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A Brief History of OLEDs—Emitter Development

and Industry Milestones
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Organic light-emitting diodes (OLEDs) have come a long way ever since their
first introduction in 1987 at Eastman Kodak. Today, OLEDs are especially valued
in the display and lighting industry for their promising features. As one of the
research fields that equally inspires and drives development in academia and
industry, OLED device technology has continuously evolved over more than
30 years. OLED devices have come forward based on three generations of
emitter materials relying on fluorescence (first generation), phosphorescence
(second generation), and thermally activated delayed fluorescence (third
generation). Furthermore, research in academia and industry toward the
fourth generation of OLEDs is in progress. Excerpts from the history of green,
orange-red, and blue OLED emitter development on the side of academia and
milestones achieved by key players in the industry are included in this report.

1. Introduction

Organic light-emitting diodes (OLEDs) are (colored) light
sources, used in displays of smartphones and TV screens
as well as in panels for lighting applications. Over the past
25 years, the research and development of OLEDs became a
rapidly expanding field in academia and industry. OLEDs offer
a new efficient and sustainable method for lighting and dis-
play technologies and are on the rise to supersede the previous
technologies on the market. Especially in the display industry,
OLEDs have moved into focus in recent years as OLED displays
offer some features that grant them superior properties over
well-established technologies like liquid crystal displays (LCDs).
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For example, OLED devices do not require
a backlight system in comparison to
LCDs.! This is not only energy-efficient
as an inactive OLED element does not
produce light or consume power, but also
allows for a “true black” and thinner and
lighter displays.l?l Moreover, OLED dis-
plays show improvements in resolution,
wider viewing angles, high contrast colors,
faster response time, and the possibility
to realize transparent displays. A major
winning argument is also the realization
of flexible OLED displays that can be bent
and rolled up like a poster, which opens a
new dimension to the design possibilities
of displays.’l However, the technology of
OLEDs still faces key challenges with its
materials systems but also the OLED device architecture. A fur-
ther innovation is required to increase the efficiency, lifetime,
and light output of OLED devices. In addition, the reduction
of the driving voltage is crucial to improve power conversion
efficiency. One of the biggest issues is the short lifetime of blue
OLEDs compared to red and green OLED devices. The degrada-
tion of the blue emitters and the matrix must be minimized
in order to increase the device lifetime.! Besides the need for
further research on the side of the OLED materials, the device
architecture of flexible OLEDs remains an open challenge as
these devices experience problems related to the thermal and
chemical instability of the flexible substrates.l’!

OLEDs are typically thin multilayer devices that consist of
layers of organic semiconductors (see Figure 1).° As the pro-
cesses behind the light-generation in OLEDs have been pre-
viously described in further detail,”l we only provide a short,
simplified mechanism. The charge carriers, that is, electrons
and holes, are obtained at the cathode and anode, respectively,
by applying an external voltage. Subsequently, the charge car-
riers are injected into the electron and hole injection layers.
Next, the electrons and holes migrate through the electron and
hole transport layers into the emissive layer (EML), where the
recombination of the charge carriers and the formation of exci-
tons takes place. The electroluminescence (EL) occurs as these
excitons relax radiatively from the excited state to the ground
state. The rational design of the emissive layer that holds the
host/dopant (emitter) system is the most critical factor in
achieving high efficiency in OLED devices.®!

This report is not intended to be an all-comprehensive sum-
mary of the =14 000 journal publications, 13 000 patents, over
1000 reviews, and several books that have been released over the
past decades (SciFinder-n search using “Organic Light-Emitting
Diode” as search keyword on October 6th, 2020), but aims for
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Figure 1. Schematic depiction of a stacked device structure of an organic
light-emitting diode (OLED).

giving a brief overview of the historic development of OLEDs in
industry and the OLED emitters in academia by focusing on the
following three topics: i) a curated historic perspective on the
emitter development on the side of academia, which includes
metal-based and purely organic emitters built into green,
orange-red and blue OLED devices, ii) selected information on
the OLED development over the past three decades on the side
of the industry, and iii) a perspective on the next up-coming
“fourth generation” of light-emitting materials for OLEDs.

The academic OLED emitter development in this report is
structured according to various “generations” of OLEDs which
are based on the type of emission mechanism that is used to emit
light. Hereby, the term “generation” is only in close approxima-
tion to the chronological order of the development. The first gen-
eration of OLEDs is using fluorescent emitters, while the second
generation is based on phosphorescence and the third genera-
tion relies on thermally activated delayed fluorescence (TADF) as
the light-emitting pathway. After the three well-established OLED
generations, the “fourth generation” of OLED emitters will
be introduced. The first three generations are subdivided into
green, orange-red, and blue emitters as green OLED emitters
were introduced before red, and red before blue. These three red,
green, and blue colors are crucial for the color saturation of the
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OLED devices. As established in earlier reviews, we will continue
defining the color of the OLED by the EL wavelength as this
seems to be a parameter reported for most devices.>? However,
for blue OLEDs, the Commission International de I'Eclairage
(CIE) coordinates are as important as the wavelength for display
applications and have therefore been included in the respective
subchapters. The required CIE coordinates for blue OLEDs are
(x,y) (0.15, 0.06) as defined by High-Definition-television ITU-
RBT.709.1% In the case that an emitting material was reported
with a color range in different devices or a series of an emitter
and its derivatives with various emission colors was introduced,
we included the emitter and the corresponding properties of the
device with the highest external quantum efficiency (EQE) value.

The development of the device structure, host materials, and
other components of OLEDs will not be discussed in this work.
Moreover, emitters that are exclusively reported in patents,
white OLEDs, and OLEDs with emitters based on polymers are
not covered within the scope of this report, even though espe-
cially the latter present a favorable option to develop large-area,
printable devices in a cost-effective and solution-processable
fashion.!!]

2. OLED Development in Industry

Fundamental research for the development of today’s OLED
technology can be traced back to the early 1960s when eosin
was found to emit delayed fluorescencel? and the applica-
tion of high voltage to anthracene crystals succeeded in EL.I!3!
Although numerous organic compounds with fluorescence in
the visible region were known, low efficiencies and high oper-
ating voltages had to be overcome, before the great potential
of OLEDs was manifested.™ In 1987, at Eastman Kodak, ™!
Tang et al. built the first OLED device operated at sufficiently
low voltages which marks the breakthrough of OLED tech-
nology.™ Since then, research and development of OLED tech-
nology have continuously evolved in academia as well as in
industry (see Figure 2.1l

Almost ten years after the groundbreaking work at Eastman
Kodak, the first commercial OLED device was produced
by Pioneer and applied in car audio systems as a passive-
matrix-driven display screen.”l Following the seminal work
of Burroughes et al. in 1990, polymer-based OLEDs were
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Figure 2. Overview of milestones in OLED technology; PMOLED-passive matrix OLED, AMOLED-active matrix OLED.['26]
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introduced to the market in 2002 by Philips.! Full-color active-
matrix OLEDs (AMOLEDs) became available starting from
2002 when SK Display Corporation—a collaboration between
Eastman Kodak Company and Sanyo Electric Company—
started their mass manufacturing process.'”) The development
of AMOLED was a major milestone in display technology to
achieve high-resolution displays with low power consumption
that were soon implemented in mobile phones like the Nokia
N85 and Samsung 17710.2% In 2007, Sony released the world’s
first OLED TV (XEL1) consisting of a 3 mm thin 11” panel, and
the first commercial OLED panels (HANGER, VANITY) for
lighting applications were developed by Lumiotec in 2011.121
Two years later, the flexible OLED design was commercially
realized in Samsung’s Galaxy Round featuring a curved 5.7”
Full HD super flexible AMOLED and LG’s G-Flex with a 6” HD
curved polymer-based OLED.??l Further R&D led to the first
bendable TV panel in 2015 and the imminent release of a rol-
lable TV was announced by LG in 2020.223 Currently, innovative
designs of foldable devices including smartphones of Royale
(FlexPai), Samsung (Galaxy Fold), and Huawei (Mate X) as well
as the foldable notebook of Lenovo and Intel (ThinkPad X1
Fold) have attracted much attention.?*

To improve the overall efficiency of existing OLEDs, com-
panies are continuously investigating new OLED materials.
Earlier this year, CYNORA launched cyBlueBooster as a blue
emitter exhibiting a narrow emission and superior efficiency
of 15% to established emitter materials.?’! Shortly thereafter,
Kyulux announced that it started to supply WiseChip with its
yellow-emitting material to produce the first display based on
hyperfluorescence.l?’l The immense progress of OLED tech-
nology increases the anticipation of unique OLED products in
the future. The overall growing interest of industry and aca-
demia in the OLED technology is also mirrored by the number
of publications and patents that were filed in recent years
(2000-2020) as shown in Figure 3.

Since organic light-emitting devices provide high contrast
ratios, wide viewing angles, and can be implemented in a thin
and light design, they are promising compounds for displays and
lighting products. The estimated volume of the OLED market
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Figure 3. Comparison of the number of publications and patents found
on SciFinder.cas.org with the buzz word and concept “OLED” indicating
the interest in the field of OLEDs between 2000 and 2020 as of October
09th, 2020.
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size amounts to 34.3 billion USD in 2020 and is expected to
increase in volume to 52 billion USD until 2023.%"] Some of the
key market players in the field of OLED displays are Samsung
Electronics Co. Ltd., LG Display Co. Ltd., BOE Technology Group
Co. Ltd., Panasonic Corporation, Sony Corporation, JOLED Inc.,
Tohoku Pioneer Corporation, and Universal Display Corporation
amongst many others.?®l Through the interest of both academia
and industry in the OLED technology, companies, or spin-offs
with close ties to or roots in academia have evolved. Prominent
examples are Kyulux Inc. (Kyushu University), CYNORA GmbH
(Karlsruhe Institute of Technology), C3Nano (Stanford Univer-
sity), Cambridge Display Technology Inc. (CDT) (University of
Cambridge), Dresden Microdisplay (The Fraunhofer Institute
for Photonic Microsystems), Novaled (The Fraunhofer Insti-
tute for Photonic Microsystems and TU Dresden), and Visionox
Technology Inc. (Tsinhua University).?’! The trust in these com-
panies and OLED technology has also been expressed through
acquisitions and investments. Two examples of acquisitions are
CDT which was acquired by the Sumitomo Chemical Group for
~285 million USD in 2007 and Novaled which was then acquired
by CHIEL Industries Inc. (now part of Samsung SDI) for
260 million Euro in 2013.5% On the side of investments, Kyulux
successfully closed its Series B funding round in 2019 where it
secured =31.8 million USD, while CYNORA announced that
it had procured 25 million USD in its Series C funding round
around the same time.’!! Furthermore, a patent analysis report
from Choi and co-workers from 2019 surveyed several thousand
patents on TADF materials and identified some of the leading
players in the field of OLED devices from both academia and
industry.?? Some of the major conferences where both sides
meet are the SID Display Week, China International OLEDs
Summit, International Conference on Display Technology, large-
area, organic & printed electronics convention, OLED Korea Con-
ference, OLEDs World Summit, Electronics Display Conference,
and SPIE Photonics West.

In summary, OLEDs are crucial to the efforts of the devel-
opment and production of superior, innovative displays. The
extensive amount of R&D as represented by the number of
patents, as well as investments into this field, not only demon-
strates the keen interest and trust in this technology, but also
the anticipated customer demand.

3. Emitters for Application in OLEDs

For OLED devices, the generated singlet excitons and triplet
excitons are in a 25% to 75% ratio. To obtain satisfying device
performances with high EQEs, the development and design of
light-emitting materials for OLEDs emitting materials, which have
the potential to fully harvest the singlet excitons and triplet exci-
tons, are of utmost importance. Three generations of emitters have
been elaborately studied and developed to realize this goal and the
next generation of emitters is currently being developed in parallel.

3.1. First Generation Emitters

The first-generation OLEDs are known as fluorescent OLEDs,
which typically employ organic dyes. Since the intersystem
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crossing (ISC) transition between states of different electronic
spin multiplicity is non-radiative, only the transition of singlet
excitons to the singlet ground state (S;—S,) is theoretically
allowed for fluorescence. Therefore, only about 25% of the
singlet excitons can be harvested for luminescence. The upper
limit of the EQE of OLEDs using conventional fluorescent
emitters is 5% without additional optical outcoupling.

3.1.1. First Generation: Green Emitters

The first well-designed OLED device was reported by Tang and
VanSlyke in 198703 The fluorescent emitter 8-hydroxyquinoline
aluminum (Alq;) shown in Figure 4 was used as an emitter in
a vacuum-deposited device. The device performed with an EQE
of 1% with a brightness of over 1 000 cd m™ and an EL wave-
length in the green spectral region at 550 nm at a driving voltage
of less than 10 V. Based on these results, the field of OLEDs was
founded and has continuously received attention ever since.

3.1.2. First Generation: Orange-Red Emitters

The first red-dopant-based red OLED was introduced
in 1989 by Chen and co-workers.’ They reported two
orange-red OLED devices based on 4-(dicyanomethylene)-
2-methyl-6-[4(dimethylaminostyryl)-4H-pyran] (DCM) emit-
ters DCM1 and DCM2 as shown in Figure 4. They showed
EL in the wavelength ranges of Az (DCM1) = 570-620 nm
and Ag; (DCM2) = 610-650 nm, dependent on the doping

»
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concentration, and EQEs of 2.3%. However, in general, red flu-
orescent materials were mostly limited to the dopant usage as
emitters in the fabrication of red OLEDs, instead of being used
in non-doped devices, because of concentration-dependent
aggregation-caused quenching. Emitters with a wavelength of
Amax > 610 nm were typically based on polar structures or non-
polar but 7-conjugated molecule designs.**! These design char-
acteristics inherently led to aggregation in solid state due to
attractive dipole-dipole interactions or effective intermolecular
m-stacking. Consequently, concentration quenching resulted in
weakly emissive or even non-emissive fluorophores in solid-
state. Moreover, it soon became clear that dopant-based red
OLEDs needed further improvement as efficient and bright
dopants were not red enough, and red enough dopants were
not efficient and bright.*® Thus, the assist dopant approach
was developed by Usuki and co-workers in 1999 that solved
the problem of concentration quenching of red dopants by
introducing an emitting assist dopant such as rubrene that
filled the gap of energy transfer between the host and the red
dopant.l*®l Besides the doped red OLEDs, the first host-emit-
ting non-doped red OLED was introduced by Hasegawa and
co-workers in 2000.57]

3.1.3. First Generation: Blue Emitters

Blue fluorescent emitter materials are often based on anthra-
cene derivatives. These show a wide bandgap, rigid chemical
structure, good thermal stability as well as excellent charge-
transporting properties.*® By introducing bulky substituents to
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Figure 4. A selection of first-generation OLED emitters based on fluorescent molecules.
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the 9- or 10-position, the emission color is shifted from blue to
deep blue. A non-doped device based on the fluorescent emitter
2PAn shown in Figure 4 showed an EQE of 2.82%, an emission
wavelength at 452 nm, and CIE coordinates of (0.71, 0.21).3%
The CIE coordinates are not ideal which is caused by the aggre-
gation of the molecules in the thin film which quenches the
fluorescence and red-shifts the emission spectrum. In compar-
ison, emitter 'Bu2NapAn (see Figure 4) shows an excellent deep
blue emission with CIE coordinates (0.149, 0.086) and a better
efficiency with an EQE of 5.17% at a wavelength of 444 nm
because the tert-butyl group suppresses aggregation.*’!

3.2. Second Generation Emitters

To get access to the remaining 75% of excitons in triplet
states, phosphorescent heavy-metal complexes have been
investigated and developed as emitters for the second genera-
tion of OLEDs.™ Through an enhanced spin-orbit coupling
induced by heavy-metal atoms such as iridium or platinum, the
resulting complexes can accelerate the radiative deactivation
through phosphorescence from the lowest-lying triplet state T,

www.advmat.de

singlet state S; to T;. This triplet-using strategy and relaxation
pathway allow phosphorescent heavy-metal-based emitters to
reach internal quantum efficiency (IQE) up to 100%, which is
crucial to obtain OLED devices with high EQEs.

3.2.1. Second Generation: Green Emitters

Since the pioneering work of Watts and co-workers in 1991 for
the preparation of fac-tris(2phenylpyridine)iridium fac-Ir(ppy);
(see Figure 5), this emitter has been widely applied as a green-
emitting dopant in OLED devices due to its excellent stability
and electroluminescent performance.*l

Forrest and co-workers firstly introduced it in 1999 in a green
phosphorescent OLED (PhOLED) with an emission wave-
length of 510 nm and a peak EQE of 8%.1 In their subse-
quent research, the photochemical isomerization of facial (fac-)
and meridonal (mer-) tri-cyclometallated Ir(III) complexes was
investigated regarding their electrochemical and photophys-
ical behavior. Compared with mer-Ir(CAN); complexes, the
thermodynamically favored facial isomers have identical bond
lengths in principle. This most likely suppresses the quenching

to the ground state S, and facilitate ISC from the lowest-lying  pathway, leading to higher quantum efficiencies. Many
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et O
O~
>
O
(J I
| By O N C}
9 T
. o'
— —J3
fac-Ir(ppy), G2 [Au(2,5-F,CH,-CANAC) [Pt{BuPh-C*NN-Qu)]
hg =510 nm hg =528 nm (C=C-C,H,N(C;H,),-p] [C=C-C,F
EQE = 8% EQE = 16.6% he= 528 Nm Jn= 521 nm
\opl. Phys. Lett \dv. Funct. Mate EQE = 11.5% EQE=228%
Tvgd 75 2006, 16, 575-58 Am. Chem. Soc A 1
2010, 1 "G]J 3» ,‘,:1 2088
1999 2006 2010 2015
@ * @ + ‘ @ *—@ @ ’ >
2001 2007 2011 2018
QME F F
7N\ J
e~
Al sl e R R ST
ZN 0= ZN{ o= \ P X /
Ir ) |r\ » Me Pt—Cl C[ /Cu—Br Ir
{ v {\» 1%
Me Bu 7N b Bu N2 AN Bu
2 2 2y
Me F
Ir(ppy),acac Ir(ppy),tmd PtL’CI (dtpb)CuBr [ir-2],
he =512 nm Ao =515 nm e =510 nm he= 517 nm he= 489 nm
EQE = 12.3% m. Chem. Soc. 2001 EQE = 10% EQE = 21.3% EQE =27.6%
J. Am. Chem. Soc. 2001 )4-431 Adv. Ft )t J. Am. Chem. S ‘ ‘
! he = 524 Nm 2007 2011, 13 )348-10 ?01,
h= 520 nm EQE =32.3%
Adv M 2014

EQE— 19.0%
Phys _D 1

Figure 5. The second generation of green OLED emitters is based on phosphorescent molecules.
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functional ancillary ligands with different ligand field strengths
have also been employed for bis- or tris-cyclometalated Ir(III)
complexes for color-switchable OLEDs. In 2001, Thomson
and co-workers demonstrated vapor-deposited PhOLEDs based
on heteroleptic (CAN),lr(acac) complexes (acac = acetylace-
tonate, CAN = cyclometalated bidentate ligand) as the emitting
dopants.[* These (CAN),lr(acac)-doped PhOLEDs show a broad
range of emission color from green to red. Among them, the
highest EQE of 12.3% with a Ag; = 525 nm was observed in the
green OLED device employing Ir(ppy),acac, shown in Figure 5,
as the doped emitter. Another complementary strategy for
color-tuning of Ir(Ill)-based triplet emitters is the introduc-
tion of various functional groups X (X = SiPhs;, NPh,, B(Mes),,
OPh, SPh, etc.) to the phenyl ring of ppy in [Ir(ppy-X),(acac)]
complexes.”’] The ppy-type cyclometalated Ir(IIl) complexes
depicted in Figure 5 were used as emitters to construct OLEDs
showing moderate EQE values of 4-16% with EL emission
wavelengths in 505-609 nm.

The ancillary ligands with different ligand field strengths
for bis- or tris-cyclometalated Ir(III) complexes have also been
employed as photoemitters for OLEDs.*l Wang and co-workers
introduced the rigid carbazole dendron to the Ir(CAN); com-
plexes, giving the G2 dendrimer (see Figure 5) with a high PL
quantum yield of 87% in solution.* When G2 is doped into
a carbazole-based host, the resulting PhOLED shows a high
brightness above 20 000 cd m~2, a maximum EQE of 16.6%,
and an EL wavelength of 528 nm.

In 2014, Kim and co-workers studied the influence of the
orientation on the well-designed Ir(ppy)s, Ir(ppy)acac, and
Ir(ppy),tmd (ppy = 2-phenylpyridine, tmd = 2,2,6,6-tetrameth-
ylheptane-3,5-diketonate) (see Figure 5).°% It is worth noting
that Ir(ppy),tmd with a high horizontal dipole ratio of 78%
resulted in a high photoluminescence quantum yield (PLQY) of
96%. Employing Ir(ppy),tmd as the emitter, a bottom emission
OLED with an outstanding EQE of 32.3% was realized, which is
one of the most excellent green OLEDs.

Next to Ir-based emitters, Pt-based complexes that possess
long-lived emissive excited states in the order of ps were inves-
tigated for the application in PhOLEDs. Early attempts to use
the [Pt(CAN)(OMO)] (ONO = p-diketonate ligand) monomer
and excimer as the dopants in OLEDs were conducted by For-
rest and co-workers.’! The tridentate cyclometalated Pt(II)
complexes of conjugated aryl-substituted diphenylpyridines
(NANAC- or NANAC-units) show intense triplet metal-to-ligand
charge transfer (MLCT) emission and good film-forming capa-
bility and the complexes have subsequently been used in OLED
applications.[*>>2

In 2007, Williams and co-workers reported the pincer Pt(II)
complex [PtL3Cl] as depicted in Figure 5 with an additional
methyl group that displays intense green phosphorescence
in solution.”® The OLED device using PtL’Cl as emitting
dopant exhibited an EQE up to 10%, an emission wavelength
of 510 nm, and the peak current efficiency of 30 cd A~L. In 2015,
Che and co-workers developed several novel pincer Pt(II) com-
plexes bearing C-deprotonated CANAN ligands with different
extended 7-conjugation.l’ The best device utilizing the phos-
phorescent [Pt('BuPh-CANAN-Qu)][C=CCyFs] emitter as shown
in Figure 5, exhibited a green emission with CIE coordinates of
(0.368, 0.598) at an EQE of 22.8%.
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Recently, considerable efforts have been made to investigate
a new class of d!° metal complexes with great optical prop-
erties for the application in PhOLEDs. Yam and co-workers
realized a solution-processed PhOLEDs based on the strongly
luminescent Au(III) complex [Au(2,5-F,C¢H;—CANAC)
(C=C—C4H4N(C4Hs),-p] shown in Figure 5, as early as in
2010.%1 A respectable EQE of up to 11.5%, an EL wavelength
of Az, = 528 nm, and current efficiency of 374 cd A~! were
achieved. Subsequently, alkynylgold(III) complexes based
on the x3-(CANAC) pincer ligands (N = pyridine or pyrazine)
have also been proposed as low-cost dopant candidates for
promising PhOLEDs with high EQEs above 10%.5% In 2011,
Hashimoto and co-workers reported the fabrication of green
OLEDs derived from three-coordinate Cu(I) complexes (dtpb)
CuBr with the 1,2-bis(oditolylphosphino)benzene] (dtpb)
ligand as depicted in Figure 5, leading to high efficiencies
up to 21.3% for the peak EQE and 520 nm for the emission
wavelength.[*’]

3.2.2. Second Generation: Orange-Red Emitters

In 1998, Forrest and co-workers reported the first effective
PhOLED using red-emitting 2,3,7,8,12,13,17,18-octaethyl21H,
23H-porphine platinum (II) (PtOEP) as shown in Figure 6,
achieving a peak EQE of 4%.158!

During the next decades, significant effort to the PhnOLED
field has been made to improve the device performance
employing phosphorescent complexes for multicolor dis-
plays. Red phosphorescent emitters are less abundant due to
the difficulty in suppressing triplet-triplet annihilation and
achieving effective radiative decay of MLCT states. From a
fundamental perspective, per-deuterated and per-fluorinated
approaches, which have been employed by decreasing the
number of high-frequency vibrations associated with C—H,
O—H, and N—H stretching, are two feasible ways to sup-
press the quenching process and reduce the vibrational
overlap.’”! The cyclometalated neutral Ir(I1I) complexes are
widely regarded as promising candidates for efficient red
PhOLEDs. The majority of the reported neutral red phos-
phors based on the 1-phenylisoquinoline, 2-phenylquino-
line, or acetylacetonate ligand are the p-diketonate-based
complexes or homoleptic complexes.[®¥l For the acetylace-
tonate-based red phosphors, Thompson and co-workers
reported bis(2-(2"-benzo[4,5-a]thienyl)pyridinato-N,C?)
iridium(acetylacetonate) Btp,lr(acac) (see Figure 6) as a red
emitter for an OLED device with emission wavelengths at
616 nm and a high EQE (=7%).1! Another well-known red
luminophore is tris[lphenylisoquinoline-C2,N]iridium(III)
Ir(piq); which is also depicted in Figure 6.1 It was inves-
tigated by Hoshino and co-workers in 2003 and showed a
k. value approximately one order of magnitude larger than
other members of the Ir(C—N); family. The EQE of the corre-
sponding device was reported to be 12.3% with Ag; = 620 nm.
Substituting aromatic ligands with electron donor groups
substituents, such as methoxy and amine groups, generally
red-shifts the emission due to the competing o-withdrawing
character of the ligands, which leads to a destabilization of
the highest occupied molecular orbital (HOMO) level.l¥]
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Figure 6. Second generation red OLED materials that are based on phosphorescent molecules.

Wang and co-workers reported on one of these methods by
introducing aromatic amines to CN ligands of Ir(C—N); com-
plexes for red-shifting emission in 2007%% They showed that
the pure red-emitting Ir-G1 complex, displayed in Figure 6,
has a higher HOMO energy level and good morphological
stability, achieving a maximum EQE of 11.65% and CIE
color coordinates of (0.70, 0.30) in the OLED device. Larger
m-electronic conjugation in the isoquinoline ring tuned the
emission of Ir(III) complexes to the pure red spectral region
(>620 nm). Furthermore, Kwon and co-workers used methyl
groups and sterically bulky tert-butyl groups to suppress the
self-quenching effect of [(phq),Ir(acac)] (phq = 2-phenylqui-
noline) complexes, which was reported in 20111 A highly
efficient red PhOLED based on the Ir(mphmq),(tmd) phos-
phor (see Figure 6) realized an EQE of 24.6% and an emis-
sion wavelength of 610 nm. In 2018, Wong and co-workers
introduced the diarylboron group into heteroleptic Ir(III)
complexes bearing ancillary acac ligands.*¥ With the incor-
poration of a strong electron-deficient effect and the notable
electron-transporting capacity of the diarylboron group, an
up-to-date highest EQE value for Ir(III)-based red PhOLEDs
using PyThlr (see Figure 6) over 28% with an emission wave-
length of 604 nm was achieved.

The long-lived triplet states of platinum(II) complexes also
favor the potential use in efficient red PhOLEDs with high color
purity. In 2008, a red PhOLED utilizing terdentate Pt(II) com-
plex PtL2Cl, displayed in Figure 6, was successfully developed by
Williams and co-workers. The resulting device exhibited an
EQE of 14.5% at an emission peak of 700 nm.[! By further
optimization of materials and device architecture, Li and
co-workers developed the tetradentate cyclometalated Pt(II) com-
plex (PtN3N-ptb), which is depicted in Figure 6. PtN3N-ptb was
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used as an emissive dopant in stable and efficient red OLEDs
with long operational lifetimes of over 600 h at a luminescence
of 1000 cd m2.%] The maximum EQE of the red triplet emitter
based on PtN3N-ptb, shown in Figure 6, can be improved
to nearly 21.5%. In 2016, Chi and co-workers strategically
designed and synthesized a new homoleptic Pt(fprpz), complex
(see Figure 6) with the intense near IR (NIR) emission at 740 nm
and the PLQY of up to 81%.[] The best NIR-emitting OLED
with a peak EQE of 24 £ 1% was obtained for Pt(fprpz), due to its
high horizontal dipole orientation. Although some metal com-
plexes derived from other transition elements, such as Re(I),
Eu(IIl), and Zn(II), are known to exhibit monochromic red
emissions, the use of these complexes for device applications
is still limited because of their poor solubility and low lumines-
cence efficiency.

3.2.3. Second Generation: Blue Emitters

In pursuit of high-performance electroluminescent OLED
devices, phosphorescent emitters have drawn continuous atten-
tion. Iridium and platinum complexes are also suitable for blue
phosphorescent emission. In 2001, the emitter Flrpic shown in
Figure 7 was first used by Forrest and co-workers to fabricate a
blue phosphorescent OLED (CIE = 0.16, 0.29) with an EQE of
5.7% and the emission wavelength of 475 nm.[°8]

Although many iridium complexes based on CAN ligands
have shown high emission efficiency in the sky-blue region,
designing deep-blue Ir(III) phosphors with a lower energy of
the HOMO is desirable.l”) To achieve a blue-shift in the emis-
sion, the triplet energies have to be at least 2.8 eV."" The triplet
energy can be increased by introducing electron-withdrawing
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Figure 7. Second generation blue OLED emitters based on phosphorescent molecules.

groups. The attached nitrile group in FCNIrpic as shown in
Figure 7, increases the triplet energy to 2.74 eV with an EQE
of 22.1% and an emission wavelength of A = 466 nm in the
OLED device.’!

Many modified arylpyridine-type derivatives with different
substituents and ancillary ligands have been designed to
improve the color saturation of blue PhOLEDs.” A subse-
quent breakthrough was achieved by Forrest and co-workers
who reported the fabrication of efficient blue PhOLEDs derived
from (fac-) and (mer-)Ir(pmp); complexes in 2016 as depicted
in Figure 702 Utilizing the o-donating capabilities of N-heter-
ocyclic carbene (NHC) ligands, these complexes can achieve
deep blue emission (Ap; = 418 nm) with decreased conjuga-
tion of the ligand scaffold. In particular, the fac-Ir(pmp);-based
device achieved deep blue emission with color coordinates
of (0.16, 0.09) with a very high brightness (>7800 cd m™),
which is the brightest deep blue emission among the reported
PhOLEDs. In 2018, Zysman-Colman and co-workers reported
the meridional homoleptic Ir(III) complex mer-2 bearing the
CF; substituted NHC ligands shown in Figure 7/l Owing to
the strong electron-withdrawing effect of meta-CF; group, mer-2
displayed a remarkable deep-blue emission at 412 nm with a
PLQY of 72% in solution. The device using mer-2 achieved a
high EQE of 12.5% at the brightness of 100 cd m~. In addition,
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an extremely small CIE y-coordinate (< 0.1) was realized in the
stable vacuum-deposited OLED.

In addition to the Ir-based complexes, platinum complexes
are also well-established. In 2006, Thompson and co-workers
reported upon a pyrazolate-bridged binuclear Pt(II) complex,
[Pt(pyrazole)(CN)], shown in Figure 7, that achieves an EQE of
4.3%, an emission wavelength of 466 nm, and CIE coordinates
of (0.11, 0.24) in a blue OLED device.”] Great improvement has
been done in the development of Pt complexes with the intro-
duction of the highly efficient rigid tetradentate Pt(II) complex
PtON7 in 2013 and PtON7-dtb in 2014 by Li and co-workers
as displayed in Figure 774 The OLED devices containing the
platinum(Il) complex PtON7-dtb exhibited a pure deep-blue
emission with an extremely narrow full width at half maximum
(FWHM) of 20 nm. With an outstanding EQE of 24.8%, an EL
wavelength of 451 nm, and CIE coordinates of (0.148, 0.079) in
a PtON7-dtb-based OLED device, this emitter is one of the most
promising deep blue phosphorescent platinum emitters.

Recently, Kim and co-workers reported a new series of dfpy-
sipy-type Ir(III) complexes that show an outstanding intense
blue emission with a narrow wavelength at Ap; = 445-450 nm."!
This work demonstrates the highest EQE = 31.9% of a deep
blue device doped with Ir-2 (see Figure 7) among the reported
PhOLEDs with a CIE y-coordinate less than 0.20.
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Figure 8. The third generation green OLED emitters is based on TADF molecules.

3.3. Third Generation Emitters

Although the emitters based on phosphorescent heavy-metal
complexes have exhibited promising potential and have been
employed in commercial electroluminescent products, the use
of heavy-metal atoms limits their further market expansion con-
sidering the environmental concerns and cost issues.” Thus,
the development of emitters that avoid the usage of high-cost
and environmentally precarious elements, while offering high
IQEs has become an increasing motivation. One solution is
the highly promising mechanism of TADF that has been devel-
oped. TADF is being investigated and utilized with increasing
interest both in academia and industrial research. TADF mole-
cules characteristically have a small energy gap (AEgst) between
the lowest-lying singlet state S; and lowest-lying triplet state
T;. When the lifetime of the T, excitons is long enough, the
formally spin-forbidden reverse intersystem crossing (RISC)
process is thermally activated and the triplet excitons can up-
convert into the S; state through which they radiatively relax to
the ground state which leads to a theoretical IQE of 100%.7°]

3.3.1. Third Generation: Green Emitters
In 2011, Adachi and co-workers introduced the first OLED using

a purely organic TADF molecule as an emitter.””) PIC-TRZ as
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shown in Figure 8 was built into an OLED device with an EQE
of 5.3%, which approaches the theoretical limit of conventional
fluorescent materials. Experimental data and quantum mechan-
ical analysis suggest that the reduction in the overlap of HOMO
and the lowest unoccupied molecular orbital (LUMO) reduced
the energy gap AEgy between S; and T, leading to a thermally
activated reversibility of the ISC. Furthermore, Adachi and
co-workers reported that a twisted donor and acceptor struc-
ture forced by steric hindrance, effectively reduces the overlap
between HOMO and LUMO.

One year later, they succeeded in synthesizing a series
of TADF emitters derived from carbazolyl dicyanobenzenes
with multiple carbazolyl units as donor groups and benzoni-
triles as acceptor groups, marking a major milestone in TADF
OLED emitter development.”®l An OLED featuring 4CzIPN
(see Figure 8) as the emitter showed an excellent device per-
formance with an outstanding EQE of 19.3% in comparison to
OLEDs based on conventional fluorescent emitters which can
only reach a maximum EQE of 5%, indicating that the emis-
sion process uses both singlet and triplet excitons through a
highly efficient TADF mechanism.

In 2015, Cheng and co-workers reported a benzoylpyri-
dine-carbazole-based emitter called DTCBPy as shown in
Figure 8.7°! The emitter exhibited a small AEgr value of
0.04 eV and a PLQY of 91.4% was observed when doped in a
thin film. The respective green OLED device using DTCBPy
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Figure 9. The third generation green OLED emitters are based on TADF molecules.

as the dopant emitter showed an EQE of 272%. The analysis
of the crystal structure of DTCBPy indicates that the short dis-
tance of 2.9-3.7 A between the ortho-tert-butyl carbazole unit
(donor) and the pyridine group (acceptor) facilitated the strong
intramolecular through-space interaction between the donor
and acceptor moiety and that through-space interactions
most likely play a key role to obtain very small AEgy values
simultaneous to high quantum efficiencies. In 2017, Chen
and co-workers designed and synthesized an aromatic-imide-
based TADF emitter AI-Cz shown in Figure 8, which showed
delayed emission due to the small AEgr (< 0.1 eV). Using this
molecule as an emitter, excellent green OLED device with
510 nm and high EQE of 23.2%.18%

In 2018, Duan and co-workers conducted studies on several
TADF molecules derived from the indolocarbazole isomers as
shown in Figure 9.8 The emitter 32alCTRZ displayed excel-
lent TADF properties in an OLED device with an EQE of 25.1%.
In the same year, Cheng and co-workers reported two rod-like
emitters, CzDBA and 'BuCzDBA, that belong to the D-A-D-
type TADF molecules bearing 9,10-dihydro-9,10-diboraanthra-
cene and carbazole groups as depicted in Figure 9.82 These
emitters show very small AEgr in combination with high hori-
zontal emission dipole orientations and excellent PLQYs. By
using CzDBA as an emitter, a green OLED with a record-high
EQE of 378% was achieved, which provides a new research
direction to achieve highly efficient TADF-based OLEDs.

Recently, Duan and co-workers reported a novel TADF emitter
2F-BN displayed in Figure 9, based on the multi-resonance
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design strategy, which can separate HOMO and LUMO effec-
tively through the opposite resonance effect of a nitrogen
atom and boron atom without the need of conventional donor-
acceptor structures.® An excellent pure green device with an
EQE of 22.0% and an FWHM of only 25 nm were realized.
Enlighted by the above results, Jiang and co-workers designed
and synthesized a new TADF emitter QAD-DAd shown in
Figure 9 using a fused amine/carbonyl system. Employing
QAD-DAd as emitter, highly efficient vacuum-deposited
OLED with green emission (552 nm) and EQE of 23.9% were
accessed.®! Furthermore, Hatakeyama and co-workers reported
a solution-processable OLED with the EQE of 21.8% and pure
green emission of 505 nm, companied with an FWHM of
33 nm, through the use of the emitter OAB-ABP-1 which is
depicted in Figure 9.8% These excellent performances show
the promising potential of a multi-resonance design strategy to
construct TADF emitter for application in OLEDs.

Besides the purely organic TADF emitters, Cu(l) com-
plexes with full-filled d'° shells have attracted considerable
interest for their attractive photophysical properties. Since the
first discovery of highly efficient green OLED prepared from
a diamond core binuclear Cu(I) complex [Cu(PNP-tBu)], with
TADF properties, as shown in Figure 8, new copper complexes
are emerging as TADF-emitting materials for OLEDs.®% The
homo- or heteroleptic Cu(I) complexes based on a butterfly-
shaped Cu,X, core bridged by an N,P-ligand, such as diphe-
nylphosphinepyridine-derivatives (PyrPHOS), have received
considerable attention as OLED candidates. The dinuclear
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Cu,X,-unit in these compounds leads to a rigid structure
compared to mononuclear complexes which causes improved
photophysical properties (nearly 100% PLQY in solid-state).
The solution-processed OLEDs based on heteroleptic copper—
halide—(diphenylphosphino)pyridine derivatives (NHetPHOS)
complex gave a maximum CE of 9 cd A at a low turn-on
voltage of 4.1 V in the yellow-to-green region.®’”) To improve
luminescent efficiency by enhancing molecular rigidity,
1,6-bis(diphenylphosphino)hexane was used instead of PPh; to
get a fully bridged dicopper(I) complex Hex-NHetPHOS-Cu(I)
(see Figure 8) which was reported by Brise and co-workers in
2015.081 It exhibited a very high PLQY of 92 £ 5% in solid films.
High-efficiency solution-processed OLEDs were achieved with
the largest CE of 73 + 2 ¢d A™! at an emission wavelength of
556 nm, corresponding to a peak EQE of 23 £ 1%. This rep-
resents the best efficiency of OLEDs based on green copper(I)
complexes with TADF emission. Besides, many efforts on its
bridging N,P-ligand, and terminal phosphine ligands have been
devoted to addressing the effect of on the solubility, stability,
and luminescence of Cu,X,(NP) complexes.®]

The cationic Cu(I) complexes Cu(NN)(POP)* can also
be designed for green OLEDs via appropriate ligand engi-
neering. In 2015, Lu and co-workers reported a brightly green
[Cu(czpzpy)(POP)|BF, as displayed in Figure 8 by integrating
the strong electron-donating carbazole moiety with the pypz
unit. The functional diimine ligand can not only be used in
solution-processed OLEDs as a ligand to form the luminescent
cuprous complex but also acts as a host for the formed emitter.
A highly efficient green OLED with an emissive layer using
[Cu(czpzpy)(POP)|BF, was fabricated with an EQE of 6.36%
and current efficiency of 1753 c¢d AL Other d° metal com-
plexes, like Ag(I) and Au(I) complexes with low-lying MLCT or
ligand-to-ligand charge transfer excited states were also found
to possess TADF properties.’!l In 2017, Che and co-workers
developed a series of luminescent cyclometalated Au(III) com-
plexes with TADF character.”” The presence of an amino sub-
stituent on the auxiliary aryl ligand twists for the CANAC ligand
plane and leads to the separation of HOMO and LUMO. The
complex Au—C3—N(CgHs), showed green EL (Ag = 517 nm)
with a record-high maximum EQE of up to 23.8%.

Very recently, linear two-coordinate d'° coinage metal com-
plexes have been developed as the most promising candi-
dates for high-performance OLEDs. In 2016, Romanov and
co-workers demonstrated two-coordinate, monomeric CAAC
copper and gold halide complexes (CAAC)MX (CAAC = cyclic
(alkyl)(amino)carbene, M = Cu, Au, X = Cl, Br, I) with high
quantum efficiencies up to 95% and short lifetimes (about
0.5 ns) that exhibit prompt rather than delayed fluorescence.’!
Subsequently, several linear, trigonal, and dimeric CAAC
coinage compounds bearing various co-ligands, for example,
L = thiocyanate, 2,2"-bipyridine, phenanthroline, or the trispyra-
zolylborate derivatives, were also developed for exploring
metal-based emitters." Another remarkable progress on two-
coordinate (carbene)Cu(N-carbazolyl) bearing monoamido
aminocarbene (MAC*) and diamidocarbene (DAC¥) has been
successfully realized for efficient TADF emissions with near
100% IQE in full-color range varied over 270 nm.*! The green
device with (MAC*)Cu(Cz) (see Figure 9) as the dopant exhib-
ited a maximum EQE of 19.4%, an emission wavelength of
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534 nm, and high brightness of 54 000 cd m~2. More recently,
impressive efforts on the structure modification on (carbene)
M(I)(amide) complexes, for example (carbene)Au(l)(amide),
have been described to achieve efficient emitters with excellent
electroluminescent properties.[®!

3.3.2. Third Generation: Orange-Red Emitters

The first orange-red emitter for third-generation OLEDs,
4CzTPN-Ph shown in Figure 10, was reported by Adachi and
coworkers in 2012 with an EQE of 11.9% and an emitting wave-
length of 580 nm."®l

In 2013, the same group was able to introduce an OLED
with a red-shifted emission (dgz > 600 nm) with an EQE of
175% and CIE coordinates (0.60, 0.40) featuring the hepta-
zine-based emitter molecule HAP-3TPA shown in Figure 10
whose acceptor core was equipped with a higher number of
heteroatoms.”’] In 2016, Monkman and co-workers introduced
an OLED device containing a dibenzo[a,jlphenazine-based
emitter belonging to U-shaped D-A-D TADF systems called
POZ-DBPHZ as displayed in Figure 10 with an EL wavelength
of 610 nm and EQE of 16%.°% Ever since then, third-genera-
tion orange-red emitters have made considerable progress in
recent years, leading to the development of TADF emitters that
show luminescence in the region between 580 and 700 nm with
EQEs up to =30%. In 2018, Yang and co-workers reported a
device featuring NAIDPAC as the emitting dopant with an EL
wavelength of Ag; = 584 nm and an EQE of 29.2% as shown
in Figure 10.°% Their approach to increase the rigidity of the
molecular structure, as well as a strongly pre-twisted charge
transfer (CT) state, in combination with the contribution of the
optical microcavity effect has led to high EQEs of this orange-
red OLED system. Two years later, Cheng and co-workers
reported an orange-red device containing the 9,10-diboraanthra-
cene (DBA)-based, rod-like emitting dopant dmAcDbA shown
in Figure 10 with an EQE of 24.9% and emission wavelength
of 583 nm that featured methyl groups on the phenyl spacers
which led to large torsion angles.1%

While these devices showed exceptional EQEs, the emission
wavelength was only in the orange-red region, opening space
for the development of equally efficient purely red-emitting
(>620 nm) OLED devices. One of the early deep-red OLED
devices was reported by Wang and coworkers in 2015 when they
implemented TPA-DCPP shown in Figure 10, a phenanthrene-
based TADF emitter, into an OLED device showing EL with a
wavelength of 668 nm and an EQE of 9.8%.11°0 In 2019, Yang
and co-workers reported a solution-processed device containing
the follow-up model of their orange-red emitter NAI-DMAC,
NAI_R3 shown in Figure 10 with an extended donor moiety
using tert-butylbenzene groups, which emits at 622 nm and an
EQE of 22.5%.1%2] Their strategy of combining molecular engi-
neering and host selection successfully increased the EQE for
their OLED system. In the same year, Liao et al. reported a red
OLED containing the luminophore TPA-PZCN (see Figure 10)
with an EL wavelength of 628 nm and an EQE of 274%. Liao
and coworkers also used increased structural rigidity as a
design tool and improved the acceptor strength by suppressing
the nonradiative transition by installing a large and planar
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Figure 10. The third generation red OLED emitters are based on TADF molecules.

backbone.l'%] Besides, the device performance was improved by
using an exciplex-forming strategy which will not be discussed
in detail at this point.

Purely organic orange-red third generation OLED devices
started with a maximum EQE of 11.9% in 2012 and have
evolved to reach record-high EQEs of almost 30% for deep-red
devices in 2019. However, the spectrum of TADF emitters does
not stop at red emitters. The progress on the development of
NIR emitters with wavelengths above 700 nm is not the focus
of this report and well-documented in previous reviews.[1%4

Despite the efforts, the development of red TADF-based lumi-
nescent coinage complexes is still far behind because of their poten-
tial photosensitivity and limited luminescent properties which is
following the energy gap law. Only a few red Cu(l)-based TADF
compounds were reported to date.['” In 2017, Che and co-workers
proposed that by using an extended 7-conjugation fragment in the
complex Cu(dppnc)-R as displayed in Figure 10, a much larger
oscillator strength (about 0.3) is obtained. The resulting red elec-
troluminescent (Ag; = 631 nm) device exhibited an EQE of up to
10.17% and CIE coordinates of (0.61, 0.38).1%]

3.3.3. Third Generation: Blue Emitters

Whilst the OLED devices based on first-generation emitters
struggle with low EQEs, OLEDs containing second-generation

Adv. Mater. 2021, 2005630 2005630 (12 of 24)

emitters achieved great success for red and green OLEDs. How-
ever blue OLEDs still face some series of challenges that come
with the higher energy of blue light compared to red and green.
This high energy leads to problems regarding the operation
lifetime in blue OLEDs and too fast degradation of the mate-
rial.'”] Furthermore, blue emitters are challenged by their high
emission energy and extensive device efficiency roll-off at high
brightness.'%8 Therefore, the development of stable blue emit-
ters and OLEDs, especially deep-blue, is one of the most chal-
lenging tasks in this research field.

In 2012, Adachi and co-workers published the very first class
of deep-blue organic TADF emitters, the DTC-DPS as shown in
Figure 11.19°1 The OLED device equipped with DTC-DPS per-
formed with an EQE of 9.9%, an EL wavelength of 423 nm,
and CIE coordinates of (0.15, 0.07). Later that year, the group
published a sky-blue emitter 2CzPN also displayed in Figure 11,
which showed an EQE of 8% and an EL wavelength of 473 nm
when built into an OLED device.”® Since then, the evolu-
tion of blue TADF emitters has progressed rapidly. In 2014,
Adachi and co-workers presented the next breakthrough in this
research field."% They were the first to report a blue TADF
OLED that was able to compete with the best phosphorescent
OLEDs at that time. Furthermore, this was the first time that
the issue of efficiency roll-off of blue OLEDs based on TADF
was addressed. The TADF emitter of that OLED was based on
a 9,10-dihydroacridine diphenylsulfone derivative DMAC-DPS
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Figure 11. Selected third-generation blue OLED emitters based on TADF molecules.

as depicted in Figure 11. The device has a performance with an
EQE of 19.5% with 470 nm and CIE coordinates of (0.16, 0.20).
In 2015, Wu and co-workers published a new blue TADF emitter
DMAC-TRZ as shown in Figure 11, which was counted to one
of the best blue emitters at this time.}™ The respective OLED
device performed with an EQE of 26.5%, an EL wavelength
of 490 nm, and CIE coordinates of (0.21, 0.50). A structurally
similar emitter to DMAC-TRZ, spiroAC-TRZ as depicted in
Figure 11, was reported by Wu and co-workers in 2016.12 The
emitter spiroAC-TRZ is also based on a triazine acceptor and an
acridine derivative donor. Compared to DMAC-TRZ, the phenyl
rings on the acridine unit in spiroAC-TRZ weakens the elec-
tron-donating capacity of the donor. This weakening results in a
favorable hypsochromic shift in the emission. The OLED device
featured with spiroAC-TRZ performed with an EQE of 36.7%
with 480 nm and CIE coordinates of (0.18, 0.43). With this high
EQE, the OLED equipped with this emitter can be suggested as
the best blue TADF device reported until 2017 Although, it is
necessary to mention that the y-coordinate CIE value of 0.43 is
relatively large. In 2018, Adachi and co-workers presented a new
TADF emitter DCzBN3, shown in Figure 11, based on a ben-
zonitrile acceptor and two 3,6-di-tert-butylcarbazole donors.!'*3!
The device with this emitter was the first deep-blue TADF
OLED with a y-coordinate below (0.07) and an EQE higher than
10%. The device performed with an EQE of 10.3%, an EL wave-
length of 428 nm, and CIE coordinates of (0.16, 0.06).

In 2019, Cheng and co-workers reported the sky-blue TADF
emitter 246tCzPPC, as depicted in Figure 12, which performed

Adv. Mater. 2021, 2005630 2005630 (13 of 24)

in the device with an EQE of 29.6%, an EL wavelength of
491 nm, and CIE coordinates of (0.18, 0.40).'"*1 Another sky-
blue TADF emitter with a high EQE was published in 2019 by
Kido and co-workers.'"”l The device with the emitter PXZ-BIP
(see Figure 12) performed with an EQE of 20.1%, an EL wave-
length of 497 nm, and CIE coordinates of (0.22, 0.42). Later in
2019, Yang and co-workers published the blue TADF emitter
SBA2DPS as displayed in Figure 12, which performed in the
respective OLED with an EQE of 25.5%, an EL wavelength of
467 nm, and CIE coordinates of (0.15, 0.20).1"% They stated that
its high EQE is superior to most reported TADF devices with a
CIE y-coordinate below (0.20).

Recently, in 2020, Zysman-Colman and co-workers designed
and synthesized a molecule based on a fused amine/carbonyl
system."”] Due to the opposite resonance effect of a nitrogen
and oxygen atom in Mes;DiKTa (see Figure 12), the HOMO
and LUMO were separated, resulting in a small AEgr (0.26 eV).
Excellent OLED device performance was realized with an EQE
of 21.1%, sky-blue EL emission at 480 nm, and an FWHM of
37 nm. Another sky-blue TADF emitter was presented by Brise
and co-workers, who reported an OLED device containing the
linear TADF molecule ICzZTRZ, which displays a difunctional-
ized indolocarbazole core (see Figure 12). This emitter showed
a PLQY of 70% and a highly horizontally oriented feature in
host materials, which lead to an excellent device performance
with an EQE of 22.1%, EL emission wavelength at 483 nm,
and CIE coordinates of (0.17, 0.32).8 Also this year, Tang
and co-workers reported a series of TADF emitters based on
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Figure 12. A selection of third-generation blue OLED emitters based on TADF molecules.

benzonitrile derivatives. These emitters bear both 3,6-di-
tert-butylcarbazole and carbazole as donor moieties and differ
in their arrangement of the donors. The OLED device with
2'CZ,CzBn performed with an EQE of 24.5%, an EL wavelength
of 472 nm, and CIE coordinates of (0.16, 0.24) as displayed in
Figure 12. Lee and co-workers achieved an even higher EQE of
30.4% in an OLED employing the TADF emitter PhICzDPA as
shown in Figure 12.1?0 The device showed a sky-blue emission
at 482 nm and CIE coordinates of (0.13, 0.32). The emission is
located in the sky-blue region due to the strong donor character
of the diphenylamine donors.

Besides the purely organic TADF emitters, there have been
efforts to develop Cu(I)-based blue TADF emitters. In 2013, Lu
and co-workers reported the blue-emitting cationic cuprous
complex [Cu(pytfmpz)(POP)|BF, containing the electron-
rich pypz ligand as visualized in Figure 11.°% An intense blue
TADF emission with Ap; at 492 nm with a PLQY up to 75%
was observed. Solution-processed blue OLEDs were fabricated.
By using this emitter as dopant, a maximum EQE of 8.4%, an
emission wavelength of 496 nm, and an excellent efficiency of
23.68 cd A~! were achieved. However, the ionic Cu(I) complexes

Adv. Mater. 2021, 2005630 2005630 (14 of 24)

still suffer the high roll-off effect in OLEDs caused by the inter-
ference of free counterions. Recently in 2019, Thompson and
co-workers proposed a linear donor-bridge-acceptor design
strategy and developed a new class of two-coordinate CAAC-
Cu-amide complexes.'?!l As a consequence of the strong ISC
manifold within the coplanar ligand conformation, the smallest
AEgr values (<75 meV) in CAAC-Cu-amide complexes was
observed for mononuclear Cu(I)based TADF systems. The
resulting blue OLED employing CAAC-Cu-Cz as depicted in
Figure 12 showed an EQE of 9%, a Ag; of 474 nm and a power
efficiency of 16 cd A™! at 2 mA cm™2.

3.4. Fourth Generation OLEDs—Next-Generation Emitter
Development

However, the development of OLEDs does not end at devices
based on third-generation emitters. The next generation of
OLED devices needs to show good efficiencies, color purity,
and long lifetimes amongst other factors. Several approaches
are investigated to further improve the device efficiencies by
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Figure 13. Simplified schematic outline of the main energy transfer and
luminescence pathways taking place in hyperfluorescent devices, red-
colored lines: pathways taking part in fluorescence and hyperfluores-
cence, grey-colored: unwanted (non-)radiative decays, Index explanation:
A-assistant dopant, E—emitter.

optimizing the exciton harvesting. Here, we briefly introduce
further developed luminescence pathway concepts for OLEDs
based on fluorescence. Outside the fluorescence pathways,
innovative phosphorescence-based concepts have also been
explored and reported.l®122

Recently, in 2019, Endo and co-workers from Kyulux reported
upon hyperfluorescence which they claim as the “ultimate solu-
tion for OLED displays”.['®l “Hyperfluorescence” is a term that
has been circulating in the world of OLEDs since 2013 and can
also be found as “thermally assisted fluorescence” amongst
other labels.?!l Since 2014, it is used to describe the use of
TADF molecules as assistant dopants to a fluorescent emitter
as reported by Adachi and co-workers.'?’! The group reported
an OLED device featuring cascade-type EL that was based on
the combination of an emitter and assistant dopant in the EML.
By regulating the doping concentration ratio of the TADF assist
dopant and fluorescence emitter, the main exciton formation
is localized on the assistant molecules. There, through TADF,
the formed triplet excitons are upconverted via RISC into the
S{* state (see Figure 13). Subsequently, the S;* exciton energies
are transferred to the Sf state of the emitter molecule by Férster
resonance energy transfer (FRET). The delayed fluorescence
emitted from S; results in the emission of light. This concept
profits both from the high stability and narrow emission spectra
of fluorescent emitters and thus, high color purity, as well as
the efficient RISC process of TADF molecules that allows for a
theoretical 100% exciton use to get high device efficiencies.

In 2014, a blue, green, yellow, and red hyperfluorescent
OLED was reported by Adachi and co-workers.?’l The yellow
device containing PXZ-TRZ as an assistant dopant with TADF
characteristics and DBP as a fluorescent emitter in the EML
(see Figure 14) showed the best maximum EQE of 18.0% with
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the CIE coordinates (0.45, 0.53). Five years later, the hyperfluo-
rescent devices by Endo and co-workers from Kyulux showed
impressive performances.'?’l Their blue, green, yellow, and red
hyperfluorescent devices showed very narrow emission spectra,
which resulted in higher color purity, significantly higher light
intensities in comparison with phosphorescence and TADF-
based OLEDs and long lifetimes. Their blue device achieved a
maximum EQE of 26% with an EL wavelength of 470 nm, CIE
coordinates of (0.14, 0.15), and an FWHM of 31 nm.

In 2018, Lee and co-workers reported upon an OLED device
with a sequentially deposited sensitizer-doped EML and fluo-
rescent emitter-doped EML containing DMAC-DPS as a TADF
sensitizer dopant and TBPe as the fluorescent emitter as shown
in Figure 14.%6) The multilayered EML structure that they
reported allowed for the spatial separation of the two com-
ponents of the emitting system which led to the suppression
of the Dexter energy transfer (DET) that competes with the
FRET (see Figure 13). Thereby, the FRET process was favored
and the maximum EQE of the blue multilayered stacked sen-
sitizer device improved by =5% in comparison to the conven-
tional sensitizer device to 18.8% with CIE coordinates of (0.14,
0.25). In the same year, the same group reported on a solution-
processed hyperfluorescent blue OLED device with an EML
also using TBPe as the fluorescent emitter but 5CzCN as a
TADF assistant dopant and a sterically more demanding host
material as shown in Figure 14. The OLED displayed a max-
imum EQE of 19.5% with CIE coordinates of (0.15, 0.23).1'%/]
Lee and co-workers furthermore reported on a molecular
design option of the TADF assistant dopant to manage DET in
a green hyperfluorescent device in 2018.1281 In their device, they
used TbCzTrz as the TADF assistant dopant and 6tBPA as the
fluorescent emitter (depicted in Figure 14). By increasing the
steric demand of the TADF donor moiety with the addition of
tert-butyl groups, the efficiency loss via DET could be success-
fully controlled. The resulting OLED device showed an EQE of
18.5% and CIE coordinates of (0.25, 0.57).

One year later in 2019, Kasparek, Baumann, and coworkers
from CYNORA discussed methods to match TADF and fluores-
cent emitters for a co-emitting approach which is to be applied
in deep-blue hyper OLED devices, further endorsing the hyper-
fluorescent concept from the side of the industry.?’l They
reported on a hyperfluorescent OLED device with an EQE of
20%, which is less than for the traditional TADF-based device
(24%), but with an improved CIEy coordinate (0.13) and longer
lifetime at 1 000 cd m~2 (25 h). They conclude that the choice of
the TADF versus the hyperfluorescent approach is to be deter-
mined by the application and the panel maker’s requirements
and that the matching of the TADF emitter and co-emitter is
essential to a successful co-emitting approach. This is sup-
ported by a report by van Eersel and co-workers from 2019 when
they simulated the efficiency loss processes in hyperfluorescent
OLEDs in a Monte Carlo (MC) simulation and highlighted the
importance of the optimization of the energy levels of the fluo-
rescent emitter to those of the TADF emitter and host material,
next to the doping concentration of the fluorescent emitter.'*%!
In the same year, another report on a MC simulation was pub-
lished by Howard and co-workers, in which they state that the
concept of hyperfluorescence might be instrumental to whether
TADF molecules will be able to outcompete phosphorescent

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SONCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

o0
Weceon
S

By ‘Bu 'Bu Bu
TBRb
Fluorescent Emitter Dopant O

O O Bu Bu
DBE =N N 6tBPA
Fluorescent Emitter Dopant ! Fluorescent Emitter Dopant

wof || ||l

0
g
|
?‘\@z
pe

Z

@ TADF Assistant Dopant
PXZ-TRZ Q

TADF Assistant Dopant FTrzTc:

O N@ O TADF Assistant Dopant

37 || TR || o2

mCBP

Host PBICT DPEPO
Host Host
EQE = 17.9%
Ag =517 nm
J. Mater. Chem. C 2020 Dyes Pigm. 2020,
8, 5265-5272. 181, 108549.
2020
? . :
2018
Bu ‘Bu ‘Bu 'Bu i
Bu Bu BU Bu Bu  Bu
TBPe TBPe 6tBPA
Fluorescent Emitter Dopant Fluorescent Emitter Dopant Fluorescent Emitter Dopant
‘Bu
0 0
sy O
B
u OO N § )
N-@—«N_‘N
Q Me (3"
" B
DMAC-DPS 5CZCN Bu By
TADF Sensitizer Dopant TADF Assistant Dopant TbCzTrz
TADF Assistant Dopant
o230 | | ofkto Zn
OO jope! o
oy 19
DPEPO DPOBBPE DPEPO
Host Host Host
EQE = 18.8% EQE = 19.5% EQE = 18.5%
CIE (0 14, 0.25) CIE (0.15, 0.23) CIE (0.25, 0.57
/ n ( 2018 ACS Appl. /\//J/(’ //7 rfaces 2018 Org. Electron. 2018
1« )4—-15(C 10, 5700-5705 59, 236-242

Figure 14. A brief timeline of the development of hyperfluorescent OLEDs showing a selection of device EMLs.
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Figure 15. A brief timeline of the selected OLED EML systems using TADF-based systems in combination with fluorescent molecules.

emitters in OLEDs.'! They investigated the singlet and tri-
plet exciton diffusion lengths for TADF molecules and how
they affect the efficiency of hyperfluorescence. Their study sug-
gested two pathways toward high-efficiency hyperfluorescence:
i) steric protection of the fluorescent acceptors to suppress
triplet exciton-based DET and ii) limitation of triplet exciton
mobility between TADF molecules.

Most recently, in 2020, Lee and co-workers reported upon a
yellow TADF-sensitized fluorescent OLED (FOLED) that dis-
played a high EQE of 20.2%, CIE coordinates of (0.45, 0.53),
and a lifetime of 1400 h.132l They used PyCNTruX as the TADF
assistant dopant and TBRD as the fluorescent emitter dopant
as shown in Figure 14. The combination of a small AEgr that
accelerated RISC and a bulky donor moiety led to higher EQEs
and a long lifetime due to the suppressed DET. Furthermore,
in the same year, the group published a green hyperfluorescent
OLED that employed FTrzTCz as the TADF assistant dopant
and 6tBPA as the fluorescent dopant with an EQE of 17.9%, CIE
coordinates of (0.24, 0.58), and an EL wavelength of 517 nm
as displayed in Figure 14.1%% Here, the DET was successfully
reduced by installing sterically demanding tert-butyl groups
and a largely distorted structure of the TADF emitter. In both
reports, Lee and co-workers were able to improve their device
performance by adjusting the steric demand of the donor moiety
of the TADF molecule which is to their finding from 2018.

Simultaneous to the development of hyperfluorescent
devices, other systems based on the combination of TADF-
based systems and fluorescent molecules were investigated.

In 2015, Kim and co-workers reported a red FOLED using
an exciplex-forming co-host system, deploying TCTA and
B4PYMPM, and the fluorescent dopant DCJTB, shown in

Adv. Mater. 2021, 2005630 2005630 (17 of 24)

Figure 15, with an EQE of 10.6% and EL at 600 nm that har-
vested triplet excitons by a RISC of the host triplet exciplex as
depicted in Figure 16.134

In 2019, Liao and co-workers reported upon an orange
FOLED that introduced a three-component EML as shown in
Figure 15 containing i) an exciplex-forming co-host system
consisting of one hole- and one electron-transporting material
(TCTA, B4APYMPM), ii) a TADF dopant (4CzIPN) that acts as

Exmplex

RISC

T1(Ex<:|plex) S
Tl
'] Isc

DET =T,

So

Exciplex
Host

Fluorescent
Dopant

Figure 16. Simplified schematic outline of the exciplex-forming co-host
system as reported by Kim and co-workers in 2015.%4 (Non-)radiative
(decay) pathways that are not essential to the explanation of the lumi-
nescence pathway of the above-mentioned device are not depicted due
to reasons of overview and comprehensibility.
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Figure 17. Simplified schematic outline of the exciplex-forming co-host
hyperfluorescent system as described by Liao and co-workers in 2019.11%5]
(Non-)radiative (decay) pathways that are not essential to the explana-
tion of the luminescence pathway of the above-mentioned device are not
depicted due to reasons of overview and comprehensibility.

a sensitizer, and iii) a fluorophore (DCJTB) as schematically
displayed in Figure 17.13%] Hereby, the exciplex-forming co-host
system is the crucial theoretical concept of realizing hyperfluo-
rescence. The highest EQE for the investigated OLEDs was
12.9% with CIE coordinates of (0.58, 0.41).

In 2020, Lee and co-workers introduced a cascade singlet-
harvesting (CSH) OLED that uses a singlet-harvesting matrix
which is doped with a fluorescent emitter as schematically dis-
played in Figure 18.0%¢ The singlet-harvesting matrix features
two TADF-type exciplexes — the high energy exciplex and the
low energy exciplex — that efficiently harvest excitons through
the reverse ISC and lead to singlet exciton transfer to the fluo-
rescent emitter through two FRETs while controlling the DET
exciton loss mechanism. The high energy exciplex is formed
by CDBP and POT2T, while the low energy exciplex is gener-
ated by POT2T and DABNA-1 (see Figure 14). The yellow OLED

et Si— — S
T T T
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SW(ExclpIex L; .
s, (2) 150 ‘
Ti(Exciplex-L) - N
S1
DET ) isc
— T
So
High-Energy Low-Energy Fluorescent
Exciplex Exciplex Dopant

Figure 18. Simplified schematic outline of the CSH mechanism as
described by Lee and co-workers in 2020.1%¢ (Non-)radiative (decay)
pathways that are not essential to the explanation of the luminescence
pathway of the above-mentioned device are not depicted due to reasons
of overview and comprehensibility.
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Figure 19. Simplified schematic outline of the cascaded energy transfer
process in FOLED devices as reported by Ma and co-workers in 2020.%)
(Non-)radiative (decay) pathways that are not essential to the explana-
tion of the luminescence pathway of the above-mentioned device are not
depicted due to reasons of overview and comprehensibility.

device with the fluorescent emitter dopant TBRDb presented a
maximum EQE of 18.7%. with CIE coordinates of (0.41, 0.56).

In 2020, Ma and co-workers reported upon a red OLED
device featuring an EML with an exciplex host (mCBP, POT2T),
a TADF sensitizer (Pr-1) that also formed a low-energy exci-
plex with the electron-acceptor component (POT2T) from the
exciplex host and a fluorescent emitter (DCJTB) as depicted in
Figure 15 and schematically outlined in Figure 19.'37l The red
OLED device of Ma and co-workers achieved a maximum EQE
of 13.0% and EL wavelengths above 600 nm.

In 2018 and 2019, Yersin and co-workers stated the direct sin-
glet harvesting (DSH) mechanism as a promising lead toward
fourth-generation OLEDs.I*8 The DSH mechanism tackles the
search for better OLED EML materials from a slightly different
direction. Instead of using TADF in combination with fluores-
cence, they propose the improvement of exciton use by intro-
ducing the follow-up step from TADF. They eliminate the need
for time-delaying thermal activation to up-convert triplet exci-
tons into a singlet state and accelerate ISC that directs singlet
and triplet excitons directly into the lowest-lying singlet state
(*CT). The focus point of DSH is an almost “zero-gap” energy
between the lowest-lying singlet state 'CT and triplet state *CT
that leads to fast ISC as depicted in Figure 20.

In summary, OLED development is ever-evolving and
finding innovative ways to improve device performance and
lifetime. Most recently, in April 2020, Kyulux announced that

E Multiple State Coupling
ICT 3CT
Fast ISC
So

Figure 20. Simplified schematic outline of the DSH mechanism as
reported by Yersin and co-workers.[%%]
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it had begun shipping a yellow TADF/Hyperfluorescence light-
emitting material to Wisechip Semiconductor Inc. (Taiwan),
marking the first commercialization of hyperfluorescent emit-
ters to the best of our knowledge. ¢!

4. Conclusion

In conclusion, the development of OLEDs and especially the
emitting materials have come a long way ever since the pio-
neering work of Tang et al. in 198733 Since then, we have seen
the evolution of first-generation fluorescent emitters to second-
generation phosphorescent emitters toward increased efforts to
build third-generation devices based on TADF luminophores
which allow for IQEs up to 100% by accessing both singlet and
triplet excitons via RISC. Green, orange-red, and blue devices
with a wide range of color and efficiencies have been intro-
duced in all three generations based on emitting materials that
are either metal-based or purely organic. Now, next-generation
emitting materials are fast-emerging and convincing both aca-
demia and industry that the history of OLED development has
yet another season of even better devices coming.

Among the various approaches to innovation in the OLED
technology, one strategy to further improve the light-output
of OLED devices is the usage of well-ordered structures like
(surface-mounted) metal-organic frameworks (SUR)MOFs to
tune the electron-hole mobility.’% The first MOF showing
TADF was reported in 2018 by Adachi and co-workers.!*]
Very recently, a SURMOF-based OLED device with a green-
emitting TADF molecule was built by Woll and co-workers.!**l
The SURMOF approach improved the charge transport of
the OLED significantly due to reduced defects and a high-
quality interface between SURMOF and the transport layer.
Therefore, SURMOFs should be considered for future stack
architectures of OLED devices. A different approach to inno-
vation uses luminophores that intrinsically emit circularly
polarized light to achieve higher brightness of OLEDs, and
a simplified and thinner OLED device architecture.'*2] Com-
pared to non-polarized OLEDs built with antiglare filters to
reduce external reflection, Fuchter and co-workers reported an
improved brightness of 19% by employing a helical-chiral plat-
inum complex.?l Twist-induced TADF OLED emitter mate-
rials showing planar chirality were developed by Brise and
co-workers who reported circularly polarized luminescence
enabled chiral molecules based on a carbazolophane (Czp)
donor unit for the potential application in circularly polarized
OLEDs.[*4
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