBz and 0-2CbzBz in 70 ns window.
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Fig. 4-5 TrPL measurement of 4TCzBN doped in 0-2CbzBz and 4Ac26CzBz (40% in
0-2CbhzBz and 4Ac26CzBz) with (a) 12 ns and (b) 100 us window.

Fig. 4-6 PLQY of thin film (a) 4Ac26CzBz neat film, (b) 40% 4TCzBN doped in
4Ac26CzBz, and (c) 40 % 4TCzBN doped in 0-2CbzBz.

Table 4-2 Photophysical measurements of 4Ac26CzBz and 0-2CbzBz-doped film.

Drotal/ ¢prompt/ (zsdelaya ’de Tdb kr,sC knr,TC kISCd krISCd
compound
[%] [ns] [ps] [*107 11 [*10%s!] [*107s!] [* 10*s]
4Ac26CzBz  98.6/34.9/63.6 2.5 11.7 2.2 74.9 5.9 3.0
0-2CbzBz 93.1/26.3/66.2 1.2 11.7 1.4 78.7 2.6 24

@ Photoluminescence quantum yield of overall, prompt and delayed fluorescence. ® Exciton lifetime of prompt and delayed
fluorescence obtained from TrPL. ¢ Rate constant of radiative decay from S, to S (k) and nonradiative decay of T, to So (Kur). ¢

Rate constant of intersystem crossing (ISC) and reverse intersystem crossing (rISC).
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Fig. 4-7 (a) J-V for EOD and HOD of 4Ac26CzBz and 0-2CbzBz, and (b) hole and

electron mobilities as a function of the electric field of 4Ac26CzBz.
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Fig. 4-8 (a) Two-dimensional GIWAXS scattering patterns of the neat film

0of 4Ac26CzBz (100 nm) and (b) GIWAXS signal at different azimuthal angles.

4.3 High-efficiency blue TADF-OLEDs

In our OLEDs,

w¢e

employed 4,4'-Cyclohexylidenebis[N, N-bis(4-

methylphenyl)benzenamine]| (TAPC), N,N'-dicarbazolyl-3,5-benzene (mCP), and

Diphenylbis(4-(pyridin-3-yl)phenyl)silane (DPPS) as the hole transporting layer (HTL),

electron blocking layer (EBL), and electron transporting layer (ETL), respectively. The

molecular structures of TAPC, mCP, and DPPS, along with the device energy diagram,

were shown

in
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Fig. 4-10. The energy diagram of the OLEDs was shown in Fig. 4-9, with two hosts,
i.e. 0-2CbzBz and 4Ac26CbzBz, doped with 4TCzBN emitter. Table 4-3 presented the

device structures, and their performances were summarized in Table 4-4.
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Fig. 4-9 Energy diagram of OLEDs with 4TCzBN-doped in 0-2CbzBz and 4Ac26CzBz

as the EML.

o3 doi:10.6342/NTU202503850



o 0 g
Fogn 5

s
D-O+O0C0 o LU
e =

(©
(O
I
O A0

Fig. 4-10 Molecular structures of (a) TAPC, (b) mCP, (c) DPPS, (d) 0-2CbzBz, and (e)

4TCzBN.

Table 4-3 Optimized device structure of TADF OLED with 0-2CbzBz and 4Ac26CzBz

hosts.

HTL EBL EML ETL  EIL/cathode

Device
TAPC mCP 40% 4TCzBN DPPS LiF/Al
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(30 nm)

4-1 4Ac26CzBz
50 10 55 0.8/120
4-2 0-2CbzBz
unit: nm
Table 4-4 OLED performances of devices 4-1 and 4-2.
Max.
. Voltage? . CEP PEP EQEP CIE*
Device Luminance
V) (cd/A) (Im/W) (%) (x,y)
(cd/m?)
4-1
6.4/3.0 7255 59.4/46.8/40.5 55.0/41.8/26.0 32.5/31.2/27.0 (0.144, 0.233)
(0-2CbzBz)
4-2
6.4/2.9 4756 59.8/56.8/47.2 62.8/47.6/27.1 35.8/34.4/28.6 (0.143, 0.249)
(4Ac26Czbz)

aat J = 10 mA/cm?/L= 1 cd/m?; *CE/PE/EQE measured at maximum/100 ¢d/m?/1000 cd/m?; °measured at maximum
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Fig. 4-11 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (c) EQE
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versus J, and (d) CIE coordinates at different voltages.

Fig. 4 10 (a) presented the J-L-V characteristics of the devices. Fig. 4 10 (b) and

(c) showed the current efficiency, power efficiency, and EQE under different current

densities. For OLEDs with 0-2CbzBz and 4Ac26CzBz as EML hosts, the maximum

current efficiencies were 59.4 cd/A and 59.8 cd/A, the maximum power efficiencies

were 55.0 Im/W and 62.8 Im/W, and the maximum EQEs were 32.5% and 35.8%,

respectively. Fig. 4 10 (d) illustrated the CIE coordinates as a function of driving voltage.

Among the two OLEDs, device 4-1 exhibited a lower CIE-y value. The OLED with

4Ac26CzBz host achieved the higher EQE value (35.8%) compared to 0-2CbzBz one,

which was attributed to its higher PLQY for 4TCzBN doped in 4Ac26CzBz as listed in

Table 4 2. Fig. 4 12 showed the TrEL results, where both devices exhibited long-delayed

emission attributed to their TADF characteristics.
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Fig. 4-12 EL spectra of devices (a) 4-1, and 4-2 with 4 V (b) 4-1, and 4-2 with 9 V (¢)

4-1, and (d) 4-2 with different voltages.
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Fig. 4-13 TrEL of devices (a) 4-1, and 4-2 with ] = 1 mA/cm?, (b) 4-1, and 4-2 with ] =

1 mA/cm?, and switched to -9 V after t > 0, (c) 4-1 with different current densities, (d)

4-1 with different reverse bias after t > 0, (e) 4-2 with different current densities, and (f)

4-2 with different reverse bias after t > 0.

4.4 Optimization procedures of TADF OLED with
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4Ac26CzBz as host and 4TCzBN as the dopant

In sections 4-4, we demonstrated the optimization procedures with 4TCzBN as the

emitters by selecting the host materials, dopant concentrations, and HTL thicknesses

for achieving highest maximum EQE.

441 Optimization of dopant concentration

Table 4-5 showed 4TCzBN-doped device structures with concentrations

ranging from 30%, 40%, to 50%. Fig. 4-14 (a) shows the energy diagram of the

4TCzBN-doped device.

1.8
2.3
2.4 2.5
2.6
2.7 —
LiF/Al
4TCzBN
TAPC
mCP 4Ac26CzBz
DPPS
ITO
5.1 5.5
5.3 5.4
5.9
6.5

Fig. 4-14 Energy diagram of TADF-OLEDs with 4Ac26CzBz doped with 4TCzBN as

the EML.

Table 4-5 Device structures of TADF OLED with 4Ac26CzBz and 4TCzBN as host
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and dopant at different dopant concentrations.

HTL EBL EML ETL . EIL/cathode
Devi 4Ac26CzBz: X%
evice
TAPC mCP 4TCzBN DPPS LiF/Al
(30 nm)
4-3 30%
4-4 50 10 40% 50 0.8/120
4-5 50%
unit: nm
Table 4-6 OLED performances of devices 4-3, 4-4, and 4-5.
Max. b b b
. Voltage® . CE PE EQE CIE¢
Device v Luminance WA 1m/W o
c m X
M ) (cd/A) (Im/W) (%) (%)
4-3 (30%) 6.8/2.9 4756 59.6/56.6/52.3 62.5/46.8/35.4 35.3/33.9/31.4 (0.142,0.238)
4-4 (40%) 6.4/2.9 4756 59.9/56.8/47.2 62.8/47.6/27.1 35.8/34.4/28.6 (0.143,0.249)
4-5 (50%) 6.6/ 2.9 6660 58.5/57.1/50.7 61.4/47.8/32.2 33.5/33.1/29.6 (0.146,0.256)

at J =10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?/1000 cd/m?; *measured at maximum current

efficiency.
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Fig. 4-15 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (c)
EQE versus J, and (d) CIE coordinates at different voltages.

4TCzBN-doped device performances were shown in Fig. 4-14 and summarized in

Table 4-6. Fig. 4-15 (a) showed the J-V and L-V characteristics of 4Ac26CzBz- based

OLED with different 4TCzBN concentrations, i.e., 30%, 40%. 50%. Under the same

driving voltage, device 4-5 exhibited higher current density and luminance than other

two devices. OLED doped with 40% 4TCzBN (device 4-4) exhibited a maximum

current efficiency, maximum power efficiency, and maximum EQE of 59.9 cd/A, 62.8

Im/W, and 35.8%, as shown in Fig. 4-15 (b) and (c). Fig. 4-15 (d) showed CIE

coordinates, where device 4-3 exhibited a lowest CIE-y value. Fig. 4-16 presented the

EL spectra of devices 4-3, 4-4, and 4-5. All OLEDs showed 4TCzBN emission,

indicating successful energy transfer from host to dopant.
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Fig. 4-17 showed the TrEL decay curves of devices 4-3, 4-4, and 4-5 in a 400

pus window, which exhibited long-delayed emission attributed to their TADF

characteristics.
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Fig. 4-16 EL spectra of devices (a) 4-3, 4-4 and 4-5 with 4 V (b) 4-3, 4-4 and 4-5 with

9V, (c) 4-3, (d) 4-4, and (e) 4-5 with different voltages.
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Fig. 4-17 TrEL of devices (a) 4-3, 4-4 and 4-5 with J = 1 mA/cm?, (b) 4-3, 4-4 and 4-5
with J = 1 mA/cm?, and switched to -9 V after t > 0, (c) 4-3 with different current

densities, (d) 4-3 with different reverse bias after t > 0, (e) 4-4 with different current
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densities, (f) 4-4 with different reverse bias after t > 0, (g) 4-5 with different current

densities, and (h) 4-5 with different reverse biases after t > 0.

441 Optimization of ETL thickness

In this session, we fixed the different dopant concentrations and adjusted thickness

of the ETL from 50, 55, to 60 nm for obtaining the highest maximum EQE.

Table 4-7 Device structures of OLEDs with different ETL thickness

HTL EBL EML ETL  ElL/cathode
Device 4Ac26CzBz: 40%
TAPC mCP DPPS LiF/Al
4TCZBN
4-6 50
4-4 50 10 30 55 0.8/120
47 60

unit: nm

Table 4-8 OLED performances of devices 4-6, 4-4, and 4-7.

Voltages % CE" PE" EQE CIE®
Device Luminance A / o
\Y cd Im/W X
M emy €A (Im/W) (%) (%)
4-6(50 nm) 5.7/2.9 7051 53.1/52.9/52.9 55.7/53.3/52.2 30.6/30.7/30.6 (0.145, 0.220)
4-4(55 nm) 6.4/6.4 4756 59.8/56.8/47.2 62.8/47.6/27.1 35.8/34.4/28.6 (0.145, 0.254)
4-7(60 nm) 7.4/7.4 4639 58.9/58.4/58.2 61.8/56.4//55.3 33.3/33.13/33.1 (0.154, 0.253)

2at J = 10 mA/cm%/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?%1000 cd/m?; *measured at maximum current

efficiency.
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Fig. 4-18 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (c)

EQE versus J, (d) CIE coordinates at different voltages.

Table 4-8 showed device performances of tuning ETL. Fig. 4-18 (a) showed J-L-
V curves, and device 4-6 exhibited the highest current density because of the thinnest
ETL. Fig. (b), and (c) was current efficiency, power efficiency, and EQE under different
current density respectively. Device 4-4 showed a maximum current efficiency,
maximum power efficiency, and maximum EQE of 59.8 cd/A, 62.8 Im/W, and 35.8.%.
Fig. 4-18 (d) was CIE coordinates, and the CIE-y value would be larger when the
thickness of ETL increased. Fig. 4-19 showed the EL spectra of devices 4-6, 4-4, and

4-7. All of them showed emission spectra of 4TCzBN. Fig. 36%9. 5, gglggle\ldl EB]SUEQJ(J% 850
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decay curves of devices 4-6, 4-4, and 4-7 in 400 ps window, which exhibited long-

delayed emission attributed to their TADF characteristics.
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Fig. 4-19 EL spectra of devices (a) 4-6, 4-4 and 4-7 with 4 V (b) 4-6, 4-4 and 4-7 with

9V (c) 4-6, (d) 4-4, and (e) 4-7 with different voltages.

76

doi:10.6342/NTU202503850



(a) (b)
J=1 (lnA;“cmE),—O A% J=1 (mA-“:m!),—,‘) \'i
- 1 4-6 (50 nm) — 1 4-6 (50 nm)
=] ——4-4(55 nm) = ——4-4 (55 nm)
Z ——4-7 (60 nm) = ——4-7 (60 nm)
P B
‘B G
= [=
]
£ 0.1 2 01
& 3
= =
= o
0.01 0.01
0 50 100 150 200 0 50 100 150 200
(C) Time (ps) (d) Time (us)
46 (50 nm) 4-6 (50 nm)
-~ T(mA/cm) - J=1 (mAsent)
= 1 —_—035 3 Reverse bias
& —1 - oV
2 —s 2 —1V
)z —10] g —a3V
5 3} —sv
E o1 = 01} —v
E @ —V
o) o)
00] ! 1 A 1 001 1 L i )
0 50 100 150 200 0 50 100 150 200
Time (us) Time (us)
(e) ®
4-4 (55 ) 44 (550m)
~ | T(mA/em) -1 7=1 (mAdem)
:! —05 =1 Reverse bias
£ — g —-ov
2 —_ ) —_—lv
£ g —_—V
2 —5V
E 0.1 E 0.1k v
a 2 v
=
o ®,
0.01
0 50 100 150 200 0 50 100 150 200
Time (us) Time (us)
(g) (h)
47 (60 nm)
. 1 J (mA"cm’) 4-7 (60 mm)
3 —05 - 1 T=1 (mA/am)
3 —_—1 =] Reverse bias
Z —_—5 3 oV
% —10 2 —-1Vv
G —_—av
E 0.1 ﬁ o1k —5V
g % —_—V
( —ovV
o
o
0.01
0 50 100 150 200 0.01
Time (1s) 0 50 . 100 150 200
Time (us)

Fig. 4-20 TrEL of devices (a) 4-6, 4-4 and 4-7 with J = 1 mA/cm?, (b) 4-6, 4-4 and 4-7
with J = 1 mA/cm?, and switched to -9 V after t > 0, (c) 4-6 with different current
densities, (d) 4-6 with different reverse bias after t > 0, (e) 4-4 with different current

densities, (f) 4-4 with different reverse bias after t > 0, (g) 4-TquitdsBaoniEupep503850
77



densities, and (h) 4-7 with different reverse biases after t > 0.

4.4.2 Optimization of EML thickness

Here, we fixed dopant concentration at 40%, thickness of the ETL at 55 nm, and
tuned the thickness of EML from 25, 30, to 35 nm. The detailed device structures were

shown in Table 4-9, and the device performances were summarized in Table 4-10.

Table 4-9 Device structures of OLEDs with adjusting the thickness of EML.

HTL EBL EML ETL  ElL/cathode
Device 4Ac26CzBz: 40%
TAPC mCP DPPS LiF/Al
4TCZBN
4-8 25
4-4 50 10 30 55 0.8/120
4-9 35

unit: nm

Table 4-10 OLED performances of devices 4-8, 4-4, and 4-9.

Voltager % CE" PE" EQE CIE®
Device Luminance A ) o
\Y cd Im/W X
M camy €D (Im/W) (%) ()
4-8 (25 nm) 6.2/6.3 7051 56.9/55.1/48.5 59.7/46.1/31.6 31.9/31.2/27.8 (0.145, 0.233)
4-4 (30 nm) 6.4/6.4 4756 59.8/56.8/47.2 62.8/47.6/27.1 35.8/34.4/28.6 (0.145, 0.254)
4-9 (35 nm) 6.8/6.7 4639 56.9/55.3/49.3 59.7/44.8/29.6 32.8/32.1/28.7 (0.149, 0.264)

2at J = 10 mA/cm%/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 cd/m?1000 cd/m?; *measured at maximum current

efficiency.
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Fig. 4-21 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (c)

EQE versus J, and (d) CIE coordinates at different voltages.

Table 4-10 was device performances. Fig. 4-21 (a) was J-L-V curves, the current

density was lower as the EML is thicker. Fig. 4-21 (b), and (c) was current efficiency,

power efficiency, and EQE under different current density. Device 4-4 showed the

maximum current efficiency, maximum power efficiency, and maximum EQE of 59.8

cd/A, 62.8 Im/W, and 35.8%. Fig. 4-21 (d) was CIE coordinates. It can be observed that

y-value of the CIE coordinates for devices 4-8 was lowest because the EML was

relatively thinnest. Fig. 4-22 showed the EL spectra of devices 4-8, 4-4, and 4-9,

resulting from 4TCzBN emission. Fig. 4-23 showed the TrEL decay curves of devices
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4-8, 4-4, and 4-9 in a 400 ps window, which exhibited long-delayed emission attributed

to their TADF characteristics.
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Fig. 4-22 EL spectra of devices (a) 4-8, 4-4 and 4-9 with 4 V (b) 4-8, 4-4 and 4-9 with

9V (c) 4-8, (d) 4-4, and (e) 4-9 with different voltages.
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Fig. 4-23 TrEL of devices (a) 4-8, 4-4 and 4-9 with ] = 1 mA/cm?, (b) 4-8, 4-4 and 4-9

with J = 1 mA/cm?, and switched to -9 V after t > 0, (c) 4-8 with different current

densities, (d) 4-8 with different reverse bias after t > 0, (e) 4-4 with different current

densities, (f) 4-4 with different reverse bias after t > 0, (g) 4-9 with different current
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densities, and (h) 4-9 with different reverse biases after J > 0.

4.5 SKky-blue Phosphorescent OLED with FIrpic emitter

In this session, we tested three different hosts doped with sky-blue
phosphorescent emitter as the EML of the OLED. The energy diagram of the
phosphorescent (Ph-) OLEDs was shown in Fig. 4-24.with three hosts, i.e. 0-2CbzBz,
9,9',9"-(2-(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene-1,3,5-triyl)tris(9H-carbazole)
0-3CbzBz  and 4Ac26CzBz, doped with Bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium(III) Flrpic emitter. Table 4-11 presented the device structures,

and their performances were summarized in
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Table 4-12.

1.8
2.4 2.3
2.3 2.4 2.5
2.6
3.1 LiF/Al
TAPC 4Ac26CzBz
meP 0-2CbzBz 0-3CbzBz DPPS
Flrpic
ITO |
5-1 I | 5.7
5.3 54
5.8 5.7
5.9

6.5

Fig. 4-24 Energy diagram of Ph-OLEDs, where 4Ac26CzBz, 0-2Cbzbz, and o-

3CbzBz with Flrpic as the emitter.

(b) F = |
\N
F O
4? Iri._N
- Ph

Fig. 4-25 Molecular structures of (a) 0-3CbzBz and (b) Flrpic.

Table 4-11 Device structures of Ph-OLED with 4Ac26CzBz, 0-2CbzBz, and o-
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3CbzBz hosts with Flrpic as an emitter.

HTL EBL EML ETL EIL/cathode
Device 9% FII‘piC
TAPC mCP DPPS LiF/Al
(30 nm)
4-10 4Ac26CzBz
4-11 50 10 0-2ChzBz 55 0.8/120
4-12 0-3ChzBz

unit: nm

Table 4-12 OLED performances of devices 4-10, 4-11, and 4-12.

Max. b b b
. Voltage? - CE PE EQE CIE®
Device Luminance A ) o
\% cd Im/W X
M cam) (cd/A) (Im/W) (%) (x.¥)
4-10
6.3/2.8 8637 60.6/59.9/57.7 63.2/38.1/27.6 27.7/27.6/26.5 (0.159,0.391)
(4Ac26CzBz)
4-11
7.2/13.1 18207 64.7/64.7/61.8 50.9/46.5/34.9 28.6/28.5/27.4 (0.152, 0.300)
(0-2CbhzBz)
4-12
6.7/3.2 13730 56.4/56.4/54.3 56.0/43.4/32.5 25.9/25.9/25.2 (0.152, 0.386)
(0-3CbzBz)

4t J =10 mA/cm?/L=1 cd/m?; "CE/PE/EQE measured at maximum/100 cd/m?/1000 cd/m?; *measured at maximum. current

efficiency.
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Fig. 4-26 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢)

EQE versus J, and (d) CIE coordinates at different voltages.

Table 4-11 showed device performances. Fig. 4-26 (a) displayed the J-L-V curves

85

of the devices. Fig. 4-26 (b), and (c) showed current efficiency, power efficiency, and
EQE under different current density. Fig. 4-26 (d) illustrated the CIE coordinates as a
function of voltage. By incorporating acridine, which exhibited strong electron-
donating capability to tune the HOMO level of 4Ac26CzBz thereby facilitating hole
transport in the OLED, the HOMO value was reduced to 5.4 eV, compared to 0-2CbzBz
(5.8 eV). We expect that this modification can reduce the driving voltage of the OLED.
At a current density of J] = 10 mA/cm?, the driving voltages of devices 4-10 was 6.3 V,
which was lower than devices 4-11 and 4-12. Under a 9% Flrpic doping concentration,

device 4-10 based on 4Ac26CzBz achieves a maximum power efficiency of 63.2 Im/W.
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Fig. 4-28 showed the TrEL decay curves of devices 4-10, 4-11, and 4-12 in 20 ps.

window, which exhibited delayed emission.
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Fig. 4-27 EL spectra of devices (a) 4-10, 4-11 and 4-12 with 4 V (b) 4-10, 4-11 and 4-

12 with 9 V (c) 4-10, (d) 4-11, and (e) 4-12 with different voltages.
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Fig. 4-28 TrEL of devices (a) 4-10, 4-11 and 4-12 with J = 1 mA/cm?, (b) 4-10, 4-11
and 4-12 with J = 1 mA/cm?, and switched to -9 V after t > 0, (c) 4-10 with different

current densities, (d) 4-10 with different reverse bias after t > 0, (e) 4-11 with different

current densities, (f) 4-11 with different reverse bias after t > (233 Mg dtibetsnsgso
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current densities, and (h) 4-12 with different reverse bias after t > 0.

4.5.1 FIrpic-based OLED with Different EBL Materials

Then, we changed four different EBL materials in Ph-OLED based on Flrpic:
4Ac26CzBz as the EML, which included 4,4',4"-Tris(carbazol-9-yl)triphenylamine
(TCTA), mCP, and 4Ac26CzBz. Besides, an OLED with EBL was also fabricated. The
energy diagram was shown in Fig. 4-29. The device structures were shown in Table

4-13, and the device performances were shown in Table 4-14.

EBL

1.8
2.4 23 2.3 2.3 2.5
1AC26C7,B' 42
3.1 —
LiF/Al
TAPC
mCP | TcTa yaco6czBi Firpic
DPPS
ITO
5.1
5.4
5.3 5.4
5.7 5.7
5.9
6.5

Fig. 4-29 Energy diagram of OLEDs with different EBLs.

Table 4-13 Device structures of OLEDs with different EBLs.

Device HTL EBL EML ETL EIL/cathode
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X

TAPC 4Ac26CzBz: 9%FIrpic  DPPS LiF/Al
(10 nm)
4-10 mCP
4-13 TcTa
50 30 55 0.8/120
4-14 Non
4-15 4Ac26CzBz
unit: nm
Table 4-14 OLED performances of devices 4-10, 4-13, 4-14, and 4-15.
Max. CEP PE® EQEP CIE*
. Voltage? .
Device Luminance A ) o
\Y cd Im/W X
M camd) (cd/A) (Im/W) (%) (x.¥)
4A-10
6.3/2.8 8637 60.6/59.9/57.7 63.2/38.1/27.6 27.7/27.6/26.5 (0.159,0.391)
(mCP)
4A-13
5.3/2.7 15380 59.9/59.7/58.8 53.8/53.7/44.2 27.0/26.9/26.7 (0.153,0.378)
(TcTa)
4A-14
6.3/2.9 12840 58.8/59.2/57.3 52.9/46.9/36.5 28.9/28.8/28.1 (0.147,0.357)
(non)
4A-15
6.7/3.0 14880 55.4/56.9/56.3 49.8/43.1/33.4 25.7/25.4/25.4 (0.153,0.383)
(4Ac26CzB2z)

4t J = 10 mA/cm?/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 c¢d/m?/1000 cd/m?; *measured at maximum current

efficiency.
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Fig. 4-30 (a) J-L-V curves, (b) current efficiency and power efficiency versus J, (¢)

EQE versus J, and (d) CIE coordinates at different voltages.

Table 4-14 presented the device performances. Fig. 4-30 (a) displayed the J-
L-V curves. Fig. 4-30 (b) and (c) showed the current efficiency, power efficiency, and
EQE at different current densities. Device 4-10 showed the maximum current efficiency
and maximum power efficiency of 60.6 cd/A and 63.2 Im/W, respectively, while device
4-14 showed the maximum EQE of 28.9%. Fig. 4-30 (d) depicted the CIE coordinates.
Device 4-14 had smaller CIE-y values compared to Devices 4-10, 4-13, and 4-15. Fig.
4-32 revealed the TrEL decay curves of devices 4-10, 4-13, 4-14, and 4-15 in 20 ps

window, which exhibited delayed emission.
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Fig. 4-31 EL spectra of devices (a) 4-10, 4-13, 4-14 and 4-15 with 4 V (b) 4-10, 4-13,

4-14 and 4-15 with 9 V (c) 4-10, (d)4-13, (e) 4-14, and (f) 4-15 with different voltages.
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Fig. 4-32 TrEL of devices (a) 4-10, 4-13, 4-14 and 4-15 with J =1 mA/cmz,(b) 4-10, 4-
13, 4-14 and 4-15 with J = 1 mA/cm?, and switched to -9 V after t > 0, (c) 4-10 with
different current densities, (d) 4-10 with different reverse bias after t > 0, (e) 4-13 with
different current densities, (f) 4-13 with different reverse bias after t > 0, (g) 4-14 with
different current densities, (h) 4-14 with different reverse biases after t > 0, (i) 4-15 with

different current densities, and (j) 4-15 with different reverse bias after t > 0.
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Chapter 5 Summary

In chapter 3, high-efficiency sky-blue TADF OLEDs were achieved by using
acridine-carbazole-pyrimidine based emitters of 4Ac25CzPy and 4Ac35CzPy. The
maximum external quantum efficiencies (EQEs) of 12.4% and 21.2% were obtained by
using 4Ac25CzPy and 4Ac35CzPy as emitters doped in 0-2CbzBz host, respectively. It
was found that 4Ac35CzPy exhibited higher PLQY and device efficiency compared to
4Ac25CzPy, and both emitters showed clear TADF characteristics with long delayed
emission.

In chapter 4, high-efficiency blue TADF OLEDs were achieved using a bipolar
acridine-carbazole-benzimidazole based host material, 4Ac26CzBz, doped with
4TCzBN emitter. The maximum external quantum efficiency (EQE) reached 35.8%
with a low lit-on voltage at luminance of 1 cd/m? was 2.9 V, which was attributed to the
high PLQY (98.6%), bipolar carrier transport, and horizontal dipole orientation of

4Ac26CzBz.
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Appendix
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Fig. 0-1 Energy diagram of OLEDs with 4Ac35CzPy emitter.

Table 0-1 Device structure of TADF OLED with 4Ac35CzPy emitter.

HTL EBL EML ETL EIL/cathode
Device
TAPC mCP 4Ac35CzPy DPPS LiF/Al
50 10 30 55 0.8/120
unit: nm

Table 0-2 OLEDs performances of device.

Voltage? Max. CEP PEP EQE CIE®
Device Luminance .
M eamy @A) (Im/W) (%) (%)
4Ac35CzPy 7.9/4.9 1252 24.7 15.8 6.6 (0.267,0.543)

2at J = 10 mA/cm%/L= 1 cd/m?; °CE/PE/EQE measured at maximum/100 c¢d/m?1000 cd/m?; *measured at maximum current

efficiency.
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