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Introduction to this thesis



Chapter 1

1-1. Background and motivation

Since the two-layer structure for organic light-emitting diodes (OLEDs) was reported by
C. W. Tang and S. A. VanSlyke [1], OLED performance has been rapidly improved, leading to
the realization of OLEDs that reached the theoretical maximum internal quantum efficiency
(mqe) of 100% [2]. OLEDs have many attractive advantages such as a wide variety of
emission wavelengths in the visible region, low power consumption, high contrast, fast
response, mechanical flexibility, and solution processability [3], making it possible to
fabricate thin, light, and flexible displays and lighting at low cost.

Figure 1-1 shows the basic structure of an OLED, containing three organic layers
sandwiched between a cathode and an anode under electrical operation. The organic region is
generally composed of several organic layers with different functions, for example, a
hole-transport layer, an emitting layer, and an electron-transport layer. When a high electric
field is applied between the cathode and the anode, holes are injected from the anode into the
organic hole-transport layer and electrons are injected from the cathode into the organic
electron-transport layer. Injected holes and electrons are transported to the emitting layer,

where the electrons and holes recombine to generate molecular excitons for emission.

Electron- transport layer ,—‘ Cathode
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Figure 1-1. Schematic illustration of an OLED structure. (This picture was obtained from the
web page of Adachi laboratory: http://www.cstf.kyushu-u.ac.jp/~adachilab/).
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Figure 1-2(a) illustrates the emission mechanisms of OLEDs. Three-times as many triplet
excitons (75%) as singlet excitons (25%) are generated after recombination of injected
electrons and holes in OLEDs because of the law of spin statistics [4,5]. For OLEDs using
fluorescent materials, #ige is intrinsically limited to 25% because only 25% of excitons that
are generated as singlets are harvested to emit light under electrical excitation [4,5]. In
contrast, phosphorescent materials such as tris(2-phenylpyridinato)iridium(l1) [Ir(ppy)s]
show efficient room-temperature phosphorescence on the basis of an efficient heavy atom
effect, providing nearly a 100% #10e because both singlet and triplet excitons can be harvested
[6]. Recently, Adachi’s group proposed a unigue triplet harvesting process in OLEDs, namely,
thermally activated delayed fluorescence (TADF) [7-9]. In OLEDs using TADF molecules as
emitters (TADF-OLEDSs), a maximum #ige of nearly 100% has been achieved without rare

metals through efficient reverse intersystem crossing (RISC).
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Figure 1-2. (a) Emission mechanisms of three types of OLEDs (fluorescence OLEDs,
phosphorescence OLEDs, and TADF-OLEDSs) and (b) illustrations of efficiency roll-off of the
OLEDs. Si1, T1, So, and AEst stand for a lowest singlet excited state, lowest triplet excited
state, singlet ground state, and energy gap between S and Ty, respectively. The illustration of

(a) was obtained from reference [7].
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In all OLED types, a rapid decrease in external quantum efficiency (yeqe) is observed as
current increases [Fig. 1-2(b)] because of singlet-triplet annihilation (STA), singlet-polaron
annihilation (SPA), triplet-triplet annihilation (TTA), triplet-polaron annihilation (TPA),
carrier imbalance, electric-field induced exciton quenching, and singlet-heat quenching
(SHQ) [10-16]. The mechanisms of STA, SPA, TTA, and TPA are shown in Fig. 1-3 [12-17].
In STA and TTA, a singlet or a triplet exciton is quenched by a triplet exciton through Forster
or Dexter energy transfer. In SPA and TPA, a singlet or a triplet exciton is quenched by a
polaron through Forster energy transfer. In general, roll-off characteristics of
fluorescence-based OLEDs are weaker than those of phosphorescence and TADF-OLEDs,
although their maximum Moe and Mee are lower than those of phosphorescence and
TADF-OLED:s [2,4,6,7,9,10,15,18,19]. On the other hand, much stronger roll-off is observed
in phosphorescence and TADF-OLEDs due to longer triplet exciton lifetime than singlet
exciton lifetime [2,4,6,7,9,10,15,18,19]. Efficiency roll-off has been ascribed to mainly TTA
in OLEDs containing Ir(ppy)z as a phosphorescent emitter [15,20] and STA and TTA in
TADF-OLEDs [7,9,19], although the detailed quenching mechanisms are still under
investigation. Efficiency roll-off at high current density is one of the crucial problems for
high-bright lighting OLEDs in terms of power consumption and device lifetime [15,18] and,

therefore, needs to be suppressed for the further development of OLEDs.
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Figure 1-3. The mechanisms of STA, SPA, TTA, and TPA [12-17].
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Figure 1-4 shows relationships between the intramolecular relaxation and quenching
processes using rate constants. Here, ki, ko, kisc, Krisc, ki', Knr", ksta, kspa, k1ra, krpa, and kq
represent the rate constants of radiative emission from a lowest singlet excited state (S1) to a
ground state (So), non-radiative decay from Si to So, intersystem crossing (ISC) from S; to a
lowest triplet excited state (T1), RISC from T: to Si, radiative emission from Ti to So,
non-radiative decay from T1 to So, STA, SPA, TTA, TPA, and quenching by electric field and
Joule heating. Nt and Np are the densities of triplet excitons and polarons. It can be found in
Fig. 1-4 that the quenching rates of STA (ksta N1), SPA (kspa Np) TTA (kr7a N7), and TPA
(ktea Np) are in proportional to the densities of quenching species (triplet excitons and
polarons in this case) and compete with the intramolecular relaxation processes, indicating
that a reduction of quenching species and enhancement of intramolecular relaxation are very
important to suppress the quenching processes.
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Figure 1-4. Relationships between the intramolecular relaxation and quenching processes.

The quenching and intramolecular relaxation processes compete each other.
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Table 1-1 summarizes the history of lasing and amplified spontaneous emission (ASE)
from organic materials. Since the first observation of optically pumped lasing and
continuous-wave (CW) lasing from organic solutions containing organic laser dyes in 1966
and 1970, organic dye lasers have been rapidly progressed and applied for analytical sources
and medical uses [21,22]. After that, lasing from organic solid-state films was firstly
demonstrated under optical pulse pumping in 1996 [23]. Optically pumped quasi-CW lasers
from organic solid-state films was realized in 2006 [24]. In 2008, LED pumped lasing from
organic solid-state films was demonstrated [25]. In the background of the above optically
pumped organic lasers, the realization of electrically pumped organic semiconductor laser

diodes (OSLDs) has been strongly desired.



Chapter 1

Table 1-1. History of organic lasers and progress for the realization of OSLDs.

Progress for the realization of OSLDs

History of optically pumped
organic lasers

(1)Reduction of ASE or
lasing threshold

(2) Injection of high current
density into OLEDs

(3) Suppression of efficiency
roll-off at high current density

1966 [21]

First observation of lasing
from organic solutions

1970 [22]

CW-lasing from
organic solutions

cr

1996 [23]

Lasing from organic
solid state films

2006 [24]

Quasi-CW lasing from
organic solid state films

2008 [25]

LED pumped lasing from
organic solid state films

SRS ot ®

2005 [26] o
&) ”‘:
B :

BSB-Cz: 0.32 pJ cm?

2007 [27]

@ ;
“o

Spiro-SBCz: 0.11 pJ ecm™

2007 [29]

Mec OMe
are¥eaten

F8DP: 0.032 uJ cm™
with mixed order DFB

2014 28]
0 O CEHUCEHH O O
CsHquHu Q D C5H13C,Hﬂ

5

Terfuluorene: 0.40 pJ cm™

2003 [30]
1.0 kA cm™ in small-area
single-layer CuPc diodes

2005 [31]
1.1 kA cm™ in small area
OLEDs fabricated on
sapphire substrates and
operated under short pulse
voltages

2007 [32]
6.0 MA cm™ in small-area
single-layer CuPc diodes
fabricated on Si substarates

2015 [16]
2.0 kA ecm™ in nano-
patterned OLEDs
operated under short pulse
voltages

2000 [33]
Investigation of polaron
induced waveguide loss

2007 [34]
Investigation of annihilation
processes at threshold
current density

2008 [11]
Energy level alignment
in OLEDs:
Suppression of SPA

2010 [12]

Single layer device:
Suppression of SPA

2010 [14]
Introduction of triplet
quencher:
Suppression of STA

2015 [16]
Nano-patterned device:
Suppression of SPA

Next
Electrically pumped OSLDs

Next
Reduction of ASE or

Next
Injection of high current

lasing threshold in OLEDs

density into OLEDs

Next
Suppression of efficiency
roll-off over 1 kA em™
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There are multiple requirements to realize OSLDs, including (1) reduction of ASE or
lasing threshold, (2) injection of high current density in OLEDs containing organic laser dyes,
and (3) suppression of efficiency roll-off at high current density. The progress regarding (1),
(2), and (3) are also summarized in the second, third, and forth columns in Table 1-1. For (1),
organic  laser dyes of  4,4’-bis[(N-carbazole)styryl]biphenyl  (BSB-Cz) and
2,7-bis[4-(N-carbazole)phenyl-vinyl]-9,9’-spirobifluorene (spiro-SBCz) having ultimately
low ASE thresholds of 0.32 and 0.11 uJ cm, respectively, were developed in Adachi’s group
[26,27]. E. Y. Choi et al. also reported a low ASE threshold of 0.4 pJ cm in terfluorene [28].
C. Karnutsch et al. observed an extremely low lasing threshold of 0.032 pJ cm™ by combining
poly[9,9-dioctylfluorene-co-9,9-di(4-methoxy-phenyl)fluorene] (F8DP) with a mixed order
distributed-feedback (DFB) system [29]. However, in most cases, ASE and lasing thresholds
go up significantly in OLED structures because of a large propagation loss coming from
metal electrodes [35-37] while very low ASE and lasing thresholds have easily been obtained
in organic solutions and films alone. Therefore, the next challenge is to reduce ASE and
lasing thresholds in OLED structures to similar levels obtained in solo layers. For (2), the
injection of high current densities of up to 2 kA cm into OLEDs has been demonstrated
through suppressing Joule heating-induced breakdown by a reduction of device active areas
and the use of high-thermal-conductivity substrates and short pulse voltages [16,30-32,38,39].
Extremely high current injection on the order of MA cm into single-layer diodes of copper
phthalocyanine (CuPc) with nano-size active areas, not OLEDs, was demonstrated by
managing Joule heating [32]. To realize OSLDs, injection of much higher current density into
OLEDs or reduce ASE or lasing threshold are needed. For (3), Y. Zhang et al., successfully

suppressed roll-off induced by STA by reducing triplet population through triplet

11
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management using 9,10-di(naphth-2-yl)anthracene [14]. T. Matsushima and C. Adachi
showed that the energy level alignment of HOMO and LUMO levels of dopant and host
molecules leads to perfectly suppressed efficiency roll-off induced by SPA [11]. Y. Setoguchi
and C. Adachi demonstrated suppressed efficiency roll-off in non-heterostructured
single-layer OLEDs because this single-layer device architecture does not include
heterointerfaces that cause carriers to be accumulated [12]. K. Hayashi et al., suppressed
SPA-induced efficiency roll-off using nano-patterned OLEDs where excitons are spatially
separated from polarons [16]. Although many device architectures have been tested to solve
the efficiency roll-off problem to date, the investigation for the suppression of efficiency
roll-off, especially in terms of materials, is not enough. Moreover, the suppression of
efficiency roll-off in a current region over 1 kA cm™ has not been achieved. A further
investigation to suppress the efficiency roll-off and deeply understand hidden roll-off
mechanisms are needed.

Figure 1-5 shows the relationship between exciton density and current density for
OLEDs with a laser dye as an emitting dopant [12]. In this figure, the red solid line represents
exciton density measured from ASE threshold under optical excitation, red symbols represent
exciton density measured from the OLEDSs, and black solid line represents exciton density
when the efficiency roll-off does not happen. The current density where the red and black
solid lines cross is the threshold current density required to obtain ASE under electrical
excitation. Without efficiency roll-off, the threshold current density is about 1 kA cm, which
is possible to be injected into organic devices. However, the actual exciton density is
predicted to follow the black dashed line because of the presence of efficiency roll-off. The

threshold current density when including efficiency roll-off is estimated to be 100 kA cm

12
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from the crossing point of the red solid and black dashed lines. Although extremely high
current injection on the order of MA cm into CuPc was demonstrated by managing Joule
heating [32], the highest current density ever achieved in OLEDs was as high as 2 kA cm™
[16,38,39]. Therefore, the suppression of efficiency roll-off is required to reduce the threshold

current density to an achievable level for the realization of OSLDs.

2310“‘10"10'210'1 10° 10" 10° 10° 10* 10° 10° 10" 10° 10°

10** fremr Ty rrr—r————ey 10
o F r” 27
~ 19 F"ASE threshold Pt
mg 10” f— : : & 110*
S 10% ' ~ ] 10%
> . F ASE under N
s 100 electrical — 110
3 10® pumping -4 10%
:§ 102 102
3]
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1020 1020
1019 1019

10*10°10210™" 10° 10" 10%> 10° 10" 10° 10° 10” 10° 10°
Current density (A cm?)

Figure 1-5. Exciton density-current density characteristics in single-layer OLEDSs reported in

reference [12].
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1-2. Purpose and outline

The purpose of this study is to suppress efficiency roll-off observed in OLEDSs through an
understanding of efficiency roll-off mechanisms with the aim of realizing high-brightness
OLEDs and OSLDs in future. This thesis is organized as follows. In Chapter 2, efficiency
roll-off in OLEDs with the TADF emitters 1,2-bis(carbazol-9-yl)-4,5-dicyanobenzene
(2CzPN) and  3-(9,9-dimethylacridin-10(9H)-yl)-9H-xanthen-9-one  (ACRXTN) s
investigated by considering intramolecular exciton relaxation processes. Efficiency roll-off at
high current density is dramatically suppressed using ACRXTN as an emitter instead of
2CzPN because of suppressed STA and TTA. The rate constant of RISC from T to S; for
ACRXTN is about 300 times higher than that of 2CzPN, leading to a decrease of triplet
exciton density and the suppression of exciton annihilation processes under optical and
electrical excitation. In Chapter 3, to suppress STA, the efficient incorporation of oxygen as a
triplet quencher into solid-state organic films is demonstrated by applying a high oxygen
pressure of 200 MPa to the films. The oxygen-incorporated films show strong suppression of
STA because triplet excitons are quenched by the incorporated oxygen. In Chapter 4, a
ter(9,9’-spirobifluorene) (TSBF)-doped emitting layer is demonstrated to show a remarkably
low ASE threshold and suppressed efficiency roll-off at high current densities. One of the
origins of suppressed efficiency roll-off is perfectly suppressed STA in the TSBF-doped
emitting layer. In addition, SPA, SHQ, and electric field-induced quenching are also possible
to be suppressed due to small carrier density on a recombination zone, which is caused by
small trap depth of TSBF in the emitting layer, and its quite large radiative rate constant. In

Chapter 5, the summary of this thesis and future prospects are introduced.
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Effect of reverse intersystem crossing on exciton
annihilation in organic light-emitting diodes with

thermally-activated delayed fluorescence emitters
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Abstract

Electroluminescence (EL) efficiency roll-off in OLEDs with TADF emitters
1,2-bis(carbazol-9-yl)-4,5-dicyanobenzene (2CzPN) and 3-(9,9-dimethylacridin-10(9H)-yl)-
9H-xanthen-9-one (ACRXTN) is investigated by considering intramolecular exciton
relaxation processes. EL efficiency roll-off at high current density is dramatically suppressed
using ACRXTN as an emitter instead of 2CzPN because of suppressed bimolecular exciton
annihilation processes such as STA and TTA. The rate constant of reverse intersystem
crossing from T1 to Sy of ACRXTN is about 300 times higher than that of 2CzPN, decreasing
triplet exciton density and suppressing exciton annihilation processes under optical and

electrical excitation.

2-1. Introduction

Because OLEDs can exhibit nearly 100% #iqge, they are attractive for next-generation
lighting sources as well as display applications. Although nearly 100% #i1ge has been achieved,
the decrease of EL efficiency, known as roll-off, at high brightness [1] is a serious problem,
limiting the development of high-brightness OLEDs. Over the past two decades, two types of
organic luminescent compounds have mainly been developed as emitters for OLEDs. OLEDs
using fluorescent materials as emitters exhibit rather weak roll-off characteristics, although
their nige is intrinsically limited to 25% because only 25% of excitons, corresponding to
singlet excitons, can be harvested under electrical excitation [1,2]. In contrast, although
efficient room-temperature phosphorescent materials such as Ir(ppy)s can provide nearly
100% #niqE, the large accumulation of triplet excitons in an emitting layer causes considerable

bimolecular deactivation, i.e., TTA, because of the rather long lifetimes of triplet excitons (a
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few us) compared with those of typical singlet excitons (a few ns) [1-5]. In fact, according to
the reported simulations [1,4,6], the efficiency roll-off of OLEDs using
(E)-2-(2-(4-(dimethylamino)styryl)-6-methyl-4H-pyran-4-ylidene)malononitrile as a
fluorescent emitter and Ir(ppy)s as a phosphorescent emitter has been ascribed to mainly STA
[1,6] and TTA [1,4], respectively.

Recently, Adachi et al., proposed a unique triplet harvesting process in OLEDs, namely
TADF [7-9]. In TADF-OLEDs, although a maximum #iqge of nearly 100% has been achieved,
they also exhibit substantial roll-off behavior similar to that of phosphorescence-based
OLEDs [8-10]. To understand the origin of the roll-off of TADF-OLEDSs, here the author
investigates the exciton annihilation processes in OLEDs containing the sky-blue TADF
molecules 2CzPN and ACRXTN, and reveal that both STA and TTA contribute to the roll-off
of TADF-OLEDs. The author demonstrates that the rate constant of RISC from Ty to S:
(krisc) of ACRXTN (krisc = ~10° s7%) is about 300 times higher than that of 2CzPN (krisc =
~10% s1), and this larger krisc of ACRXTN decreases the triplet exciton density, suppressing

STA and TTA under electrical excitation.
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2-2. Experimental

The molecular structures of TADF emitters 2CzPN and ACRXTN are shown in Fig.
2-1(a). OLEDs containing 2CzPN and ACRXTN as emitters were fabricated by conventional
vacuum deposition on glass substrates coated with a 100-nm-thick indium tin oxide (ITO)
layer under a base pressure of around 7 x 10~ Pa. The OLEDs possessed the structure of
glass substrate / ITO (100 nm) / a-NPD hole-transport layer (HTL) (35 nm) / mCP
electron-blocking layer (EBL) (10 nm) / 5 mol% 2CzPN- or ACRXTN-doped mCP (15 nm)
emitting layer (EML) / PPT hole-blocking layer (HBL) (10 nm) / TPBi electron-transport
layer (ETL) (40 nm) / LiF (0.8 nm) / Al (100 nm), where a-NPD, mCP, PPT, and TPBi are
4,4’-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl, N,N’-dicarbazolyl-3,5-benzene, 2,8-bis(di-
phenylphosphoryl)dibenzo-[b,d]thiophene, and 2,2°,2”-(1,3,5-benzinetriyl)-tris[1-phenyl-1-H-
benzimidazole], respectively. The molecular structures of a-NPD, mCP, PPT, and TPBi are
shown in Fig. 2-1(b).

(@) TADF emitters
2CzPN ACRXTN

(J J
(b)
HTL EBL, EML HBL ETL
a-NPD mCP PPT TPBi

ot @Q ﬁw

Figure 2-1. Molecular structures of (a) 2CzPN, ACRXTN, (b) a-NPD, mCP, PPT, and TPBi.
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For optical measurements, 100-nm-thick mCP films doped with 5 mol% 2CzPN or
ACRXTN were fabricated on quartz substrates by vacuum deposition. Photoluminescence
(PL) spectra and PL quantum yields (PLQYs) of these films were measured by a
spectrofluorometer (FluoroMax-4, Horiba Jobin Yvon) and PLQY measurement system
(C9920-02, Hamamatsu Photonics), respectively. PL lifetimes of the films were measured
under vacuum using a streak camera (C4334, Hamamatsu Photonics), and a nitrogen-gas laser
(MNL200, Lasertechnik) with an excitation wavelength of 337 nm and pulse width of 500 ps
as an excitation source. The rate constants shown in Fig. 2-1(b) were calculated from the

values of PLQY and PL lifetime as previously reported [10].

2CzPN ACRXTN
. i . 5a-1
ks 0.01 X 1087 Jp g0y Kaisc 3.5 X 1038 p - 33mev
S1 B a 1 1—-:\’_\_ A
Kisc v T, Kisc T
kl’ knr kr an’T
So So

Figure 2-2. lllustration of intramolecular relaxation processes of TADF materials. The rate

constants of each intramolecular relaxation process are summarized in Table 2-1.

Table 2-1. Summary of Amax, AEst, @pL, Pprompt, Pdelayed, Tprompt, Tdelayed, Kr, Kisc, Krisc, and Knr"
of 2CzPN and ACRXTN molecules.

TADF  ZAmax AEst ¢PL ¢prompt ¢delayedrpromptrdelayed kr kisc krisc knTr

emitters [nm] [meV] [%] [%] [%] [ns] [ms] [107 s][107 s][10° s1][10°s7Y]

2CzPN 471 90 81 66 15 19 164 35 1.8 0.011 0.0097

ACRXTN 478 33 92 74 18 26 24 22 0.79 3.5 1.0
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Current density (J)-voltage (V)—external quantum efficiency (neqe) characteristics and
EL spectra of the OLEDs were measured using an integrating sphere connected to a source
meter (2400, Keithley Instruments) and photonic multichannel analyzer (PMA-12,
Hamamatsu Photonics). The transient EL response of the OLEDs during long pulse voltage
excitation was also measured using a photomultiplier tube (C9525-02, Hamamatsu Photonics)
and pulse generator (WF 1974, NF corporation). The pulse width was 500 ps and the

repetition frequency was 0.5 Hz for this measurement.
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2-3. Results and discussion
2-3-1. Efficiency roll-off characteristics

EL spectra of the OLEDs containing 2CzPN and ACRXTN as emitters and PL spectra of
the doped films are presented in Fig. 2-3. These OLEDs showed almost the same sky-blue EL
spectra. The slight red shift of EL spectra compared with the PL spectra of the composite

films was ascribed to an optical microcavity effect.

EL: 2CzPN
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o
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Figure 2-3. EL spectra of the OLEDs containing 2CzPN and ACRXTN as emitters measured
at 50 mA cm and PL spectra of the doped films.

J-V and nege-J characteristics of the OLEDs with 2CzPN and ACRXTN are presented in
Fig. 2-4. The maximum zege (7eQE, max), current density when zeqe decreases to half of the
initial 7e0e (Jo), #ece at 1,000 cd m~2, rate constant of STA (ksta), and rate constant of TTA
(krTa) are summarized in Table 2-2. Before the onset of the #eqe roll-off, the 7eqe, max Values
of the OLEDs with 2CzPN and ACRXTN were similar values of 10.3% and 12.1%,
respectively. The small difference in 5eqe, max Originates from the different PLQY's of 2CzPN
(81%) and ACRXTN (92%). Because both OLEDs showed similar J-V characteristics [Fig.

2-4(a)], it is expected that the carrier balance factor would have a small influence on 7eqg, max.
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However, Jo of the OLEDs with ACRXTN and 2CzPN differed markedly. At L = 1,000 cd
m2, neqe of the OLED with ACRXTN (y7eqe = 11.0%) was about five times larger than that of
the OLED with 2CzPN (neqe = 2.2%), indicating that the roll-off at high current density was

strongly suppressed using ACRXTN.

(a) __10° . —_—
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Figure 2-4. (a) J-V and (b) nege-J characteristics of the OLEDs with 2CzPN and ACRXTN.
The inset of (a) is an energy-level diagram of the OLEDs containing 2CzPN and ACRXTN as
emitters. The solid and dashed lines in (b) are the fitting results and calculated Nt using the
rate egs. (2-1) and (2-2) based on STA and TTA models [ref. 10].

Table 2-2. Summary of #7eqe, max, Jo, 7eqe at 1,000 cd m2, ksta, and krra of the OLEDs
containing 2CzPN and ACRXTN as emitters.

TADF 1EQE, max ‘Jo NMeoe at 1,000 cd m ksta KTTA
emitters [%] [mA cm] [%] [10% em®s™?]  [108 cmis™

2CzPN 10.3 1.6 2.2 2.1 5.0

ACRXTN 12.1 104 11.0 1.9 5.1
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Here, ksta and krta were estimated using rate equations based on STA and TTA models [10],

dN J
dts = —(k, +Kisc)Ng +Keysc Ny —KgraNgN + kN7 + 4de (2-1)
dN 3J
and T =Kise Ns = (Kaisc + Ko )N — L+ @)keraN7 + 4de’ (2-2)

dt

where Ns and Nt are the singlet and triplet exciton densities, respectively, k: is the rate
constant of radiative emission from Si, kisc is the rate constant of ISC from Si to Ty, knr' is the
rate constant of non-radiative decay from T1 to S, and « is the singlet exciton production ratio
via TTA, which is 0.25 according to spin statistics [10]. In practical devices, the temperature
increase induced by Joule-heating would affect kn', krra, and krisc. However, the
mechanisms of the temperature dependence in the rate equations are quite complicated due to
the competition of all inter- and intramolecular processes. Here, the author neglects the effect
of the temperature increase because the maximum injected current density in the devices is
relatively low and the generated Joule-heating should be same in the devices of 2CzPN and
ACRXTN. The relationship between the temperature increase and the efficiency roll-off
should be investigated in detail in the future. Fitting the experimental #ege-J data with egs.
(2-1) and (2-2) [Fig. 2-4(b)] yields ksta = 2.1 x 107! cm® s and krra = 5.0 x 10%° cm® st
for 2CzPN, and ksta = 1.9 x 107t cm® st and krra = 5.1 x 1072° cm® 57! for ACRXTN [Table
2-2]. Although ksta and krta of the OLEDs with ACRXTN and 2CzPN are quite similar, a
large difference in their roll-off characteristics was observed. Actually, Nt in the OLEDs with
ACRXTN, calculated using egs. (2-1) and (2-2), is much smaller than that in the OLEDs with
2CzPN at all current densities [Fig. 2-4(b)]. The experimental J, #eqe, and neqe/neQE, max for
the OLEDs containing ACRXTN and 2CzPN at different Nt are summarized in Table 2-3. It

IS interesting that the neqe/neqe, max Values for 2CzPN are the same as those for ACRXTN at
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the same Nt while there is no clear relationship between other parameters, indicating that the

roll-off characteristics are essentially controlled by Nr.

Table 2-3. Summary of J, neqe, and #eqe/neqemax Of the OLEDs containing 2CzPN and
ACRXTN at different Nr.

N J n
TADF emitters oY ;m‘3] (mA cm 2 [OZEE Neoe!MeoE, max

1.0 0.1 8.7 0.84
2CzPN 5.0 0.6 6.6 0.64
10.0 1.8 4.8 0.47
1.0 7.8 10.3 0.85
ACRXTN 5.0 51.0 1.7 0.64
10.0 100 6.0 0.49
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2-3-2. Investigation of suppressed efficiency roll-off

To investigate the origin of the suppressed roll-off behavior and lower Nt for ACRXTN
than 2CzPN, the intramolecular exciton relaxation processes of ACRXTN and 2CzPN were
examined. The rate constants of the intramolecular relaxation processes were calculated from
the PLQYs and PL lifetimes of the doped films according to ref. 10. Table 2-1 summarizes
the calculated Amax, AEsT, D, Pprompt, Pelayed, Tprompt, Tdelayed, Kr, Kisc, Krisc, and k' for
ACRXTN and 2CzPN, where /max is the PL peak wavelength; AEst is the energy gap between
S1 and Ti1; Dpr, Pprompt, aNd Dgelayed are the PLQYs of the total, prompt, and delayed
components, respectively; and zprompt and tdelayed are the PL lifetimes of the prompt and
delayed components, respectively. Although there is no large difference in k; and kisc between
2CzPN and ACRXTN, it is noteworthy that krisc of ACRXTN is about 300 times higher than
that of 2CzPN because of its smaller 4Est of 33 meV. The larger krisc makes it possible to
decrease the Nt under electrical excitation, resulting in the suppression of STA and TTA as

shown in Fig. 2-5.

2CzPN ACRXTN
k 1.0 x 103s™ Asr Krisc: 3.5 X 105s™" Pl
-1 - 90 \ RISC- ¥+ 33 v
S, RISC ?me ] —‘--... :me
Ko fc .
. T, Triplet exciton

Figure 2-5. Energy level diagrams showing S; and T1 of 2CzPN and ACRXTN.

To further investigate how krisc affects the STA and TTA characteristics of the emitters
at high current densities, the roll-off characteristics when the OLEDs were driven under pulse
voltage excitation were measured [Fig. 2-6]. The author assumes that the OLED breakdown
observed at high current densities and voltages is caused by melting of organic layers due to
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Joule heating. The Joule heating-induced breakdown is suppressed by a reduction of device
active areas and use of high-thermal-conductivity substrates and short pulse voltages because
of suppressed Joule heating [11,12]. Therefore, a very high voltage of up to 48 V could be
applied to the OLEDSs under the pulse voltage excitation, enabling very high current injection
of up to 4.5 A cm~2 without irreversible device breakdown. The J-V characteristics of both the
OLEDs measured under the pulse voltage excitation agree well each other [Fig. 2-6(a)]. The
neqe-J curves measured under pulse voltage excitation exhibited roll-off characteristics
similar to those measured under DC conditions below 100 mA cm™2. At high current density
(over 100 mA cm), the roll-off was still greater for the 2CzPN-based OLEDs than the
ACRXTN-based ones. Here, we calculated Nrisc (= krisc X NT), Nsta (= ksta X Ns x N7), and
Nt7a [= (1+a) % krrax Nt?] using egs. (2-1) and (2-2), which are plotted as a function of
current density in Figs. 2-6(b) and 2-6(c). Nrisc is the number per unit time of the decrease of
triplet excitons or increase of singlet excitons by RISC. Nsta is the number per unit time of
the decrease of singlet excitons by STA, while Ntra is the number per unit time of the
decrease of triplet excitons by TTA. Nsta and Ntra were higher than Nrisc at most current
densities for the OLEDs with 2CzPN, resulting in the observed marked efficiency roll-off.
Conversely, at most current densities, Nrisc was higher than Nsta and Ntra in the OLEDs
with ACRXTN and Nsta and Ntra in the OLEDs with ACRXTN were lower than those of the
OLEDs with 2CzPN, effectively suppressing the efficiency roll-off in ACRXTN based
OLEDs. These results suggest that RISC, STA, and TTA compete during operation of the

OLEDs, and that the faster RISC overcomes STA and TTA in the OLEDs with ACRXTN.
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Figure 2-6. (a) J-V characteristics of the OLEDs with 2CzPN and ACRXTN and #eqe-J
characteristics of the OLEDs containing (b) 2CzPN and (c) ACRXTN. These devices were
driven by pulsed voltages with a pulse width of 500 us and repetition frequency of 0.5 Hz.

The solid, dashed, and dot-dashed lines in (b,c) are Nrisc (= krisc X NT), Nsta (= Ksta X Nsx

N7), and Ntta [= (1+a) x krrax N7?], respectively, calculated using egs. (2-1) and (2-2). EQE

on the y-axis in (b,c) stands for external quantum efficiency.
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2-3-3. Evidence of singlet-triplet annihilation

Additionally, an initial change in EL intensity during pulse voltage excitation at a high
current density of 4.5 A cm=2 was observed between the OLEDs with 2CzPN and ACRXTN
[Fig. 2-7]. The EL intensity suddenly decreased after an initial increase in EL intensity for the
2CzPN-based OLEDs while the ACRXTN-based OLEDs showed no such EL decrease.
Similar decreases in EL and PL intensities have been observed for fluorescent OLEDs and

composite films of TADF materials and attributed to STA [6,13,14].
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Figure 2-7. Change of EL intensity of the OLEDs containing 2CzPN and ACRXTN under
pulse voltage excitation at a high current density of 4.5 A cm2.

The author also investigated the PL decay characteristics of the doped films measured
using a long pulse excitation, as shown in Fig. 2-8. In the 2CzPN films photoexcited at the
lower light intensities of 4.5 and 6.1 W cm2, the PL intensities gradually increased because
populated triplet excitons are converted into singlet excitons via a slow TADF process.
However, the PL intensities began to decrease at longer time period when using excitation
light intensities higher than 15 W cm™ because the STA and TTA processes become

dominant over the conversion to singlet excitons. In contrast, such a decrease in PL intensity
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was not observed for the ACRXTN films, indicating that STA and TTA do not occur in them.
These results show that a larger krisc leads to smaller efficiency roll-off because of lower
triplet population. Therefore, the author concludes that the initial decrease of the EL and PL

intensities observed for 2CzPN is further proof of the occurrence of strong STA.
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Figure 2-8. Dependence of excitation light intensities on the PL decay curves of mCP films
doped with 5 mol% (a) 2CzPN and (b) ACRXTN. The relative PLQY's on the Y-axis were

estimated by dividing PL intensities by each excitation light intensity.
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2-3-4. Possibility of triplet-polaron annihilation

K. Masui et al., calculated Ns, Nt, and polaron density (Np) by using the Langevin
recombination model and demonstrated that TTA mainly contributes to efficiency roll-off in
2CzPN [10] because Nt is two or four orders of magnitude larger than Np and Ns. Moreover,
TTA is known to be the main cause of efficiency roll-off in phosphorescence emitters
[1,15,16]. These results agree with this result which shows that Ntrais the largest in 2CzPN
as shown in Fig. 2-6(b). On the other hand, there is a possibility that TPA also causes
efficiency roll-off due to larger Np than Ns on the basis of the Masui’s result. However, the
contribution of TPA would be smaller than that of STA because ktea is usually smaller than

the other quenching rate constants (< 1.0 x 102 cm=2s?) [6,10,15-19].
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2-4. Summary

The author investigated the roll-off characteristics of TADF-OLEDs with 2CzPN and
ACRXTN as emitters. The author revealed that efficient RISC is an important factor to
suppress efficiency roll-off in TADF-OLEDs. In fact, the large krisc of 3.5 x 10° s of
ACRXTN dramatically suppressed both STA and TTA processes. The author concludes that
the molecular design of TADF materials with small AEst is requisite for not only obtaining
high #eqe but also suppressing efficiency roll-off. In addition to small 4Est, the temperature
increase induced by Joule-heating in the device would enhance krisc under high current
densities. The relationship between the temperature increase and the efficiency roll-off should

be investigated in detail in the future.
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Abstract

Efficient incorporation of oxygen into a solid-state organic film is demonstrated by
applying a high oxygen pressure of 200 MPa to the film. The oxygen-incorporated film shows
strong suppression of STA because triplet excitons are quenched by oxygen incorporated
inside the film. It is demonstrated that oxygen molecules are uniformly distributed in the film
and that oxygen molecules are left in the film to some extent when the film is in a vacuum.
The concentration of oxygen inside the film is calculated to be a very high value of the order

of 4.4x10% cm’,

3-1. Introduction

One of the most serious problems making the realization of OSLDs difficult is a rapid
decrease in #neqe at high current densities (efficiency roll-off as the author discussed earlier).
The roll-off is in-part due to quenching of singlet excitons by inevitably populated triplet
excitons [1]. Exciton quenching of this sort is termed STA. Three-times as many triplet
excitons as single excitons are generated after recombination of injected electrons and holes
in OLEDs because of the laws of spin statistics [2,3]. Moreover, triplet excitons have a much
longer lifetime (us to ms) than singlet excitons have (ns) [4]. Therefore, simulations have
shown that a density of triplet excitons becomes five orders of magnitude larger than that of
singlet excitons inside OLEDs operated at 0.8 A cm™[1]. The large density of triplet excitons
is the cause of not only strong STA but also triplet-triplet (T:-Tn) absorption [5]. T1-Thn
absorption also impedes the realization of OSLDs because Ti-Tn absorption results in a
waveguide loss for light amplification [5]. On the other hand, only singlet excitons are formed

under optical pumping unless ISC from S; to T occurs. In this case, since STA no longer
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contributes to a decrease in PLQY, optically pumped lasers based on organic solutions and
solid-state organic films have been easily realized [6-8]. Therefore, a decrease of triplet
exciton density under electrical operation at high current density is very important for the
realization of OSLDs.

To suppress STA, cyclooctatetraene (COT) [9-12] and oxygen [9,13] have been used as
triplet quenchers because COT has a low Ty level and very short triplet lifetime [11] and
oxygen has a triplet ground state without absorption in the visible region [14]. By using these
triplet quenchers, cw lasing from a dye solution [15] and quenching of phosphorescence and
delayed fluorescence of a conjugated polymer [12] have been reported. However, since COT
and oxygen are in liquid and gas states, respectively, at common temperatures and pressures,
incorporating these triplet quenchers into solid-state organic films is difficult. In this study, a
modified cold isostatic pressing (CIP) technique is used to efficiently incorporate oxygen into
solid-state films.

CIP has been widely used to compress and mold metal, ceramic, plastic, and composite
powders [16-18]. The powders are enclosed in a flexible, sealed polymer bag and loaded in a
pressure vessel filled with a liquid. A high pressure is applied to the bag through the liquid
medium by pushing a metal piston into the vessel with an external pressurization source.
Since CIP applies isostatic pressure to the powders in all directions, moldings with uniform
mass densities are obtained because there is little friction with the liquid medium. This
standard CIP technique was modified to introduce oxygen into organic films. First, an organic
film is vacuum-deposited on a substrate [Fig. 3-1(a)]. The film is enclosed in a polymer bag,
which is filled with pure oxygen [Fig. 3-1(b)]. Then, the bag is immersed in

room-temperature water [Fig. 3-1(c)]. A high pressure is applied to the bag in the same
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manner as with CIP [Fig. 3-1(d)]. Oxygen molecules are expected to penetrate the film under
the application of the high oxygen pressure. The difference between the standard and
modified CIP techniques is whether the bag is not filled or filled with oxygen. It is known that,
under optical pumping, triplet excitons are easily accumulated in a film of
tris(8-hydroxyquinolinato)aluminum (Alga) doped with
(E)-2-(2-(4-(dimethylamino)styryl)-6-methyl-4H-pyran-4-ylidene)malononitrile (DCM)
[19,20]. Therefore, in this study, the author attempted to incorporate oxygen into this film
using the modified CIP technique. As the results, the author demonstrated that the
oxygen-incorporated film exhibits efficient suppression of STA.

Pressure

)
(©) +
__Bag
(b)
— ]
m
L e O:

(a)

'

'

CIP machine CIP machine

Figure 3-1. Schematic views of modified CIP technique. (a) The organic film is deposited
on the substrate. (b) The organic film is enclosed in a flexible, polymer bag, which is filled
with oxygen. (c) The bag is immersed in a pressure vessel filled with room-temperature water.

(d) A high pressure of 200 MPa is applied to the bag.
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3-2. Experimental

In this study, the author used a solid-state film of Algs doped with DCM at 3 wt% because
this doped film is one of the candidates for the laser application [21]. The molecular structures
of DCM and Algz are shown in Fig. 3-2. A 100-nm-thick DCM-doped Algs film was
vacuum-deposited onto a glass substrate at a deposition rate of 0.30 nm s under a base
pressure of 7x10* Pa. Then, the modified CIP was performed on this sample with the
room-temperature water as a pressurization medium as shown in Fig. 3-1. The applied

pressure and treatment time were 200 MPa and 15 min, respectively.

Laser dye Host
DCM Algs
CN CN
I “n o )
W N
X o o/.A:'\
N H

Figure 3-2. Molecular structures of DCM and Alqs.

The transient PL characteristics of the film were measured to investigate how oxygen
inside the film affects the STA characteristics. The rectangular pulse excitation light from a
laser diode (a wavelength of 405 nm and pulse width of 40 pus) was irradiated to the film from
the film side at the normal to the substrate. The focus diameter and power of the excitation
light were 60 um at 1.4 kW cm, respectively. This excitation light intensity was very strong
and almost corresponded to an ASE threshold energy (2.2 kW cm) of this film [22]. The
transient PL from the film was measured at an angle of 45° using a photomultiplier tube

(C9525-02, Hamamatsu Photonics). The above-mentioned measurement conditions were used
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to investigate the STA characteristics unless otherwise mentioned. The PLQY of the film was
measured by using an absolute PLQY measurement system (C11347 Quantaurus-QY,

Hamamatsu Photonics).
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3-3. Results and discussion

3-3-1. Suppression of singlet-triplet annihilation with oxygen

Figure 3-3(a) shows the transient PL characteristics of the Algs film doped with 3 wt%
DCM. The ratios of the PL intensities at 40 pus to those at 0 us (lpi/lpL o) are plotted in Fig.
3-3(b). If STA does not occur in the film, a decrease in PL intensity is not observed in the
transient PL characteristics. However, the as-deposited unpressed film that was measured in a
nitrogen atmosphere showed a strong decrease in PL intensity down to 53% of the initial
value because of the occurrence of strong STA. This is due to the sufficient accumulation of
triplet excitons generated with a quantum efficiency of intersystem crossing of 0.15 in the
DCM-doped Algsz film [20]. When this unpressed film was placed in oxygen, the STA was
slightly suppressed because the physisorbed oxygen on the film surface quenches triplet
excitons near the film surface. On the other hand, the modified CIP with oxygen enabled the
STA of the film to be most significantly suppressed because triplet excitons are effectively
guenched by oxygen incorporated inside the films by the high pressure. Because there was no
big difference in PLQY between the unpressed and oxygen-pressed films (55 and 57%,

respectively), the icorporated oxygen in the film does not quench singlet excitons.

The oxygen-pressed film was placed in vacuum for 30 min. Then, the STA properties
were measured again in vacuum. The suppression of the STA was still observed from this
film [Fig. 3-3]. This result shows that it is difficult that once incorporated oxygen is
immediately removed from the film even after the vacuum treatment because of the Van der
Waals force between the incorporated oxygen and the Algs molecules and that additional

organic and electrode layers can be vacuum-deposited on top of the DCM-doped Alqgs layer
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including oxygen for the fabrication of organic devices. In fact, T. Matsushima and C. Adachi
reported oxygen molecules remain in the once oxygen-exposed Algs films by using a
thermally  stimulated current technique [23]. Zhang et al. have used
9,10-di(naphth-2-yl)anthracene (ADN) as a triplet quencher in an Algs film doped with
4-(dicyanomethylene)-2-methyl- 6-julolidyl-9-enyl-4H-pyran (DCMZ2) at 2 vol% [22]. Here,
the author compares this STA properties with those of the reported ADN-doped film [Fig.
3-3(b)]. It was found that the oxygen-pressed films without and with the vacuum treatment
showed the same effect for the suppression of STA as the ADN doping concentrations of 50

and 30 vol%, respectively, indicating the effectiveness of the modified CIP technique.
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Figure 3-3. (a) Transient PL characteristics of the 3 wt% DCM-doped Algs films. (b)
Comparison of the Ip/lpL o ratios of the DCM-doped Algz films with those of the films where

DCM2, ADN and Algs were ternary-mixed [Ref. 22].
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3-3-2. Incorporation of xenon and nitrogen into organic films

A heavy-atom effect is known to enhance intersystem crossing between S; and T1 and a
radiative decay process from T1 because the spin-orbit coupling is enhanced [24]. It has been
reported that xenon shows a small heavy-atom effect [24]. Therefore, the author also tried to
incorporate xenon into the same film with the modified CIP technique. However, there was
no difference in the transient PL curves between the unpressed and xenon-pressed films [Fig.
3-4], probably indicating that the heavy-atom effect of xenon is not high enough to suppress
the STA. The author also confirmed that introduction of nitrogen into the film did not affect

the STA properties [Fig. 3-4].
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Figure 3-4. Transient PL properties of the unpressed film placed in nitrogen, xenon-pressed
film placed in xenon, and nitrogen-pressed film placed in nitrogen. No differences in the
transient PL curves were observed between them.
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3-3-3. Distribution of oxygen in organic films

For a better understanding of the oxygen distribution inside the film, the author
investigated the dependence of incidence directions of excitation light from the glass and film
sides on STA properties. The STA properties of the unpressed film placed in nitrogen were
independent of the light incidence directions [Fig. 3-5(a)]. However, for the unpressed film
placed in oxygen, the suppression of the STA was more significant under the light incidence
from the film side than that from the substrate side [Fig. 3-5(b)] because of quenching of
triplet excitons by the physicsorbed oxygen on the film surface. The dependence of the
light-incidence directions was not observed from the oxygen-pressed film placed in oxygen,
indicating that oxygen molecules incorporated by the modified CIP technique are uniformly

distributed in the 100-nm-thick film [Fig. 3-5(c)].
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Figure 3-5. Dependence of incidence directions of excitation light on STA properties for (a)
the unpressed film placed in nitrogen, (b) unpressed film placed in oxygen, and (c)
oxygen-pressed film placed in oxygen before the vacuum treatment.
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3-3-4. Estimation of oxygen concentration

The dependence of excitation light intensities ranging from 107 to 10° W cm™ on STA
properties of the unpressed film measured in nitrogen and the oxygen-pressed film before the
vacuum treatment was investigated [Fig. 3-6]. Below 1 W cm™, the Ipi/lpi o ratios of both the
unpressed and oxygen-pressed films were unity, indicating that the triplet exciton density at
low excitation light intensities is not high enough to induce STA. The threshold excitation
light intensity, where the Ipi/lpL o begins to decrease, is about 1 W cm for the unpressed film
and about 10 W cm for the oxygen-pressed film. The STA properties of the oxygen-pressed
film were found to be more effectively suppressed than those of the unpressed film at the high
excitation light intensities over 1 W cm™.

The STA properties of the doped films were next analyzed using several rate equations
[22]. Based on the rate equations and reported rate constants, the Ipi/lp. o plots were fitted as
shown in Fig. 3-6 to estimate the saturated triplet population (No) of the guest molecules. The
fitting yielded No= 4.0 x 10* cm™ for the unpressed film and No= 2.2 x 10'® c¢m for the
oxygen-pressed film.

To estimate the oxygen density of the oxygen-pressed film, the Perrin model equation

was used [25]:

No,N2

N

_4r

3 r’lo,, (3-9

In(

)

0,0,
where Nonz is No of the unpressed film, No,o2 is No of the oxygen-pressed film, and r is the
quenching radius of Dexter transfer from triplet excitons to oxygen molecules. When
assuming r = 1 nm, the oxygen concentration inside the oxygen-pressed film can be

calculated to be 4.4 x 10%° cm=. Moreover, the molecular density of the Algs neat film is
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calculated to be 1.7 x 102 cm from its mass density and molecular mass [26]. Therefore, the
molecular density of DCM doped in the Algs film is roughly estimated to be about 7.6 x 10%°
cm from the molecular density of the Algs neat film (1.7 x 10 ¢cm™) and molar doping
concentration of DCM [4.5 mol% (= 3 wt%)]. Comparing these values, the number of
incorporated oxygen molecules in the oxygen-pressed film is clearly much higher than that of

the doped DCM molecules, resulting in the effective quenching of triplet excitons.
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Fig. 3-6. Plots of the IpL/lpL_o ratios of the unressed film placed in nitrogen and

oxygen-pressed film placed in oxygen as a function of excitation light intensity.
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3-4. Summary

The modified CIP technique was demonstrated to be very effective for introducing
oxygen into organic films. Modified CIP with oxygen enabled the STA to be effectively
suppressed because triplet excitons are quenched by oxygen incorporated inside the film.
Since the STA properties were independent of incidence directions of excitation light,
incorporated oxygen molecules were uniformly distributed in the film. From the rate equation
analysis, the oxygen density in the O-pressed film was estimated to be 4.4 x 10%° cm, which

is higher than the molecular density of the DCM doped in the Algs film.

50



Chapter 3

References

[1] Y. Zhang, M. Whited, M. E. Thompson, S. R. Forrest, Chem. Phys. Lett. 495 (2010) 161.

[2] M. Pope, H. P. Kallmann, P. Magnante, J. Chem. Phys. 38 (1963) 2042.

[3] L. J. Rothberg, A. J. Lovinger, J. Mater. Res. 11 (1996) 3174.

[4] C. Murawski, K. Leo, M. C. Gather, Adv. Mater. 25 (2013) 6801.

[5] T. G. Pavlopoulos, Prog. Quantum Electron. 26 (2002) 193.

[6] P. P. Sorokin, J. R. Lankard, IBM J. Res. Dev. 10 (1966) 162.

[7] Y. Setoguchi, C. Adachi, J. Appl. Phys. 108 (2010) 064516.

[8] M. Inoue, K. Goushi, K. Endo, H. Nomura, C. Adachi, J. Lumin. 143 (2013) 754.

[9] J. B. Marling, D. W. Gregg, L. Wood, Appl. Phys. Lett. 17 (1970) 527.

[10] R. Pappalardo, H. Samelson, A. Lempicki, Appl. Phys. Lett. 16 (1970) 267.

[11] T. Sommerfeld, J. Am. Chem. Soc. 124 (2002) 1119.

[12] S. Schols, A. Kadashchuk, P. Heremans, A. Helfer, U. Scherf, Chem. Phys. Chem. 10
(2009) 1071.

[13] J. B. Marling, D. W. Gregg, S. J. Thomas, IEEE J. Quantum Electron. QE 6 (1970) 570.

[14] K. Watanabe, E. C. Y. Inn, M. Zelikoff, J. Phys. Chem. A 101 (1997) 55009.

[15] O. G. Peterson, S. A. Tuccio, B. B. Snavely, Appl. Phys. Lett. 17 (1970) 245.

[16] C. D. Turner, M. F. Ashby, Acta. Mater. 44 (1996) 4521.

[17] D. Tadic, M. Epple, Biomaterials 24 (2003) 4565.

[18] M. Kanari, T. Wakamatsu, R. G. G. Fatt, I. Ihara, Appl. Phys. Express 4 (2011) 111603.

[19] H. D. Burrows, M. Fernandes, J. S. de Melo, A. P. Monkman, S. Navaratnam, J. Am.
Chem. Soc. 125 (2003) 15310.

[20] N. C. Giebink, S. R. Forrest, Phys. Rev. B 79 (2009) 073302.

51



Chapter 3

[21] S. Chénais, S. Forget, Polym. Int. 61 (2012) 390.

[22] Y. Zhang, S. R. Forrest, Phys. Rev. B 84 (2011) 241301.

[23] T. Matsushima, C. Adachi, Jpn. J. Appl. Phys. 47 (2008) 1748.

[24] M. R. Wright, R. P. Frosch, G. W. Robinson, J. Chem. Phys. 33 (1960) 934.

[25] B. C. Daglen, D. R. Tyler, Macromolecules 41 (2008) 9525.

[26] H. F. Xiang, Z. X. Xu, V. A. L. Roy, C. M. Che, P. T. Lai, Rev. Sci. Instrum. 78 (2007)

034104.

52



53

Chapter 3



Chapter 4

Low amplified spontaneous emission threshold and
suppression of singlet exciton quenching in layers

doped with ter(9,9’-spirobifluorene)

Munetomo Inoue, Toshinori Matsushima, and Chihaya Adachi

Applied Physics Letters, submitted

54



Chapter 4

Abstract

The author demonstrates that TSBF doped in a host matrix layer of
4,4’-bis(carbazol-9-yl)biphenyl (CBP) shows a remarkably low ASE threshold (Ew = 1.0 pJ
cm~) and suppressed EL efficiency roll-off at high current densities (no roll-off up to 100 mA
cm~). One origin of the low ASE threshold is that the TSBF-doped CBP layer possesses a
very large radiative decay constant (k- = 1.1 x 10° s). STA is almost suppressed in the
TSBF-doped CBP layer, which can be ascribed to the small absorption coefficient of the
triplet excitons. Also, the small energy level difference between TSBF and CBP minimizes
carrier trapping in TSBF, leading to the suppression of SPA. TSBF showed one of the lowest
Ew and the most suppressed efficiency roll-off among organic laser dyes investigated in this
study and, therefore, is believed to be a promising candidate to realize electrically pumped

OSLDs in the future.

4-1. Introduction

Electrically pumped OSLDs, which have many potential advantages, such as being
flexible, lightweight and printable with wide tunability of emission wavelength [1-8], have
not yet been realized. Many researchers have attempted to develop OSLDs and find suitable
organic materials for them. However, there are still multiple critical issues that need to be
addressed to realize OSLDs, including a decrease of ASE threshold [9-12], suppression of the
rapid decrease of EL efficiency at high current densities, namely, roll-off [13-15], and
injection of very high current density to achieve quite high exciton density in devices [16-20].
The efficiency roll-off has been ascribed to quenching of singlet excitons by other singlet

excitons [singlet-singlet annihilation (SSA)], triplet excitons (STA), polarons (SPA), Joule
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heating (SHQ), and electric fields [13-15,21-23]. In most cases, SSA is not important for
efficiency roll-off because molecules with no spectral overlap between emission and
excited-state absorption can easily be obtained. In addition, singlet exciton density is much
lower than the densities of triplet excitons and polarons because of the short lifetimes of
singlet excitons and 25% branching ratio of singlet excitons under electrical excitation [22].
In contrast, STA and SPA strongly induce efficiency roll-off because the densities of polarons
and triplet excitons are quite high [13,15,22]. Therefore, the decrease of ASE threshold and
suppression of efficiency roll-off are crucial for lowering current threshold to realize ASE
under electrical excitation. It has been well established that ASE threshold can be lowered by
using an organic laser dye with a large kr on the basis of an established theory [24] [Egs. A4-1
— A4-4 in Appendix A on page 76]; i.e., a proportional relationship exists between ASE
threshold and 1+knrk 2.

In a previous study, Adachi et al., demonstrated that BSB-Cz shows an extremely low
ASE threshold [9]. In this study, the author investigates the ASE characteristics and efficiency
roll-off behavior of various organic laser dyes including BSB-Cz. Among the organic laser
dyes the author examines, the author finds that TSBF has superior characteristics to BSB-Cz.
TSBF shows the most suppressed efficiency roll-off of the dyes considered, with almost

perfectly suppressed STA, while the ASE thresholds of TSBF and BSB-Cz are very similar.
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4-2. Experimental

Figure 4-1(a) shows the molecular structures of the laser dyes: TSBF, BSB-Cz,
4,4’-bis[4-(diphenylamino)styryl]biphenyl (BDAVBI), 2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-
1H,5H,11H-10-(2-benzothiazolyl)quinolizino[9,9a,1ghJcoumarin  (C545T), DCM, DCMZ2,
and 4-(di-cyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran
(DCJTB). OLEDs containing the laser dyes as emitters with a structure of glass substrate /
ITO anode layer (100 nm) / a-NPD HTL (35 nm) / mCP EBL (10 nm) / 3 wt% laser
dye-doped CBP EML (15 nm) / PPT HBL (10 nm) / TPBi ETL (40 nm) / LiF electron
injection layer (0.8 nm) / Al cathode layer (100 nm) were fabricated by conventional vacuum
deposition with the deposition rates of 0.1-0.15 nm s for the organic layers, 0.01 nm s for
LiF and 0.1-0.2 nm s for Al under a base pressure of around 7 x 10 Pa. The molecular
structures of all the materials are shown in Fig. 4-1(b). Glass substrates pre-coated with the
ITO layers were purchased from Atsugi Micro Co. and cleaned by conventional
ultrasonication and UV-ozone treatment before use. The device size was 2 x 2 mm.
Steady-state J-V-7eqe characteristics and EL spectra of the OLEDs under direct current (DC)
condition were measured using an integrating sphere connected to a source meter (2400,
Keithley Instruments) and a photonic multichannel analyzer (PMA-12, Hamamatsu
Photonics). The same OLEDs were pulse-driven using a pulse generator (WF 1974, NF Co)
and photomultiplier tube (C9525-02, Hamamatsu Photonics) with a pulse width of 50 ps and

repetition frequency of 0.5 Hz.
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Figure 4-1. Molecular structures of (a) TSBF, BSB-Cz, BDAVBI, C545T, DCM, DCM2,
DCJTB, (b) a-NPD, mCP, CBP, PPT, and TPBi.

Table 4-1. Summary of @py, 7, ki, knr, Etn, and Aase of the CBP films doped with 3 wt% of

different laser dyes.

Dye Py, T kr Kor Ey, % nse
[%] [ns] [108 s71] [108s1]  [Wem™? [nm]

TSBF 87 0.8 10.9 1.6 1.0 426
BSB-Cz 90 0.9 10.0 1.1 0.9 465
BDAVBI 88 1.2 7.3 1.0 1.5 497
C545T 80 31 2.6 0.65 31 543
DCJTB 46 2.2 2.1 2.5 7.0 624
DCM2 47 2.2 2.1 2.4 6.5 623
DCM 37 2.0 1.9 3.2 11 620
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PL spectra and &, of 100-nm-thick CBP films doped with 3 wt% of the laser dyes,
which were vacuum-deposited on quartz substrates in the same manner as for the OLED
fabrication, were measured with a spectrofluorometer (FluoroMax-4, Horiba Jobin Yvon) and
PLQY measurement system (C9920-02, Hamamatsu Photonics), respectively. z of the doped
films were measured under vacuum using a streak camera (C4334 or C10627, Hamamatsu
Photonics) and a nitrogen gas laser (MNL200, USHO) with an excitation wavelength of 337
nm, pulse width of 500 ps, and repetition rate of 20 Hz or a Ti-sapphire laser (Millennia
Prime, Spectra Physics) with an excitation wavelength of 378 nm, pulse width of 10 ps, and
repetition rate of 80 MHz as an excitation source. The kr and knr were calculated from the
values of &, and z by using the equations of &, = 7k and 7 = (krtknr) L. For the ASE
measurement, 3 wt% dye-doped CBP films were vacuum-deposited on glass substrates. The
nitrogen gas laser was used as the excitation source with an excitation wavelength of 337 nm,
pulse width of 800 ps and repetition rate of 8 Hz. The excitation light with a stripe shape with
dimensions of 0.08 x 2 cm was irradiated onto the doped films normal to the substrate, and

the ASE properties were measured from a substrate edge using a photonic multichannel

analyzer (PMA-11, Hamamatsu Photonics). The important optical parameters @, , 7, kr, Knr,

PL’
Ew, and Aase for the dyes are summarized in Table 4-1. Ew and Aase stand for ASE threshold
energies and wavelengths of ASE. For the estimation of the highest occupied molecular
orbital (HOMO) levels of laser dyes, neat films of laser dyes were prepared and measured by
using an ultraviolet photoelectron spectroscope (AC-3, Riken Keiki). The energy gaps of laser
dyes were estimated from the results of absorption spectra’s edge measured. The lowest

unoccupied molecular orbital (LUMO) levels were calculated from the results of HOMO

levels and energy gaps. For the transient absorption measurements, solutions of the laser dyes
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with a concentration of 1-5 x 10° M in dichloromethane were prepared. Pump light from a
Nd:YAG laser (355 nm, 10 Hz, 5-8 ns pulse width) and probe light from a xenon lamp were
irradiated onto the solutions at the same time. Time-resolved transient absorption spectra of
triplet excitons in the solutions were measured with and without the pump light irradiation
using a streak camera system (C8484-03G, Hamamatsu Photonics) and HPD-TA 8.3.0

software (Hamamatsu Photonics).
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4-3. Results and discussion

4-3-1. Amplified spontaneous emission characteristics

Figures 4-2 and 4-3 display ASE spectra and plots of the emission intensity and full
width at half maximum (FWHM) of the PL spectra of the doped films as a function of
excitation light intensity, respectively. At certain excitation light intensities, all the laser dyes
showed light amplification with a narrowing of FWHM. Table 4-1 (page 55) summarizes En
estimated from the intersection of the two straight lines used for fitting in the low and high

excitation intensity regions and Aase obtained from the ASE spectra measured beyond Ei.
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Figure 4-2. ASE spectra of 100-nm-thick CBP films doped with 3 wt% TSBF, BSB-Cz,
BDAVBI, C545T, DCM, DCM2, and DCJTB. The excitation light intensities used to measure
the ASE spectra were 20 uJ cm2 for TSBF, BSB-Cz, BDAVBI, and C545T and 50 pJ cm™
for C545T, DCM, DCM2, and DCJTB.

61



Chapter 4

(a) o : . (b) _ o 40 (c) ol . R
- 3 . 50 = 3 - -
8 | . i s f g A
oM : A* {80 _ =, P P = L 15
£ 10'f . PR E 20} SV E £ £
S 4 30 £ § b4 20 £ 5 £
E £ E ) 1% 2w BDAVBi ("=
<10} TSBF 0 S g0t z £ E
<] / E o 7 T 5 n*
= Y @ > 410 % 107 / s b
2 402 . n 10 & F .| @ o J
IE - - -l E 10 o~ BSB-Cz " £ # v
/ - w
N N, " 0 L 0 10‘ L " "
10° 10' 10° 10° \ 10° 10' 10°
Excitation intensity (uJ cm?) Excitation intensity (uJ cm™) Excitation intensity (uJ cm®)
@ e (f) : : 60
‘;‘ 10 a0 S 10 <« 180 3 “—"\ o
o - < o 10°} (] 450
—_ - \ AT
2 10 - o\ JaE 210 \ 0T & 7
: £ @ £z Ry 1“<
@ i = [} £ = 2 i =
£ 10° / {20 - a2 E0°f A 30
= C545T E - 10 DCM 5 = s DCM2 §
s s 7 2 P . {20 &
E o v £ - E 10'} P
Y & ] I
“ 101 Iﬂ ‘| 0 w s D 0 1 2 3
10 10 10' 10° 10° 10 10 10 10
Excitation intensity (ud ecm™) Excitation intensity (uJ cm“’) Excitation intensity (pJ cm”)
(9) 80
= 10° «—n
3 . MNe
s Y
= .. U (U
g1 s E
< ' £
% 10° 4 40 =
= /. DCJTB S
@ 107 e {20 &
L] o n*
E u L.
|9
w 10'1 \/ D

10'
Excitation intensity (uJ cm”)

Figure 4-3. Plots of emission intensity and FWHM as a function of excitation light intensity
for 100-nm-thick CBP films doped with 3 wt% (a) TSBF, (b) BSB-Cz, (c) BDAVBI, (d)
C545T, (e) DCM, (f) DCM2, and (g) DCJTB. The Et values summarized in Table 4-1 were

estimated from the intersection of the two solid lines for the emission intensities in each

figure.
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Figure 4-4. Plots of Es versus 1 + knk, for the laser dye-doped CBP films.
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The almost linear correlation between Ew and 1 + Kokt of the films as shown in Fig. 4-4
clearly indicates that a larger kr causes Ew to decrease, which agrees with this expectation
according to the theoretical equation described in Appendix A. The author notes that both
TSBF and BSB-Cz have very low Ew of close to 1.0 uJ cm [Table 4-1] due to their quite
high k.. For obtaining a large kr, the molecular design to enhance oscillator strength is
important [25]. In fact, oligofluorene derivatives showed a large k- and a large oscillator
strength due to the large overlaps between the HOMO and LUMO on the fluorene units [26].
Therefore, TSBF also has the large overlaps between the HOMO and LUMO, leading to the

large k.

63



Chapter 4

4-3-2. Efficiency roll-off characteristics

When the OLEDs were operated under DC conditions, some devices showed breakdown
at around 1 A cm and strong roll-off behavior was observed for all the OLEDs [Fig. 4-5(a)
and (b)]. These characteristics can mainly be ascribed to Joule heating-induced device

breakdown combined with the presence of unwanted pinholes [17].
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Figure 4-5. (a) J-V and (b) nege-J characteristics of OLEDs containing the laser dyes as

emitters operated under DC-driven conditions.

To relax Joule heating, the OLEDs were pulse-driven, resulting in injection of higher
current density approaching 10 A cm~2 [Fig. 4-6(a)] and the observation of a clear difference
of roll-off characteristics at high current densities [Fig. 4-6(b)]. Pulse-driven operation made
it possible to compare the roll-off characteristics of the devices because of the reduced
influence of Joule heating compared with that under DC operation. At low current densities,
the J-V characteristics of the DC- and pulse-driven OLEDs agreed with each other [Fig. 4-7].
To quantitatively analyze the roll-off characteristics of the OLEDs, the author estimated Jso

(the current density where neqe decreases to 60% of the initial #eqe) for each OLED, the
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values of which are summarized in Fig. 4-6(c). The OLEDs with TSBF showed the largest Jeo
of those examined. Using TSBF increased Jeo by about 10 and 100 times compared with that
of BSB-Cz and DCM. A decrease in carrier balance factor should not be the main reason for
the efficiency roll-off because the double heterostructured device architecture shown in Fig.

4-6(d) ensures balanced injection and transport of electrons and holes.

(a) (b)
—~ 10"
£ —«—TSBF
5 z W 4q° — .
10°F < F 10 e —a—
—+—BSB-C Zd s} dﬁ e, —
< BDAVE: 5 - S, T
> 10" 1 ! - N T Y
= o f/ ] M, P\\V\' e
@ v — C545T 4 N R
3 .2 DCM / T —-—TSBF T, e,
S 107} 74 : £ g,
= —<«—DCM2 g = —+—BSB-Cz DCM ney,
c (=] .
$ 490} —»—DCJTB ] z BDAVi —<«—DCM2
3 —+—C545T —»—DCJTB
10-‘ 0 .1 2 101 ‘-2 -1 .ﬂ I1
10 10 10 10 10 10 10
Voltage (V) Current density (A cm?)
©) (d)
102 : . . - ; . : 246V 246V Lumo
2.7eV 276V
10'l 72Acm? ] CBP: 29V
P I e oNPD|| |77 T T
e 10 times mCP LiF /Al
5 100l ] 35nm Swt% PPT || TPBI
s ITo 10nm Dye
_’8 10nm || 40nm
10"k ] v i
5.4 eV 15nm
2 HOMO .g.0eVv
10 — -6.1eV 620V

-6.6eV

Figure 4-6. () J-V and (b) neqe-J characteristics and (c) Jeo values of OLEDs containing the

laser dyes operated under pulse-driven conditions and (d) energy level diagrams of OLEDs.
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Figure 4-7. J-V characteristics of OLEDs containing (a) TSBF, (b) BSB-Cz, (c) BDAVBI, (d)
C545T, (e) DCM, (f) DCM2, and (g) DCJTB as emitters operated under DC- and

pulse-driven conditions.
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4-3-3. Investigation of efficiency roll-off

To further investigate the roll-off characteristics of the devices, the author evaluated the
transient EQE responses of the OLEDs during long electrical pulse excitation for 50 ps,
which were obtained by dividing the transient EL intensity responses by the steady-state
current densities at 50 ps. Figures 4-8(a) and 4-8(b) depict representative transient EQE
responses of OLEDs containing TSBF and DCM2 as emitters, which were measured at
current densities of 0.003-0.004 A cm with no efficiency roll-off and at 3.0-3.2 A cm™
after efficiency roll-off, respectively. All of the transient EQE responses of the OLEDs are
shown in Fig. 4-9. Under weak excitation of 0.003-0.004 A cm?, the EQE of both OLEDs
gradually increased and was saturated at around 50 ps. Thus, this EQE at 50 us corresponds to
the initial #7eqe (yecE.initial) OF the OLEDs operated at 0.003-0.004 A cm~2 with no efficiency
roll-off. Conversely, in the case of high current excitation at 3.0-3.2 A cm?, the EQE
abruptly lowered after the initial spike and decrease, and became constant at around 50 ps.
This behavior can be ascribed to numerous triplet excitons with long lifetimes that
accumulated during the long pulse excitation at high current density and effectively quenched
singlet excitons [23]. This EQE at 50 us corresponds to 7eqe of the OLEDs operated at 3.0—
3.2 A cm2. Here, the difference between the EQE at the peak and the EQE at 50 ps measured
at 3.0-3.2 A cm2 is termed asTa [see Fig. 4-8], corresponding to the component of EQE
decreased by STA. Moreover, the difference between the EQE at the peak and EQE at 50 us
measured at 0.003-0.004 A cm2 is termed aotners, COrresponding to the proportion of EQE
decreased by other quenching mechanisms, such as SPA, SHQ, and electric field-induced

exciton quenching. Therefore, under steady-state conditions, neqe can be expressed as
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Mege = MMee intal — Osta ~ Xothers - (4-1)

The transient EQE responses of the other OLEDs were measured [Fig. 4-9] to obtain the
values of astataothers, asTa and aothers USING the above technique, which are summarized in Fig.
4-10. Figure 4-10 reveals a tendency that laser dyes with smaller asta+aothers ShOw larger Jso.
However, the author did not observe a clear relationship between Jso and asta or Jeo and aothers,
indicating that the contributions of STA, SPA, SHQ, and electrical field-induced quenching to

efficiency roll-off are different for each laser dye.
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Figure 4-8. Representative transient EQE responses of OLEDs containing (a) TSBF and (b)
DCM2 as emitters under 50-us pulsed voltage excitation at current densities of 0.003-0.004

and 3.0-3.2 Acm™.
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4-3-4. Origin of suppressed efficiency roll-off

The OLEDs with TSBF exhibited quite small asta compared with those of the OLEDs
containing the other dyes as shown in Fig. 4-10. Because the spectral overlap between
emission and triplet absorption is an important factor that governs STA [27-29], the transient
absorption spectra of triplet excitons were measured using solutions containing the laser dyes
[Fig. 4-11]. All solutions displayed spectral overlaps between emission and transient
absorption spectra. Here, it is important to estimate the absorption coefficient of triplet
excitons to quantify the STA efficiency. However, the estimation of absorption coefficient
was unsuccessful because it was difficult to precisely calculate the number of triplet excitons
formed in the solutions under the pump light irradiation. However, according to the
experimental results, the author stresses that because asta is only 0.04 for the OLEDs with
TSBF, STA is almost suppressed in these devices. Meanwhile, the OLEDs with BSB-Cz,
which show the second-highest suppression of efficiency roll-off of the devices, have a larger
asta 0f 0.19 than TSBF. However, the densities of triplet excitons are supposed to be same in
TSBF and BSB-Cz because the lifetime of triplet excitons are almost same in TSBF and
BSB-Cz. Therefore, the author supposes that the difference between asta of TSBF and
BSB-Cz is because of the small absorption coefficient of triplet excitons of TSBF. For further
investigation of the STA efficiency, transient PL responses in dye-doped films were measured
as shown in Fig. 4-12. In the PL responses, the STA efficiency without the effect of charge
carriers can be discussed. The smallest PL decrease was observed in the TSBF-doped film
and the second smallest STA efficiency was observed in the BSB-Cz-doped film, showing

similar trend comparing to the results of the transient EQE responses.
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In addition, aothers OF the OLEDs with TSBF was also small compared with those of the
OLEDs containing the other dyes. The values of astataothers, asta, @nd aothers, are summarized
in Table 4-2. Two factors are considered to cause the small aothers for TSBF. The first factor is
the low possibility of carrier trapping in TSBF doped in CBP. HOMO and LUMO levels of
dopant molecules often lie inside those of a host layer. In such a case, strong carrier trapping
in the dopants takes place, resulting in the occurrence of strong SPA because the number of
carriers (polarons) in the carrier recombination zone becomes high [30]. In fact, T.
Matsushima and C. Adachi previously demonstrated that the energy level alignment of
HOMO and LUMO levels of dopant and host molecules leads to suppressed efficiency
roll-off caused by SPA [31]. To examine the carrier trapping behavior of the OLEDs, the
author estimated the HOMO-HOMO difference (AEHomo) and LUMO-LUMO difference
(AELumo) between each laser dye and CBP [see Table 4-2]. Because the TSBF-doped CBP
layer has the smallest AEomo = 0.08 eV and AELumo = 0.06 eV of the dye-doped CBP layers,
the STA induced by carrier trapping can be minimized.

The other factor that results in the small aotners for TSBF is its large k.. SPA and STA
generally occur through a Forster-type energy transfer process [27-29]; therefore, rate
constants of SPA and STA are proportional to kr when considering the previously established
theory [27-29] [see Egs. (A4-5) — (A4-7) in Appendix A on page, 76 and 77]. On the other
hands, if kr of a laser dye is large enough to allow prompt emission before singlet excitons are
guenched, SHQ and electrical field-induced quenching can be suppressed. Therefore, the
author supposes that the large kr of TSBF can overcome the SHQ and electrical field-induced
guenching in the TSBF-doped CBP films because ki of TSBF is the highest of the dyes, as

shown in Table 4-2. Especially, SHQ is expected to be perfectly suppressed because TSBF
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shows the temperature-independence of PLQYSs, originated from the quite high k like

BSB-Cz [9].
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Table 4-2. Summary of Jeo, astataothers, asTa, dothers, HOMO, LUMO, AE \,, AE| )0, @Nd

ke of the laser dyes. AE and AE represent HOMO-HOMO and LUMO-LUMO

HOMO LUMO

differences between the laser dyes and CBP, where the HOMO and LUMO of CBP are —6.08

and —2.68 eV, respectively.

Jeo HOMO LUMO AE, oo AE yno ke

o OstaTOotmers  OsTa Cothers 8 1

[Acm? VI VI [V] [eV] [10°s ]

TSBF 7.2 0.26 004 022 -600 -274 0.08 0.06 10.9
BSB-Cz 0.7 0.57 019 038 -590 -3.05 0.18 0.37 10.0
BDAVBiI 0.7 0.55 021 034 -549 -274 0.59 0.06 7.3
C545T 0.3 0.61 0.18 043 -546 -3.03 0.62 0.35 2.6
DCJTB 0.1 0.70 029 041 -525 -311 0.83 0.43 2.1
DCM2  0.07 0.72 036 036 -540 -3.26 0.68 0.58 2.1
DCM 0.07 0.77 020 057 -549 -319 0.59 0.51 1.9
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4-3-5. Efficiency roll-off under extremely high current

The author demonstrated that the OLEDs with TSBF show the most suppressed
efficiency roll-off behavior among those with the other laser dyes investigated in this study.
To understand the achievable singlet exciton density, the TSBF-based OLEDs with quite
small active areas (0.04 and 0.0004 cm) were operated under quite short pulse widths (50, 5,
and 0.5 ps). The author assumes that the OLED breakdown observed at high current densities
and voltages is caused by melting of organic layers due to Joule heating. The Joule
heating-induced breakdown is suppressed by a reduction of device active areas and use of
high-thermal-conductivity substrates and short pulse voltages because of suppressed Joule
heating [13,31]. The J-V and #7eqe-J characteristics of the TSBF-based OLEDs with the active
areas of 0.04 and 0.0004 cm are displayed in Fig. 4-13. At the low current densities, the J-V
and neqe-J characteristics of both the OLEDs agreed each other. Use of the smaller active area
and shorter pulse width enabled injection of higher current density approaching 1 kA cm™
with the efficiency roll-off. Here, the author compares the efficiency roll-off of the
TSBF-based OLEDs with those of the previously reported BSB-Cz-based OLEDs with a
nano-patterned or special single-layer architecture which are known to show significantly
suppressed efficiency roll-off under high current density [13,15]. Figure 4-14 (a) and (b) show
the efficiency roll-off characteristics of the TSBF- and BSB-Cz-based OLEDs. The active
area (S), pulse width, and 7neqe, #eqe/nEQemax and singlet exciton densities under electrical
excitation at certain current densities (Ng.), and singlet exciton densities estimated from the
ASE thresholds under optical excitation (NSx) are summarized in Table 4-3. NSz and NS
were calculated by using previously reported equations [13] [see A4-8 and A4-9 in Appendix

A on page 75]. The current densities of around 100, 550, and 2000 A cm were chose in
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Table 4-3 because the TSBF-based OLEDs, nano-patterned OLEDs, and single-layer OLEDs
reached the maximum current densities of around 550, 2000, and 100 A cm, respectively.
Since the nano-patterned OLEDs have nano-size active areas, they exhibit the highest current
density among the three devices. Moreover, the nano-patterned OLEDs strongly suppressed
efficiency roll-off because some singlet excitons can partly escape from a carrier flow and
exciton generation region where SPA and STA occur [Figs. 4-14(b) and (c)] [15]. In the
previous study, it is well established that the accumulation of carriers in the EML is
suppressed in the single-layer OLEDs because of no hetero-interfaces included, resulting in
suppression of SPA and efficiency roll-off as well [Figs. 4-14(b) and (d)] [13]. Whereas the
TSBF-based OLEDs is a conventional multilayers device structure, they showed the similar
Neoe! Meqe max VaIUES to those of the BSB-Cz-based nano-patterned and single-layer OLEDs at
the similar current densities [Fig. 4-14(a)], indicating that charge trapping is well suppressed
in the multilayered TSBF- OLEDs. Moreover, N5 of the TSBF-based OLEDs at 553 A cm™
was 4.8 x 10 cm” s, indicating that the difference between NSz and N is getting the
closer value of 60. After the further suppression of efficiency roll-off and/or the reduction of

ASE threshold, the author expects to realize electrical lasing.
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Figure 4-13. J-V characteristics of OLEDs containing TSBF operated under DC- and

pulse-driven conditions.
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stand for a hole injection layer and electron injection layer, respectively.

Table 4-3. Summary of S, pulse width, J, #eoE, #7EQe/7EQE max, N1, and NS¢ of the TSBF and

BSB-Cz-based OLEDs.

Pulse

) . Tege  Tleqe / NSEL Nsth
Emitter Structure ,  Wwidth 5 (%]
cm Acm of 77 . .
tom] [sec] [ : ET 1107 em® s [107 em” 7
Double- . . 100 050 034 16
TSBF 4x10 5x10 2.7
hetero 553 027 0.18 48
BSB-Cz Nano- % e 990 026 012 3.7
f q 1x10 5x10 2.3
(ref. 15) patterne 2000 0.0 0.05 5.3
BSB-Cz Single 4 5
4x10 5x10 100 0.77 0.36 1.1 2.3
(ref. 13)  layer
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4-4, Summary

In summary, the author demonstrated that TSBF is an excellent laser dye, displaying the
highest ki, one of the lowest Eiw, and OLEDs with the most suppressed efficiency roll-off
among the laser dyes investigated in this study. The author attributes the most suppressed
efficiency roll-off of the OLEDs with TSBF to the suppression of exciton quenching by
processes such as STA, SPA, and SHQ and electrical field-induced quenching, which is
probably related to the small absorption coefficient of triplet excitons of TSBF, the smallest
AEnomo and AErumo between TSBF and CBP, and the largest kr of TSBF. The author
believes that the remarkably low Ew and suppressed efficiency roll-off obtained using TSBF

will lead to the realization of OSLDs in the future.
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4-5. Appendix A

The ASE threshold Ex, is given by [24]

1 o N
E, =C —2da| , A4-1
! Tng@p, ('[ A j ( )

where C’ is the constant factor, /" is the confinement factor, ng is the refractive index in a
fluorescent region, @pL is the PL quantum efficiency, oa is the absorption cross-section, and 4

is the wavelength. Here, @p_ is given by

k

¢PL = kr N km ) (A4-2)

where kr and ki are the radiative and non-radiative decay constants, respectively. Here,
if I %d/l = constant , (A4-3)
Ew is in inverse proportion to kr as shown below,

k
By oc 1+ (A4-4)

r

The rate constants of SPA and STA (ka) as described by the Forster-type energy transfer

process are given by [27-29]

K, = l(r_o)e | (A4-5)

T\ r

where 7 is the lifetime of singlet excitons, ro is the Forster radius, and r is the distance

between a singlet exciton and triplet exciton (for STA) or polaron (for SPA). Here, ro is given

by

9000c* In10k *® dv
rs = Pl fo(W)en (V) —» (A4-6)
S = e, e
where c is the speed of the light, k is the orientation factor, Na is the Avogadro constant,

J' fo(V)ea (v)d—f is the spectral overlap factor, fp(v) is the emission spectrum shape function,
|4
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and ea(v) is the molar absorption coefficient of triplet excitons (for STA) or polarons (for
SPA). Here, ®@p_ is given by @p. = 7 k. Therefore, ka is proportional to kr and the spectral

overlap as shown below,

ks ek fo ()2a (1) (na7)

The singlet exciton density in the OLEDs under electrical excitation (N5g.) was

calculated by using the equation [13],

NSL:ianQExix 1 xi, (A4-8)
e

where e is the elementary charge, out is the light out-coupling efficiency of the OLEDs, and L
is the width of waveguide. For the NS calculation, the author assumed #out = 20% [33,34].
The singlet exciton densities (N°n) at the Ew of the ASE were also calculated by using the

equation [13],

/1A5E xlxl, (A4-9)
hc 7 d

S _
Ny = Eg %

where h is the Planck constant, c is the speed of light, and d is the thickness of the doped

films.
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Summary of this thesis

In this thesis, exciton quenching processes were investigated to suppress efficiency
roll-off in OLEDs through the analyses of PL and EL characteristics.

In Chapter 2, efficiency roll-off observed in OLEDs with TADF emitters was
investigated. The author identified that STA and TTA induced by the accumulation of triplet
excitons formed under electrical excitation are the main sources of efficiency roll-off in
TADF-OLEDs. The use of ACRXTN as a TADF emitter significantly reduced triplet exciton
density that induces STA and TTA because ACRXTN has an efficient RISC rate from triplet
to singlet excitons due to its small AEst. Therefore, the OLEDs with ACRXTN showed very
small efficiency roll-off. On the other hand, the OLEDs with another TADF emitter of 2CzPN
showed relatively large efficiency roll-off because of the inefficient RISC associated with its
large AEstwhile the maximum efficiencies before efficiency roll-off are very similar in both
the OLEDs with ACRXTN and 2CzPN. In the future, a further acceleration of krisc is
required to suppress efficiency roll-off completely.

In Chapter 3, a modified CIP process was developed to incorporate oxygen into organic
solid films doped with laser dyes. The oxygen-incorporated films showed effective
suppression of STA because oxygen is known to work as efficient triplet quenchers in organic
films. The incorporated oxygen was found to be uniformly distributed in the films from the
results of the dependence of incidence directions of excitation light. The concentration of the
incorporated oxygen in the films was estimated by several rate equations and the Perrin model.
The estimated oxygen concentration was very high beyond the concentration of the doped
laser dye molecules. However, the perfect suppression of STA was not achieved here,

probably because the singlet excited states of oxygen molecules generated by quenching of
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organic triplet excitons no longer have an ability for triplet quenching.
1,4-Diazabicyclo[2.2.2]octane (DABCO) is well-known as a quencher for singlet excited
states of oxygen [1,2]. Since immediate quenching of the singlet-excited-state oxygen
molecules by DABCO enables oxygen molecules to be reused as a triplet quencher [1,2],
ternary mixing of organic laser dyes, oxygen, and DABCO can be useful for further
suppression of STA.

In Chapter 4, roll-off characteristics of OLEDs with the laser dyes of TSBF, BSB-Cz,
BDAVBI, C545T, DCM, DCM2, and DCJTB were investigated and compared. TSBF was
demonstrated to most effectively suppress efficiency roll-off characteristics among the laser
dyes investigated in this study through the suppression of STA, SPA, SHQ, and electric
field-induced quenching, which could be ascribed to a small absorption coefficient of the
triplet excitons of TSBF, little carrier trapping by TSBF, and a quite large radiative rate
constant of TSBF. In addition, the TSBF-based OLEDs with quite small active areas showed
the similar efficiency roll-off to previously reported nano-patterned and single-layer OLEDs
with BSB-Cz under high current densities of around 500 A cm2. However, the efficiency
roll-off still remains although STA and SHQ are almost perfectly suppressed in TSBF. On the
other hands, the detailed mechanisms and contributions of SPA and electric field-induced
guenching are unclear under high current densities. For further suppression of efficiency
roll-off, SPA and electric field-induced quenching should be investigated in detail. In the
future, fluorene-based materials are promising and should be investigated because the
fluorene-based materials tend to show large kr induced by their large oscillator strength [3,4].

The author hopes that these findings will be useful for the suppression of EL efficiency

roll-off characteristics in future high-brightness OLEDs and OSLDs.
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Future perspective

In TADF emitters, the material design to enhance krisc is crucial for realizing the
suppression of exciton annihilation and efficiency roll-off. For obtaining a large krisc, the
author suggests two ideas. The first idea is the thermally induced enhancement of a RISC
process. Here, the detailed mechanism of a RISC process is shown in Fig. 5-1. Since only
thermally activated-triplet excitons having same energy to S; can convert to the singlet
excitons through the RISC process, krisc is represented by an Arrhenius equation considering
Boltzmann distribution while kisc is independent on the temperature in case of the ISC from
S1 to T1 (However, the ISC from S; to a higher lying triplet excited state is based on an
Arrhenius equation) [5,6]. Therefore, a temperature increase induced by Joule-heating in the
device or an externally heating from the outside of the device would enhance krisc under high
current densities [7] while ko' and krra are also enhanced by temperature increase [7,8],
indicating that the temperature increase shows the trade-off effect for efficiency roll-off.
However, in a TADF assisted delayed fluorescence (TAF) system which employs a TADF
molecule as an assistant dopant for a triplet harvester and a fluorescence molecule as an end
emitter [9,10], the deactivation processes from the triplet excited state such as the
nonradiative decay and the TTA would be suppressed under high temperature because the
once upconverted triplet energy from T to Sy is immediately transferred to the end emitter
before the re-conversion from S; to T: through ISC. Here, the author notes that if the
fluorescence molecule as an end emitter has a large ki, the PLQY decrease will be suppressed
under high temperature. Therefore, the effect of temperature increase in TAF system with a

large kr should be investigated in the future.
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E
krisc = A exp(-AEgr/kgT) exp(-AEgt/kgT)
g - e
1 T
kisc | | AEst E
T,

Ny
Figure 5-1. The detailed mechanism of RISC process. The equation of the Arrhenius equation

shows the RISC rate. A is related with the spin orbital coupling. ke and T are Boltzmann

constant and temperature.

The other is the molecular designs for a small AEst and a large spin conversion efficiency.
Figure 5-2 shows the relationship between krisc and AEst of the TADF emitters previously
reported [11-22]. krisc tends to be increased with a decrease of AEsT, indicating that smaller
AEst enhances the RISC processes. However, the red solid curves obtained from the
Arrhenius equation predict saturation of krisc at small AEsr, indicating that AEst of about
0.01 eV is enough to obtain the maximum krisc. The reported krisc and AEst are strongly
dependent upon TADF materials and are present in the two red curves calculated with A = 10°
and 10% in the Arrhenius equation shown in Fig. 5-2. A is related with the spin orbital
coupling. This suggests that obtaining large A is important as well as obtaining small AEst to
increase krisc. To reduce STA and TTA-induced efficiency roll-off, triplet exciton density
must be reduced to a level comparable to singlet exciton density in TADF-OLEDs by
increasing krisc to a level at least comparable to kr (e.g. 108 s1). To obtain krisc = 108 s,
TADF materials with A = 102 are required [see Fig. 5-2]. The key to increase A is to enhance
spin conversion efficiency of TADF materials. Therefore, the author suggests that the

incorporation of a heavy atom in TADF molecules is a possible way to enhance spin
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conversion efficiency because the heavy atom enhances the spin-orbital coupling [23]. For
example, Ir(ppy)s shows large intersystem crossing rate constant from Sz to Ty (kisc ~ 10*2s?)
and radiative emission rate constant from T1 (k:" ~ 10° s*) due to the enhanced spin-orbital
coupling [24]. The kisc value exceeds the k;" by more than six orders of magnitude. If TADF
materials incorporated with Ir are obtained, quite high krisc will be achieved as well as kisc
due to the energy alignment of singlet and triplet excited levels. Additionally, small AEst
generally forces to reduce kr and PLQY because of the weak interaction between HOMO and
LUMO. Therefore, a reduction of AEst with maintaining large k: (larger oscillator strength) is

required through careful quantum chemical calculation before synthesizing TADF molecules.

108 : — Ty —— f;i-tt'ihlgwith'A N 1&)8-'!
107§ :
10°f ;

‘.‘a 105 [ -!

%) ]
2 10° { 1
< Fitting with A = 10° ]
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2b koo = Aexp| — =L :
101 r RISC p( kT ] 1
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10° 1072 10"
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Figure 5-2. Relationship between krisc and AEst of the TADF emitters. The krisc and AEst
values were picked up from refs [11-22]. The red solid curves are fitting results with the

Arrhenius equation as shown in the inset. A is related with the spin orbital coupling.

The TADF process might be expected to be useful for the realization of OSLDs because
not only singlet excitons but also triplet excitons can be harvested for light emission with

suppressed STA and TTA. However, k; is usually small for TADF molecules as the author
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explained earlier, preventing lasing from TADF molecules. A previous report shows a
possibility of electrically pumped lasing from OLEDs with a TAF system which employs a
TADF molecule as an assistant dopant for triplet harvester and a laser dye as an end emitter
[9,10]. ASE was observed from this TAF system under optical pumping although the
contribution of harvested energy from triplet excitons is small under a short pulse (800 ps)
excitation condition used in the reference [9] because the up-conversion from Ty to Sy is still
unfinished in comparison with emission from laser dyes. If krisc over 10® s is obtained, the
singlet excitons upconverted from triplet excitons can contribute to ASE or lasing.
Furthermore, k: of laser dyes as an end emitter is also important to obtain small efficiency
roll-off and low ASE threshold. Therefore, the TAF system using high krisc of TADF
molecules and high kr of end emitters is strongly required to reduce ASE and lasing thresholds
under electrical excitation and obtain quite high #eqe at high current density because STA,
TTA, SHQ, and electric-field induced quenching are suppressed based on the results
presented in this thesis.

However, other challenges still must need to finally realize OSLDs. ASE threshold
measured in device structures is always higher than that measured in films under optical
pumping because of a strong propagation loss originating from metal electrodes. Therefore, it
need to find other electrodes or other device structures that minimize the propagation loss.
The author demonstrated the relaxation of the increase of the ASE threshold in OLEDs
structure by inserting an exciton blocking layer between an active layer and metal cathode
layer. The results are shown in Appendix B. Moreover, small-active-area devices with
um-order diameters are usually used to inject high current densities because the small active

area can reduce Joule heating inducing device breakdown. However, the small active area
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also leads to an increase of ASE threshold because of a small gain in the waveguide. To
prevent the increased ASE threshold following the reduced active area, incorporation of a
distributed feedback structure into organic devices is also promising. A well-known mixed
order DFB structure, which makes it possible to obtain quite low ASE threshold (for example,
0.032 pJ cm? in ref. [25]), is the most effective among DFB structures. By combining the

above techniques, the author expects that OSLDs can be realized in the future.
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Appendix B

Realization of lower amplified spontaneous emission threshold and smaller

electroluminescence efficiency roll-off in an organic semiconductor laser structure

Munetomo Inoue, Kenichi Goushi, Kuniaki Endo, Hiroko Nomura, and Chihaya Adachi

Journal of Luminescence, 143 (2013) 153302.

Abstract

The author demonstrated that lower ASE threshold and smaller EL efficiency roll-off
were realized at the same time in an OSLD structure by inserting a
phenyl-dipyrenylphosphine oxide (POPy>) layer between a BSB-Cz active layer and metal
cathode layer. The insertion of POPy> caused unfavorable BSB-Cz-to-metal energy transfer to
significantly reduce, minimizing an increase of ASE threshold caused by the metal.
Additionally, since the electron injection barrier is downward and hole injection barrier is
very small at the BSB-Cz/POPy> heterointerface, extra carriers does not accumulate at this
heterointerface. Therefore, SPA caused by accumulated carriers was not pronounced in the

device structure with POPYy3, resulting in smaller efficiency roll-off.

Introduction

OSLDs have a great potential as novel light sources for information and communication

device applications because of their emission wavelength tunability, large bandwidth,
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compact size, and high speed sensing capability [1-6]. However, to realize lasing by electrical
pumping using organic semiconductors, EL efficiency roll-off caused by exciton quenching
processes under high current densities must be suppressed. In a recent paper, Y. Setoguchi
and C. Adachi reported that OLEDs consisting of a single EML of BSB-Cz which was locally
doped with strong donors and acceptors near a metal cathode and ITO anode show improved
efficiency roll-off characteristics under high current densities of over 100 A cm [7] because
no inclusion of organic-organic heterointerfaces in this device can avoid extra carrier
accumulation which is expected to be one of the sources of SPA [8]. However, the ASE
threshold estimated in this single-layer OLED structure under optical pumping was
significantly increased to En = 24 pJ cm™ compared with Ex = 0.6 uJ cm™ measured from a
neat BSB-Cz film vacuum-deposited on a glass substrate [9]. The increased Ew is because of
energy transfer from BSB-Cz to the metal [10-12]. It has been demonstrated that the ASE
threshold increased by the metal cathode can be relaxed by inserting an organic ETL or EBL
between the EML and metal cathode layer [13], while the roll-off characteristics observed
under high-current operation became significant because of significant carrier accumulation at
the heterointerface. Therefore, the development of new OLED structures with both lower
ASE threshold and smaller efficiency roll-off at high current densities is strongly required. In
this study, the author demonstrated that lower ASE threshold and smaller efficiency roll-off
are realized at the same time by inserting a POPy> layer between the BSB-Cz and metal
cathode layers. Since POPy> works as a spacer to prevent energy transfer from BSB-Cz to the
metal layer, the increase of the ASE threshold was relaxed. Additionally, since the insertion
of POPy> does not cause carrier accumulation in terms of better energy level alignment, the

smaller efficiency roll-off was observed in the device with POPY?.
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Experimental

The organic and metal films used in the ASE measurements were deposited by
conventional thermal evaporation under a high vacuum condition (ca. 7x10** Pa) on 30-nm
ITO-coated glass substrates. These films were optically pumped from the ITO side using
focused excitation light with a radiation area of 0.06 x 2 cm from a nitrogen gas laser (USHO,
KEN-2020) with an excitation wavelength of 337 nm, pulse width of ~800 ps, and repetition
rate of 20 Hz. A detector (Hamamatsu Photonics, PMA-11) to observe the PL spectra was
located on the edge of the films. The propagation loss characteristics were also measured by
gradually separating the excitation position from the edge of an optical waveguide [14]. All
measurements were conducted under a nitrogen atmosphere to prevent degradation of the

films by moisture and oxygen.

The OLEDs were fabricated by thermal evaporation under a high vacuum (ca. 7x10* Pa)
on 30-nm ITO-coated sapphire substrates. The sapphire substrates were used because they
have a higher thermal conductivity and achieve high current densities [15]. A cathode layer
was deposited through a shadow mask with 200 pm-diameter openings. The J-V-L
characteristics under DC driving were obtained by using a semiconductor parameter analyzer
(Agilent, E5273A) and optical power meter (Newport, 1930C). The J-V-L characteristics
under pulse driving were measured using a pulse generator (Agilent, B114A) and the optical
power meter. For measurement of the J-V-L characteristics under pulse driving, short pulse

excitation with a repetition rate of 100 Hz was used.
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Results and discussions

Figure A-1 shows the emission intensity-excitation intensity characteristics in the
stacked organic films that include a neat BSB-Cz film as an active layer. In a 270 nm thick
BSB-Cz film deposited on the ITO (30 nm) coated glass substrate, an ASE threshold of Ew =
1.3 pJ cm™?was obtained (Film A). On the other hand, by depositing an 80 nm thick Ag layer
on Film A, Eu increased up to 19 uJ cm™ (Film B). The increased Em level can be ascribed to
exciton quenching resulting from energy transfer from BSB-Cz to Ag [10-12]. The E in Film
C, which is composed of a 5 wt% MoOs-doped BSB-Cz layer (10 nm) between the neat
BSB-Cz layer and the ITO anode in Film B, was similar to that of Film B. However, by
inserting a 70 nm POPy> layer between the BSB-Cz layer and the Ag cathode, En was
significantly reduced to 3.5 wJ cm? (Film D). In addition, the Ew in Film E, produced by
inserting a 5 wt% MoOs-doped BSB-Cz layer (10 nm) and a 10 wt% Cs-doped POPy> (10
nm) layer to act as a p-doping layer and an n-doping layer, respectively, was also significantly

reduced compared with that of Film B.

(a) (b)
- - I T
5 10°k © FimA .
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—_ /© / 10Wt%-Cs : POPy, (10 nm)
3 b /e d
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Figure A-1. (a) ASE characteristics of the stacked organic films including a neat BSB-Cz

film as the ASE active layer and (b) stacked organic film structures studied here.

97



Chapter 5

The author investigated the mechanism of the ASE threshold reduction by insertion of a

POPYy, layer. The Ew is given by [16]

Ey = , (A5-1)

where « is the propagation loss, 1" is the confinement factor, d is the excitation zone produced
by photo-excitation, h is Planck’s constant, v is the frequency of the ASE, @p_ is the PLQY,
and oan is the summation of the cross-sections, including the stimulated emission
cross-section, self-absorption cross-section, SSA cross-section, SPA cross-section, and STA

cross-section [16-21]. Here, the ratio of the ASE thresholds of the different films is given by

Eth,E _ aErC¢PL,CGaII,C (A5-2)

Einc  clefoLeCue

The subscript letter of each value represents the particular film structure. Figure A-2(a) shows
the excitation position dependence of the 0-1 peak emission intensities in Films C and E,
which were obtained from the edge emission spectra. From these results, the author estimated
values of ac = 6.5 cm™ and ae = 5.0 cm™ at the ASE wavelength [14]. In addition, the I'c and
It values were evaluated by the transfer matrix method [22]. The evaluation is shown in Fig.
A-3. As a result, the author obtained values of /¢ = 0.89 and /& = 0.79. Therefore, the ®p g x

galg product is estimated to be approximately 4.0 times higher than the ®pic X gan,c product.
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Figure A-2. (a) Edge emission characteristics of Film C and Film E below the ASE threshold.
Inset: Measurement of the edge emission spectra depending on excitation position. (b)
UV-visible absorption fluorescence and ASE spectra of the neat BSB-Cz film, and the

UV-visible absorption and fluorescence spectra of the neat POPy- film.
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Figure A-3. (a) Electric field distributions in Film C and Film E. (b) Structures of Film C and

Film E, showing the refractive indexes for each layer.
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The value of gaie should be similar to oaic, because oai is determined by the emitter
material. The author therefore concludes that @p_ is enhanced by insertion of the POPy: layer.
Here, the author discusses @pL in these structures, which is affected by the self-absorption
properties of BSB-Cz during light propagation. Figure A-2(b) shows the UV-visible
absorption, fluorescence and ASE spectra of the BSB-Cz layers. There is a weak overlap
between the fluorescence and absorption spectra around the 0-0 transition, which indicates
that excitons can be transferred through self-absorption, i.e., the Forster mechanism. After
photo-excitation, excitons are mainly generated near the ITO side with an exponential
distribution from the edge and 90% of the excitation light is absorbed within a depth of 130
nm. A number of the generated excitons are, however, transferred to the other BSB-Cz
molecules located near the Ag electrode through the self-absorption process between the 0-0
transitions during emitted light propagation [23,24], leading to a lower &p_c because of
radiationless deactivation by energy transfer to the metal electrode. In contrast, by inserting a
POPYy:> layer at the interface between the BSB-Cz layer and Ag cathode, excitons are confined
inside the BSB-Cz layer without energy transfer into the metal electrode because of the
presence of the wider band gap of the POPy. layer rather than that of the BSB-Cz layer
[11,25]. Indeed, the energy transfer from the BSB-Cz layer to the POPy. layer can be
suppressed because of the significantly small overlap between the emission spectrum of the
BSB-Cz film and the absorption spectrum of the POPy- film [Fig. A-2(b)]. As a result,

exciton confinement is achieved, leading to the higher @p._ g value and the reduced Et value.
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Figure A-4. neqe-J characteristics of Device A, Reference Device A, and Reference Device B

under DC and pulsed operation.

Figure A-4 shows the #eqe-J characteristics of the OLED structure (Device A),
consisting of a sapphire substrate / ITO (30 nm) / 5 wt% MoOs-doped BSB-Cz (10 nm) /
BSB-Cz (200 nm) / POPy, (60 nm) / 10 wt% Cs-doped POPy> (10 nm) / Ag, which
demonstrated a lower ASE threshold (Ewn = 4.0 pJ cm™), as shown in Fig. A-1(a), compared
with Exn = 24 pJ cm? for the previously reported non-heterostructure device (Reference
Device A: sapphire substrate / ITO (30 nm) / 5 wt% MoOs-doped BSB-Cz (10 nm) / BSB-Cz
(200 nm) / 10 wt% Cs-doped POPy> (70 nm) / Ag) [7]. While the Cs-doped BSB-Cz layer in
Reference Device A quenches the BSB-Cz’s excitons significantly, the POPy> layer in Device
A confines excitons well, resulting in the lower ASE threshold. Device A also exhibited
relaxation of the roll-off characteristics under higher current densities compared with those of
the previously reported double-heterostructure device (Reference Device B: sapphire
substrate / ITO (30 nm) / MoOs (30 nm) / mCP (10 nm) / BSB-Cz (20 nm) / BCP (10 nm) /
20 wt% Cs-doped POPy, (30 nm) / Al, where BCP is 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline) [7] and comparable roll-off characteristics to those of Reference Device
A. The energy level diagrams of Device A, Reference Device A and Reference Device B are

shown in Fig. A-5.
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Figure A-5. Energy level diagrams for (a) Device A, (b) Reference Device A, and (c)

Reference Device B.

In Reference Device B, carrier accumulation at the heterointerfaces between the
BSB-Cz and BCP layers occurred because of the large carrier injection barrier of 0.9 eV at
HOMO levels between them. Therefore, the roll-off characteristics would be caused by SPA,
as shown in Fig. A-3. On the other hand, in Device A, hole accumulation at the interface
between the BSB-Cz and POPy, layers can be suppressed well because of the no hole
injection barrier at the HOMO levels between them. The author can also expect virtually no
electron injection barriers between the layers because of the alignment of their LUMO levels.
Therefore, the roll-off characteristics caused by SPA can be relaxed, similar to the case of
Reference Device A. Here, the author notes that having almost the same 7eqe values in
Device A and Reference Device A ensures that most of the carrier recombination occurs

inside the BSB-Cz layers in both devices.
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Summary

The author has demonstrated the lowering of the ASE threshold in OLEDs with low
roll-off characteristics under high current densities by the introduction of a POPy> layer as an
ETL/EBL. The ASE threshold was reduced by exciton confinement in the EML. The
electrically pumped device also showed relaxation of the roll-off characteristics under high
current densities by avoiding carrier accumulation. To realize lasing by electrical excitation,
however, further reduction of the threshold by two orders of magnitude and suppression of the

roll-off characteristics caused by STA and SHQ must also be overcome.
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Abbreviation list

Keywords

Amplified spontaneous emission (ASE)
Cold isostatic pressing (CIP)
Distributed-feedback (DFB)

Direct current (DC)

Electroluminescence (EL)

Electron-blocking layer (EBL)
Electron-transport layer (ETL)

Emitting layer (EML)

External quantum efficiency (EQE)

Full width at half maximum (FWHM)
Highest occupied molecular orbital (HOMO)
Hole-blocking layer (HBL)

Hole-transport layer (HTL)

Intersystem crossing (ISC)

Internal quantum efficiency (IQE)

Lowest singlet excited state (S1)

Lowest triplet excited state (T1)

Lowest unoccupied molecular orbital (LUMO)
Organic light-emitting diodes (OLEDS)
Organic semiconductor laser diodes (OSLDs)
Photoluminescence (PL)

Photoluminescence quantum yields (PLQY's)
Reverse intersystem crossing (RISC)

Singlet ground state (So)

Singlet-heat annihilation (SHQ)
Singlet-polaron annihilation (SPA)
Singlet-singlet annihilation (SSA)
Singlet-triplet annihilation (STA)
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Thermally activated delayed fluorescence (TADF)

Thermally activated delayed fluorescence assisted fluorescence (TAF)
Triplet-polaron annihilation (TPA)

Triplet-triplet annihilation (TTA)

Materials

3-(9,9-Dimethylacridin-10(9H)-yl)-9H-xanthen-9-one (ACRXTN)
9,10-Di(naphth-2-yl)anthracene (ADN)

Tris(8-hydroxyquinolinato)aluminum (Algs)
4,4’-Bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl (a-NPD)
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4,4’-Bis[4-(diphenylamino)styryl]biphenyl (BDAVBI)
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Cyclooctatetraene (COT)
2,3,6,7-Tetrahydro-1,1,7,7,-tetramethyl-1H,5H,11H-10-(2-benzothiazolyl)quinolizino[9,9a,1g
h]coumarin (C545T)

(E)-2-(2-(4-(dimethylamino)styryl)- 6-methyl-4H-pyran-4-ylidene)malononitrile (DCM)
4-(Dicyanomethylene)-2-methyl- 6-julolidyl-9-enyl-4H-pyran (DCM2)
4-(Dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran
(DCJTB)

Tris(2-phenylpyridinato)iridium(l11) [Ir(ppy)s]

Indium tin oxide (ITO)

N,N’-dicarbazolyl-3,5-benzene (mCP)

Phenyl-dipyrenylphosphine oxide (POPys>)

2,8-Bis(di- phenylphosphoryl)dibenzo-[b,d]thiophene (PPT)
2,7-Bis[4-(N-carbazole)phenylvinyl]-9,9’-spirobifluorene (spiro-SBCz)
Ter(9,9’-spirobifluorene) (TSBF)
2,2°,2-(1,3,5-Benzinetriyl)-tris[1-phenyl-1-H-benzimidazole] (TPBI)
1,2-Bis(carbazol-9-yl)-4,5-dicyanobenzene (2CzPN)
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Physical symbols

Absorption cross-section (oa)

ASE threshold energies (Ein)

Avogadro constant (Na)

Component of EQE decreased by STA (asta)

Constant factor (C")

Confinement factor (1)

Current density (J)

Current density where #eqe decreases to 60% of the initial #eqe (Jeo)
Density of polaron exciton (Np)

Density of singlet exciton (Ns)

Density of triplet exciton (N7)

Elementary charge (e)

Emission spectrum shape function (fp(v))

Energy gap between a lowest singlet excited state and a lowest triplet excited state (AEst)
External quantum efficiency (7eqe)

Forster radius (ro)

Half of an initial external quantum efficiency (Jo)

HOMO-HOMO difference between each laser dye and CBP (AEnowmo)
Initial photoluminescence intensity (IpL o)

Internal quantum efficiency (771qge)

Light out-coupling efficiency of OLEDS (#0ut)

Maximum external quantum efficiency (7eqe, max)

Molar absorption coefficient of triplet excitons (for STA) or polarons (for SPA) (ea(v))
Photoluminescence intensity at 40 ps (IpL)

Photoluminescence lifetime ()

Photoluminescence lifetime of delayed component (zdelayed)
Photoluminescence lifetime of prompt component (zprompt)
Photoluminescence peak wavelength (Amax)

Photoluminescence quantum yield (®py)
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Photoluminescence quantum yield of delayed component (@delayed)

Photoluminescence quantum yield of prompt component (@prompt)

Planck constant (h)

Proportion of EQE decreased by other quenching mechanisms (aothers)

Quenching radius of Dexter transfer (r)

Rate constant of intersystem crossing from a lowest singlet excited state to a lowest triplet
excited state (Kisc)

Rate constant of non-radiative decay from a lowest singlet excited state to ground state (Knr)
Rate constant of non-radiative decay from a lowest triplet excited state to ground state (knr')
Rate constant of quenching by electric field and Joule heating (kq)

Rate constant of radiative emission from a lowest singlet excited state to a ground state (k)
Rate constant of radiative emission from a lowest triplet excited state to a ground state (k")
Rate constant of reverse intersystem crossing from a lowest triplet excited state to a lowest
singlet excited state (Krisc)

Rate constant of singlet-polaron annihilation (kspa)

Rate constant of singlet-triplet annihilation (ksta)

Rate constant of triplet-polaron annihilation (ktpa)

Rate constant of triplet-triplet annihilation (kt7a)

Refractive index in a fluorescent region (nr)

Saturated triplet population (No)

Singlet exciton density estimated from ASE threshold under optical excitation (NS)
Singlet exciton density under electrical excitation (NSeL)

Singlet exciton production ratio via triplet-triplet annihilation («)

Speed of the light ()

Summation of cross-sections (can)

Thickness of film (d)

Wavelength (1)

Wavelengths of ASE (1ase)

Width of waveguide (L)

Voltage (V)
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