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ABSTRACT

Due to the demand for materials that have promising properties for the elec-
tronic device market, the development of new conjugated polymers, where the n
bond is responsible for the material’s optoelectronic properties, has attracted the
attention of the academic and industrial community owing to the easy pro-
cessability, which can be performed from a polymeric solution, and to a great
potential for the manufacture of devices such as cell phone screens, televisions,
light-emitting diodes, and solid-state lighting (SSL). For SSL applications, usu-
ally, polymers capable of emitting red, green, and blue (RGB) light bands are
used, which combined, generate white light. Thus, this review presents some of
the most relevant works that aim at developing RGB devices that can be used for
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SSL applications.

1 Introduction

The impressive evolution in the synthesis of organic
compounds led to the emergence of a promising
research line, organic electronics (EO). This area
stands out for promoting research in the production
and development of electronic devices based on
organic semiconductors. The development of organic
semiconductors began in the late 1990s. Its discovery
led to the awarding of researchers Alan J. Heeger,
Alan G. MacDiarmid, and Hideki Shirakawa to the
Nobel Prize in Chemistry in 2000 [1, 2].

Organic semiconductors are made up of conju-
gated organic molecules and are chemically
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manipulable materials that exhibit technological
interesting electrical and optical properties. The main
advantages of this type of material, especially poly-
meric over inorganic semiconductors, are its low
production cost, low density, malleability, flexibility,
and ease of forming polymer films [3, 4].

The polymeric semiconductors can be considered
electron (n-type semiconductor) or hole (p-type
semiconductor) carriers. However, they do not have a
well-organized crystal structure. In general, polymer
semiconductors have a large number of crystal
defects, resulting from their long molecular chains,
creating energy traps in the chemical structure. These
defects in the structure may also be caused by the
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degradation process or the
supramolecular structures [5, 6].

Based on the distribution of these defects in poly-
mer materials, the transport of charges is limited by
energy states. Thus, the transport occurs through a
hopping mechanism, in which the charge carriers
(electron or hole) move across well-defined energy
states through jumps. These energy states constitute
the molecular energy orbitals, where the valence
band in inorganic semiconductors corresponds to the
energy level of the highest occupied molecular orbital
(HOMO). In contrast, the conduction band is equiv-
alent to the lowest unoccupied molecular orbital
(LUMO) energy. Holes are transported by HOMO,
whereas electrons are transported by LUMO so that
the energy difference between orbitals is the bandgap
[7, 8].

The great diversity of these conjugated polymer
molecules and the possibility of modifications
through synthesis helps the continuous search for
miniaturization of electronic devices, promoting the
renewal of current technologies and making this area
a possible substitute for conventional electronics,
with the development of less thickness, although
larger area, flexible, and resistant devices [9-11].

Known applications for such semiconductors
include light-emitting organic diodes (OLEDs),
which are devices that, when subjected to an electric
field, whether intense or not, have the property of
emitting light [12]. Such devices can be classified as
Small Organic Light Emitting Diode (SMOLED),
designed by low molecular weight organic mole-
cules, which are usually combined with n type con-
nections, and the Organic Polymer Light Emitting
Diode (PLED), which will be reported in the present
work. PLED consists of polymers that have a suc-
cession of single (o) and double bonds. The n bond is
responsible for the properties of these materials for
optoelectronic use and, thus, it can conduct electrical
impulses with unpaired electrons delocalized
throughout the polymeric structure [4, 13, 14].

At the moment, a very small number of conjugated
polymers of type n are reported, compared to type p.
Thus, studies on the development and strategies for
designing n-type polymers are carried out. Most of
the conjugated polymers are dependent on the =n
bond that alternate in the polymer main chain;
another strategy formulated is the alternation of the
p-m conjugation, in which the p orbitals of the het-
eroatoms conjugate with the m orbitals of the units in
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the main chain thus, opportunities to adjust the
electronic structure of the conjugated polymers
[15-17].

The study of polymer-emitting devices began in
1990, with Burroughes and colleagues, following the
research by Tang and VanSlyke in 1987 on multilayer
organic small-molecule emitting devices. They began
to develop a device consisting of poly(p-phenylene
vinylene) (PPV), this being the component of the first
commercial PLED [18]. Another commonly used
polymer is poly (9-vinylcarbazole) (PVK), an uncon-
jugated polymer with good thermal and chemical
stability and is soluble in various solvents, such as
benzene, toluene, chloroform, and tetrahydrofuran.
This polymer acts as a means of transporting holes
and is coated by rotation, which is essential for this
processing [19, 20]. However, its use in electronic
devices is not in pure form but in mixtures with
coordination compounds or functionalization to
improve their electrical and conduction properties
[21, 22]. For presenting such properties, it has been
reported as a buffer layer, playing an important role
in the process of energy transfer between the host
material and the dopant since it has been shown that
PVK has good chemical compatibility and high triplet
energy for the polymeric guest/host mixture [23, 24].

The expansion and development of this technology
have impacted the reduction of operating voltage,
resulting in greater efficiency of these devices.
However, other parameters beyond composition
influence the best performance of the material, which
are the morphology of the deposited polymeric film,
as well as the thickness of this layer. Thus, attention
should be paid to the polymer’s appropriate solvent
and the appropriate deposition technique [25-30].

The difficulties in producing these devices are
related to the degradation that occurs when they are
subjected to electric fields in the presence of oxygen
or light because, as mentioned by many authors
[31-34], oxygen acts on breaking the polymer chain
or interrupting conjugation by replacing groups C=C
with C=0. Thus, the devices are sensitive to oxygen
and moisture. They require encapsulation in an inert
atmosphere, an expensive process [35].

Therefore, it is necessary to develop strategies in its
construction so that the PLED device has durability
combined with ideal performance. Thus, a systematic
study of conjugated polymers’ optical and electronic
properties is necessary to improve PLED devices’
manufacture. However, light emission from
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polymeric devices is currently lower than in inor-
ganic materials (LED); therefore, intensive studies are
being conducted to improve their performance. The
main advantage of PLEDs is the ease of processing
since the polymer shows dissolubility in usual
organic solvents, forming solid films of nanometric
thickness under a substrate or adjacent layers that
configure the device [25, 36-39].

2 Polymer light-emitting diodes (PLED)

PLEDs are made up of conjugated polymers that
follow the principle of electroluminescence, i.e., when
a voltage is supplied through an electric current in
the PLED, it emits light [28] (Fig. 1). These diodes
have been the subject of intense research due to their
superior properties of high efficiency and their great
potential in solid-state lighting (SSL) and display
applications. The polymers used in these devices
have some advantages, such as low manufacturing
cost, the possibility of production in large substrate
areas of the substrate, and better controllable doping
concentrations [40-43].

Thus, thin-film deposition techniques with an
optimized sequence of organic semiconductors
(OSCs) are employed, where each layer performs a
function for the best light emission performance. The
deposition of these layers can be performed with low-
cost production techniques on large substrates. Thus,
it is possible to manufacture devices that emit in a
large area, which makes them suitable for diffuse
lighting [44-46].

Light-emitting polymers (LEPs) can have their
structure fully conjugated, including those with
conjugated segments in the structure or side groups,
or not conjugated [47-49]. This must-have high
quantum photoluminescence efficiency, thermal and
chemical stability, good processability, and color
purity. The color emitted by such polymers depends

Fig. 1 General schematic
representation of a PLED
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on their chemical composition, the nature of the side
groups, and the energy difference between the
HOMO and LUMO molecular orbitals of the emitting
organic material [50, 51].

Among the families of polymers commonly used in
the manufacture of light-emitting devices are poly-
carbazoles, polyphenylenes, polyfluorenes, and
polythiophenes. However, another class of polymers
has been gaining prominence. These polyfluorene
derivatives exhibit efficient electroluminescence
linked to a high charge carrier mobility, besides good
processability and excellent thermal and chemical
stability [52-54].

However, a problem commonly encountered in
multilayer devices is the dissolution of the polymer
layer by the solution of the subsequent layer, as well
as the large bandgap and poor mobility of charge
carriers. Thus, composites with coordinating com-
pounds have been developed, forming a guest/host
compound, a strategy to improve the diode perfor-
mance since both materials’ properties are combined
[55, 56]. This approach was developed in the work of
Zanoni and Ilha [57, 58]. They elaborated an OLED
device with sky-blue color emission, where the active
layer was composed by PVK and a complex of [Ir
(Fppy).(Mepic)], where Fppy = 2-(2,4-difluo-
rophenyl)pyridinate; Mepic = 3-methyl pyridine-2-
carboxylate), designed by molecular engineering to
optimize the most efficient blue color emission [40].
The built device had the following configuration,
FTO/PEDOT:PSS/PVK:FIrMepic, (10% m/m)/Al,
where PEDOT:PSS is the mixture of poly(34-
ethylenedioxythiophene)  with  poly(styrenesul-
fonate). The best performance was achieved by
modifying the active layer by inserting the iridium
complex into the polymer, resulting in higher effi-
ciency associated with energy transfer from the
polymer to the complex, a desired feature in OLEDs

device |

@ Springer

Cathode/ETL
Emitter Layer

HTL

\Glass



J Mater Sci: Mater Electron (2020) 31:21856—21895

as it is a strategy for the extraction of the singlet and
triplet generated excitons [59].

An alternative to optimize the injection balancing
of holes and electrons in the device is the develop-
ment of copolymers and/or polymer doping, which
reveals improved emission efficiency [53]. The
transport of the carriers (hole and electron) is com-
monly unbalanced because the mobility of the hole is
greater than that of electrons, thus affecting electro-
luminescent efficiency as well as the elaborated
device is more susceptible to degradation [60, 61].

Such a method is employed in the research of
Ahmad [62], when he developed a PPV copolymer,
specifically polyl(4,6)-dimethyl)-1,3-phenylene viny-
lene-3-methoxy-1,4-phenylene-1,10-dioxyde-
camethylene-2-methoxy-1,4-phenylene) (Fig. 2).

Conductive polymers such as PPV are promising
materials in the field of electronic devices because
they are versatile and easy to produce. However,
their rigid structure results in low solubility associ-
ated with high dielectric incompatibility with con-
ventional solvents [63-66]. An alternative to
overcome this problem is to introduce unconjugated
flexible spacers in the polymer backbone. It was the
strategy developed by Ahmad [62] when he inserts
extensors of the unconjugated chain between the
aromatic rings in the PPV chain.

2.1 Device constituents

Over the years, the device architectures have become
more complex, as shown in Fig. 3. The OLED device
HCl/reflux
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O,HC OCH,
-
OH

HsC CH,0
—>

OH

OA(CH2)7

OH

EtOH
an + qy ———»
Chloroform

Fig. 2 PPV copolymer synthesis route
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can have numerous layers, the first being the sub-
strate where the subsequent layers will be deposited,
allowing light to pass through. Usually, polyethylene
terephthalate (PET) film or glass is employed. The
anode, a conductive transparent oxide (TCO), has the
function of efficiently injecting positive charges
(holes) into subsequent organic layers and typically
employs tin-doped indium oxide (ITO) or fluorine-
doped tin oxide (FTO).

Then, the functional layers are deposited; some of
them are described in Fig. 4, which is the hole injec-
tion layer (HIL), hole transport layer (HTL), electron
blocking layer (EBL), emission layer (EML) (or active
layer), hole blocking layer (HBL), electron transport
layer (ETL), and electron injection layer (EIL)
[51, 67, 68].

In the hole injection layer, materials with high
charge mobility, high glass transition temperature,
and electron blocking capacity are normally
employed. The insertion of this layer assists in
reducing the energy barrier to inject holes into the
device. Examples of materials used for such a func-
tion are copper (II) phthalocyanine (CuPc) and
4,4 4" -tris[phenyl(m-tolylaminoltriphenylamine (m-
MTDATA), as they have a HOMO level comparable
to ITO anode work function [69-71].

The electron-blocking and hole blocking layers
(EBL and HBL, respectively) are employed when it is
necessary to confine the charge carriers to the emit-
ting layer and to separate the HTL and ETL layers
from the emitting layer, whenever they contain
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Fig. 3 Evolution of OLED PIN-OLED
architectures
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Fig. 4 Constituent layers of an OLED device

doping substances excitonic losses for representing
effective quenching sites [72, 73]. The hole-carrying
layer (HTL) in the conventional architecture is usu-
ally made up of a mixture of semiconductor polymers
such as PEDOT:PSS, one of the most efficient mate-
rials due to excellent film-like conductivity, solubil-
ity, air stability, and optical characteristics (high
visible region transparency). The conductive trans-
parent oxide (TCO) layer functions to transport the
positive charge to the emitting layer; it also works as
an optical spacer to maximize light decoupling. The
materials employed for this function usually have
low ionization potential and high hole mobility [74].

The active layer (EML) in PLED devices consists of
an electroluminescent polymer that is often diluted in
an appropriate solvent. The material used as emitting
polymer must have a high glass transition tempera-
ture so that the elaborate device has a long service
life, high emission efficiency, and color purity. This
layer has the device’s central function since it is

@ Springer

light emission. The polymers used are dependent on
the required color since they can be chosen according
to the energy difference between the HOMO and
LUMO molecular orbitals (bandgap), so the energy
released during charge recombination is within the
desired wavelength range. Over this layer is depos-
ited EIL, which improves the transport of electrons to
the active layer. Due to the required high energy level
of HOMO, few materials can be used, but these must
have high electronic affinities as well as high ion-
ization potentials. Examples of materials employed
for such a function are 8-hydroxyquinolinolate
lithium (Lig) and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP), lithium fluoride (LiF) and
tris(8-hydroxyquinolinate)) aluminum (Algs) [75, 76].

The electron injector layer (EIL), in turn, is a layer
that reduces the potential barrier in order to increase
the electron density inside the polymer. The materials
employed must meet high load mobility require-
ments, high glass transition temperature, and the
ability to block holes [77].

Finally, a metal layer is added, acting as the devi-
ce’s cathode and injecting the electrons. In general
terms, aluminum (Al), magnesium (Mg), or calcium
(Ca) are used in this layer, as these metals have low
ionization potential [38, 72].

2.2 Functional principle

The principle of operation of light-emitting organic
diodes is based on the recombination of excitons, i.e.,
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the junction of charge carriers (holes and electrons).
This process is summarized in five steps, presented in
Fig. 5. These are: (1) applying an external voltage
through the electrodes, where the holes are injected
in the anode, which usually consists of a thin film of
ITO, and the electrons in the cathode, from a low
work function metal contact; (2) transport of charge
carriers to the active layer at the site of recombina-
tion, whereby thin electron-blocking layers and holes
can be added to the device structure to aid selective
charge transport and prevent non-radioactive
recombination. The displacement of the holes is
through the HOMO molecular orbitals of this layer.
At the same time, the electrons are transported by the
electron transport layer (ETL), where the transport
occurs through the LUMO molecular orbitals of this
layer.

(3) The charge carriers migrate through the layers
constituting the device and recombine into the active
layer, known as the recombination zone, which gives
rise to a near-particle neutral bound state called the
exciton. Energy barriers for electrons and holes
around the emitting layer help in the confinement of
these carriers and, consequently, improve the
recombination process; (4) there is, therefore, the
diffusion of the exciton by about 20 nm and after that,
(5) the decay, in which the excitation energy from the
excitons can be transferred to the excited singlet and
triplet states of the molecular electroluminescent
compound (EL). Light is produced in most organic
compounds by the rapid decay of the compound’s
singlet excited molecular states. The color emitted
depends on the energy difference (bandgap) between
these states and the ground state of compound EL.

Part of the energy is usually lost by the non-ra-
dioactive decay of the excited triplet states of the
exciton triplet energy transfer. However, much

Fig. 5 Scheme of the
. . LUMO
electroluminescence process in HIL
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research has been continuously conducted so that
this energy from the trigeminal state can also be
harnessed, such as the use of delayed fluorescent
materials [78-80].

3 Architecture

PLEDs are built so that thin-film layers overlap. Thus,
an unlimited number of possible architectures can be
varied: the number of layers, the thickness of the
layers, and the material employed in each one. The
devices may be assembled with one or multiple lay-
ers. In the simplest structure (monolayer), there is the
electroluminescent layer between two injection elec-
trodes (cathode for electrons; anode for holes).

This configuration usually has low quantum
emission efficiency due to the disparity between
electron and hole transport mobility, commonly
observed in organic materials, which results in
recombination distributed over the entire material
length, which contributes to increased losses, as
shown in Fig. 6.

In order to achieve high performance, one of the
most effective strategies is to use multilayer struc-
tures, which can facilitate the injection of charges and
confine the emissive layer (EML) excitons. While it is
easy to make these devices, accurately controlling the
thickness of the films is a challenge once the materials
that make up the device layers, as they are solubi-
lized to form the film, can cluster over the interface,
thus preventing greater efficiency due to recombina-
tion of holes and electrons [81, 82].

In this sense, the devices can be constructed fol-
lowing a conventional or inverted configuration that
differs by choice of the layer constituents and is dis-
cussed in the later items.
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Fig. 6 Representation of
charge recombination region
in electroluminescent devices

Single-layer type

3.1 Conventional configuration

In conventionally structured devices, there is usually
substrate, anode, hole carrier layer (HTL), active layer
(EML), electron carrier layer (ETL), and cathode.
However, this type of architecture has some limita-
tions associated with device degradation by air
exposure, presenting long-term reliability problems.
Such a configuration has low air stability and the
device’s operational life and, therefore, requires
encapsulation to avoid degradation under oxygen
and moisture [83, 84].

Another disadvantage presented for conventional
PLEDs is how the emitted light must first travel
through the ITO electrode and the glass to leave the
device; thus, part of the light is retained in these
layers. It limits the maximum external quantum
efficiency (EQE that the device can have, in addition
to the ITO’s fragility, making it problematic to apply
it to devices that require mechanical flexibility
[85, 86].

Besides, the material employed as HTL is usually
composed of PEDOT:PSS. Nevertheless, its conduc-
tivity is insufficient for many applications [87]. An
example of the mentioned configuration can be
observed in the work of Germino et al. [56]. They
produced a PLED device based on a PVK composite
and a salicylidene coordination compound, shown in
Fig. 7. Their configuration consisted of an anode
composed of ITO, the hole carrier layer of PED-
OT:PSS, and the active layer by the PVK:salicylidene
composite, which functions as a guest/host com-
pound. Later, this device received calcium as an
electron carrier layer, and as cathode, aluminum.

For this type of configuration, incorporating a host
gives rise to a higher active layer emission.

@ Springer
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3.2 Inverted configuration

To overcome the problems encountered in the con-
ventional configuration, the inverted structure
emerged, known as IBOLED (inverted bottom emit-
ting OLED), which consists of a substrate, cathode
composed of a TCO; electron injector layer (HIL),
where a thin film of zinc or titanium oxide is usually
employed; followed by the active layer responsible
for the emission; the hole conveyor layer, made up of
a thin film of vanadium or molybdenum oxides,
which has good advantages such as mechanical and
electrical durability, and transparency in the visible
region. Finally, there is the anode, formed by a thin
layer of aluminum. Such a configuration results in
relatively high efficiency and stable emission spec-
trum [88, 89].

Inverted configuration devices have a lower cath-
ode and an upper anode and have some advantages
over conventional ones since inverted devices offer
compatibility with n-type active matrix display
technologies. In addition, the anode and cathode
typically consist of thin layers of metal, which allow
them to be used in flexible applications [90].

Examples of light-emitting devices with inverted
configuration are presented in the works by Luo et al.
[91]. They developed a PLED (Fig. 8) consisting of
ITO as a cathode, followed by an electron injector
layer based on a mixture of a dyed polybenzimida-
zole-based organic dye and zinc oxide (ZnO:PBI-H),
an active layer of P-PPV, a hole carrier layer of
molybdenum trioxide, and the aluminum anode.

This setting’s choice is that the inversion of con-
figuration causes an improvement of the electron
injection in the device as the injection barrier is
reduced. Therefore, there is a load balance in the
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Fig. 7 Architecture of a
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conventional
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and the corresponding inverted
PLED device power level
diagram

Al anode

ITO cathode

emitting material, thus observing improvements in
electroluminescence efficiency and brightness.

4 Organic light-emitting diodes (OLEDs)
with thermally activated delayed
fluorescence emitters (TADF)

These electroluminescence systems have gained
prominence in research in the application in lighting
and display [78, 92] since a TADF emitter can achieve
100% internal quantum efficiency without using
noble metals such as iridium and platinum, con-
verting triplet exocytes into a singlet [93], through
reverse intersystemic crossing (RISC), which consists
of a process in which a low energy state of the triplet
exciton is thermally elevated to the singlet level, and
the rotation configuration that used to be of triplet
rotation is changed through the interaction of orbit
rotation to the singlet configuration (Fig. 9). Thus, the
fluorescence of these singlet states is moderately
delayed, therefore receiving the name of thermally
activated delayed fluorescence (TADF) [80, 94, 95].
The internal quantum efficiency consists of the
ratio of photons generated and the number of carriers

2,59 Ca
-2,90
§ Al Ca (30 nm)
;" -4,20 Emissive Layer (~60 nm)
<
(2]
ITO
570 5 Glass
31eV
44eV R e
ITO g | 42ev
47eV =
56eV 54eV  54ev
ZnO

76eV

(electrons and holes). Efficiency data depends on the
relative probabilities of the recombination processes,
whether they are radioactive or not. They are subject
to the device’s structure, the type of impurities, and
mainly the semiconductor material that comprises it
[96, 97].

As seen in Fig. 9, the thermally activated mecha-
nism corresponds to an intramolecular mechanism
that generates delayed fluorescence. The TADFs are
based on the occupation of vibrational and electronic
triplet levels of greater energy through thermal acti-
vation accompanied by the intersystem crossing
process (ISC) in order to convert excited triplet sin-
glet states into excited singlet states that later
recombine radiatively. This mechanism is inversely
proportional to the energy gap between the triplet
state (T1) and the singlet state (S1). Such an energy
gap is known as Aggr. Thus, materials with a rela-
tively small gap provide a greater conversion of the
triplet-singlet type through TADF.

The TADF process is also related to the tempera-
ture of the sample, since the higher the temperature,
the greater the occupation of the higher energy triplet
states, and therefore, the greater the likelihood of
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Fig. 9 Thermally activated delayed fluorescence mechanism (S;
and T; lowest exciton states, IC internal conversion, RISC reverse
intersystem crossing, PF prompt fluorescence, DF delayed
fluorescence, NR decay or non-radioactive, Ph phosphorescence,

Fig. 10 Schematic

representation of structural (@ TADF
designs for solution-

processable TADF polymers

ISC intersystem crossing, Kjsc rate constant of ISC, Kgjsc rate
constant of endothermic RISC, NR°® singlet nonradiative decay,
NRT triplet nonradiative decay, RIC reverse internal conversion

TADF (b) -/\/WVV\
TADF TADF

TP "oYoeYe

reconversion between the excited singlet type states
through reverse intersystem crossing (RISC) [92, 98].

In polymers, it can be carried out employing four
strategies (Fig. 10), (1) TADF units (monomers) sep-
arated by flexible alkyl chains in an unconjugated
polymer backbone [79], (2) TADF units can be grafted
laterally to the polymer main chain (TADF unit as a
pendant) [99, 100], (3) donor and acceptor units are
alternately connected to the polymer backbone [101],
and (4) donor units are attached to the polymer main
chain, while acceptor units are grafted adjacent to the
donor units in the polymer chain [102-106].

Thus, there is a growing interest in developing
such materials and adapting them for processing in a
solution that has been widely used in large-area
devices [107, 108].

Examples of the proposed structures of TADF
polymers are reported in the work of Yang et al.
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[109], when they develop a series of conjugated
polymers based on the backbone-donor/pendant-
acceptor (BDPA) strategy, where benzophenone was
used as an accepting group in polymers that had the
carbazole/acridine donor as the backbone in which
unit 9,9-dihexyl-10-(4'-benzophenone)-9,10-dihy-
droacridine (ABP) (Fig. 11) was added to the conju-
gated skeleton using its donor fraction, generating
the PABPC copolymers.

Using such a strategy, the authors achieved Aggy
small, high quantum photoluminescence yields
(PLQYs) of up to 0.77 in pure film, and when used in
light-emitting devices, a high EQE of up to 18.1% was
reported (Fig. 12).

This achievement was reported for the copolymer
PABPC5, which corresponds to the sample with 5%
molar content of the ABP unit, indicating that the
proportion of the delayed component of the TADF
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Fig. 11 Crystalline structure
of the 9,10-dihydroacridine
derivative (M1) monomer and
ABP precursor with strong
torsion between the acridine
and benzophenone groups
[109]
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Fig. 12 a Absorption (square: PABPCS50; circle: PABPC2S;
trianlge: PABPC10; inverted triangle: PABPS; diamond:
PABPCI and left pointing arrow: PABPC0.5) and PL spectra of

polymers with ABP units performed in atmosphere and

emitter increases as the concentration of the ABP unit
in the molecule is lower. In addition, it was observed
that the increase in temperature from 50 to 300 K
increases the delay, which was expected for TADF
emitters since the conversion of the triplet states (T1)
into singlets (S1) is thermally activated.

In turn, Wei et al. [104] proposed a new method-
ology for the synthesis of a TADF polymer with units
that alone do not have such behavior (Fig. 13), the
polymer was designed by combining benzophenone
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content ABP ( adapted from information support [109])

units (electron acceptors) and carbazole units (elec-
tron donors) twisted together.

With the methodology developed, the authors
reported that the polymer produced showed solva-
tochromic behavior under irradiation, with fluores-
cence emission in the blue to yellow range according
to the solvent, which can be, toluene, THF,
orthodichlorobenzene (ODCB), chloroform, and
dichloromethane (DCM), indicating potential TADF
occurrence, since, a singlet excitation of the lower
load transfer type occurs. As seen in Fig. 14, P1
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and possible structures [104]
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Fig. 14 a Time-resolved photoluminescence for P1, as well as quantum photoluminescence yields measured under illumination

b dependence on delayed fluorescence integrated by excitation power [104]

presents a delayed component of a biexponential
character with an average life-weighted intensity of
7DF = 296 + 16 ps, with the respective lifetimes of
the fast and slow components being <DF,
1=52+8us and tDF, 2 =353 £+ 19 us, while in
Fig. 14b, a linear proportionality between delayed
fluorescence and excitation power is demonstrated,
indicating an upward conversion process a single
photon, consistent with the TADF process [104].

In this way, it is possible to demonstrate that it is
possible to achieve polymers with TADF properties
based on units that do not have such a characteristic,
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which favors the chemical and technological devel-
opment of new materials.

Another strategy developed to reach TADF poly-
mers is the side chain’s engineering since the main
polymer chain can inherit the laterally grafted TADF
units’ characteristics. In this sense, Zhou et al. [110]
developed a series of polymers that constituted the
main backbone of a copolymer comprising in frac-
tions of unconjugated tetraphenyl silane and conju-
gated carbazole unit.. In contrast, the side chain was
composed of 10,10'~(2-(4-(9H-carbazol-9-yl)phenyl)pyrim-
idine-4,6-diyl)bis(4,1-phenylene))bis(10H-phenoxazine) (PXZ-
Pm-MeOCz), a classic TADF unit. The polymers were
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Fig. 15 Synthetic route for the TADF polymers based on carbazol
and tetraphenyl (M1:10,10"-((2-(4-(3-((6~(3,6-dibromo-
9H-carbazol-9-yl)hexyl)oxy)-9H-carbazol-9-yl)phenyl) pyrimidine-
4,6-diyl)bis(4,1-phenylene))bis(10H-phenoxazine) M2: 3-methoxy-
9H-carbazole, 2-chloro-4,6-bis(4-chlorophenyl)pyrimidine, 3,6-

silane

synthesized by Suzuki polycondensation of monomers
M1, M2, and M3 with molar ratios of 3:47:50 (P3), 6:44:50
(P6), 9:41:50 (P9), and 12:38:50 (P12) (Fig. 15), and the
polymer chain without the M1 TADF unit, that is, PO,
was synthesized for comparison.

The polymers produced by the authors [110] were
evaluated for transient photoluminescence decays
from 100 to 300 K to verify TADF properties. Thus,
the polymers revealed typical second-order expo-
nential decays (Fig. 16) with fluorescence life of 24 to
25 ns and fluorescence life delayed from 1.9 to 2.6 ps
at room temperature.

As the temperature was increased, the delayed
fluorescence intensities were higher, indicating that
the RISC channel from the triplet state (T1) to the
singlet state (51) can be thermally activated. Thus, the
TADF characteristics were present in the polymers
produced.

Zhou et al. [108] introduced the Friedel-Crafts
polyhydroxyalkylation of carbazole and isatin to
make TADF polymers interrupted by conjugation.
Thus, TADF units composed of 9,9-dimethyl-9,10-di-
hydroacridine (DMAC) to diphenyl sulfone (DPS) and
carbazole (DMAC-DPS-Cz) were introduced into the
polymer skeleton, forming the PACDPS polymer
with molar proportions of the monomers M1:M2:M3
of 5:95:100 (PACDPS-5), 10:90:100 (PACDPS-10) and
15:85:100 (PACDPS-15) (Fig. 17).

The TADF properties of the polymers produced
were evaluated according to measurements of pho-
toluminescence transients in doped films, which
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dibromo-9-(6-bromohexyl)-9H-carbazole, 9-(6-(9Hcarbazol-9-
yDhexyl)-3,6-dibromo-9H-carbazole M3: diphenylbis(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)silane) (adapted from
[110])

revealed second-order exponential decays with fluo-
rescence times of 16 to 17 ns and delayed fluores-
cence lifetime of 1.2 to 1.3 ps (Fig. 18).

Such a methodology for producing TADF poly-
mers proved that TADF polymers are effective. It
produces polymers with delayed fluorescence prop-
erties with a synthetic route and simple purification
compared to the commonly used coupling reactions.

Therefore, the development of TADF polymers and
the most diverse structures to achieve such a prop-
erty opens a field of innovations, given that, by syn-
thesizing the acceptor and donor units or even the
polymeric skeleton, they can modify an entire system
and thus, there are differentiated photoluminescence,
quantum  efficiency, and electroluminescence
responses, in order to be a possible substitute for the
phosphorescent materials so commonly used
[79, 111-113].

Wang et al. [114] developed a copolymer consisting
of alternating units of fluorene and dibenzothio-
phene-S, S-dioxide (SO) together with the 2-(4-
(diphenylamino)-phenyl)-9H-thioxanthen-9-one-10,10-
TADEF unit dioxide (TT), generating the polymer TADF
PFSOTTx (Fig. 19) to achieve the emission of white
light, solely by this polymer.

Through thermal analysis, it was possible to eval-
uate that the conjugated polymers produced
(PFSOTTO0.05-PPSOTT10) have good thermal stabil-
ity, with a decomposition temperature of about 410
°C. The devices produced having the copolymers had
the following composition, ITO (anode)/PEDOT:PSS
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Fig. 16 Transient decay spectra of PL as a function of temperature (100 to 300 K) of polymers a P3, b P6, ¢ P9, and d P12 [110]
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PACDPS-0, n=0

PACDPS-5, n=0.05
PACDPS-10, n=0.10
PACDPS-15, n=0.15

Fig. 17 Synthesis of TADF polymers based on 1-bromo-4-((4-fluorophenyl)sulfonyl)benzene (M1), 9-hexyl-9H-carbazole (M2) and

1-methylindoline-2,3-dione (M3)

(injection of holes)/TFB (layer hole carrier)/EML
(PFSOTT)/TmPyPB  (electron carrier layer)/Liq
(electron injector layer) and Al (cathode).With a
concentration of 2% of the TADF component
(PFSOTT?2), it was possible to reach a device that
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presented warm white electroluminescence and
about 10% EQE (Fig. 20).

The EL spectra of PFSOTTO0.05 and PFSOTTO.1
(Fig. 20c) exhibit simultaneous blue emission at
438/440 nm of the backbone and orange emission at
590/592 nm from the TADF unit, which corresponds
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Fig. 18 The PL transient decay spectra of a PACDPS-5, b PACDPS-10 and ¢ PACDPS-15 [108]
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Fig. 19 Suzuki coupling reaction of PFSOTTx copolymer (adapted from [114])

to the coordinates of the Commission Internationale
de L’Eclairage (CIE) (0.32, 0.31) and (0.36, 0.36),
respectively, which are close to the emission of pure
white light (0.33, 0.33). By optimizing the device’s
structure using 1,3-bis(N-carbazolyl) benzene (mCP)
as a dopant mCP in the emitting layer, the EQE max
increased to 19.4%.

Lietal. [112], in turn, synthesized white doped OLEDs
based on terminally activated fluorescence polymers
consisting of a polyethylene backbone and pendants
of 2-(99-dimethyl-acrin-10-yl)-8-vinyldimethyl thioxan-
thene)-5,5-dioxide (DMA-TXO,), 9,9-dimethyl-10-(3-
vinylphenyl)-9,10-dihydroacridine (BDMAc) and 2-(10H-
phenothiazin-10-yl)-8-vinyldibenzothiophene-S,S-diox-
ide, generating the PDTPT emitting layer (Fig. 21).
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The project developed by the authors is based on
the use of host units (BDMAc and DMATXO2)
emitting deep blue light and accepting (PTZ-DBTO2)
emitting yellow light in order to achieve white light
with the combination of blue and white chro-
mophores yellow-orange.

Figure 22 shows the electroluminescence and
external quantum efficiency spectra. The device pro-
duced (PDTPT-1) reaches a maximum luminance of
2900 cd m~?, a maximum current efficiency (EC) of
388 cd A™', a maximum energy efficiency (PE) of
20.3 Im W~! with CIE coordinates of (0.33, 0.42). The
PLED device composed of the PDTPT-1 emission

|
.
BDMAc

O,
s +
S

‘N /

PTZ-DBTO2

DMA-TXO2 AIBN | THF

PDTPT-1: xlylz = 14.1/79.7/6.2
PDTPT-2: xlylz = 7.8/87.8/4.4
PDTPT-3: x/y/z = 6.3/91.4/2.3

Fig. 21 PDTPT polymer synthetic route
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layer showed an external quantum efficiency of
14.2%, max photoluminescence of 20.3 Im W1 and
CIE coordinates (0.33, 0.42) and (0.31, 0.39). Thus,
demonstrating that the strategy developed in the
emission layer’s construction promises to obtain
white WOLEDs of high efficiency and low produc-
tion cost.

As the synthesis of compounds based on white
emission TADF is still a challenge since the molecules
can aggregate through the m-n interactions causing
excitonic losses [115-117]. From this perspective,
Kubo et al. [118] report structures that show delayed
fluorescence by aggregation-induced emission (AIE-
DF). To achieve a structure containing such groups,
the concepts of supramolecular polymerization
[119-121] were used. It is possible to adjust the pro-
portions of chromophores in the polymer and their
properties through chemical stimuli. The interactions
between the groups are non-covalent and highly
directional and reversible.

An example of a supramolecular structure is
reported by Schubert et al. [122]. They developed
Zn*" bisterpiridine based polymers in which the
dynamic nature of the Zn>' complex allowed the
systematic assembly of statistical copolymers. Such
an approach led to the production of specific emis-
sion colors for the intended application. The structure
developed is shown in Fig. 23.

The elaborated structure (metallopolymers)
allowed the assembly of different chromophores in
different proportions, and these are capable of emit-
ting simultaneously at different wavelengths and
consequently producing the white moon. This
adopted strategy is efficient because it does not use
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Fig. 23 Schematic representation of the synthesis of bisterpiridines (T7 to T16) and the coordinating polymers of Zn** (P8 to P16)

expensive heavy metals, as well as adapting the
emission in a single polymeric system.

5 Solid-state lighting

Solid-state lighting (SSL) is an alternative, environ-
mentally friendly lighting technology that has
become more noticeable as concerns about conven-
tional power sources’ environmental impact have
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increased. Thus, numerous researches have been
conducted to develop intelligent ways to use electric
power [51, 123, 124]. In SSL, the illumination is
obtained through semiconductor devices, such as
inorganic light-emitting diodes (LEDs), organic ones
(OLEDs), as well as polymeric ones (PLEDs), the
latter being of interest to the present research review.
Such devices provide visible light through the elec-
troluminescence process, and their main advantage
over incandescent and fluorescent lamps is their
higher energy conversion efficiency and service life.

PLEDs are optoelectronic devices formed by thin
films of emitting polymers that make up the active
layer. As an electric current is supplied, the charge
carriers walk through the device structure and
recombine in the emitting layer. The emitted color
and the intensity of the colors and brightness is
dependent on the electric current supplied. They are
versatile, self-emitting, temperature resistant, and
require thinner layers than conventional lighting
technologies [125-127].

For application in solid-state lighting, devices must
meet certain requirements, and these are: display
color quality, including appropriate color tempera-
ture (CT), and have high color rendering index (CRI)
[43]. The desired emission is white light, as it most
closely resembles natural light.

6 White light

White light can be obtained from various device
configurations. These devices should generate light
with a similar spectral distribution to natural light,
covering most of the visible spectrum [128, 129].
White light-emitting devices having a polymer
emitting layer are called WPLED [130, 131].

The configurations adopted by these devices for
the formation of white light may comprise the mixing
of two or more polymer systems or a single polymer
where their chromophores emit in the red, green, and
blue (RGB) emission range [132, 133]. Three factors
characterize white these being the (1) coordinates of
the Commission Internationale de I'Eclairage (CIE) of
(0.33, 0.33), (2) the correlated color temperature
(CCT), and (3) the color rendering index (CRI), which
determines how the color of an object appears under
illumination, that is, a source of a black body
(CRI = 100) [134, 135].
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For lighting applications, the light-emitting device
should reveal coordinates closer to the ideal white
point, with CRI above 80 and CCT similar to black-
body radiation between 2500 and 6500 K. These
requirements are important for the best color purity
[136].

To achieve such conditions, several designs have
been proposed, among them are those presented in
Fig. 24, where there are (A) single-layer devices,
which consist of an active layer composed of a mix-
ture of materials that exhibit several bands of issu-
ance; (B) multilayer systems, where each layer is
composed of electroluminescent polymers; (C) the
arrangement of the tandem layers; (D) structure
manufactured laterally; and (E) a monolayer con-
sisting of a polymer that emits in a wide range of the
visible spectrum [25, 133, 137-139].

The approaches white light generation utilizing
RGB emitters tend to provide it in a purer form.
However, they still have low electroluminescence
efficiency and, therefore, there is still much to be
done in this direction [140]. The most recent advances
in RGB devices in terms of performance and structure
are described in the following item.

7 RGB device designs

The device structures that employ RGB emitting
layers can assume five different designs. An example
of the design reported in Fig. 25e can be understood
in the work of Liu et al. [141] when they developed a
unique polymer system in the form of a star with
simultaneous RGB emission (Fig. 25). The red-emit-
ting core is composed of a dopant formed by tris (4-
(3-hexyl-5-(7-(4-hexylthiophen-2-yl)-
benzol[c][1,2,5]thiadiazole-4-il) thiophen-2-yl) phenyl)
amine (TN), by emitting arms in blue, composed of
polyfluorene (PF) and green-emitting dopant of
benzothiadiazole (BT).

A greater energy transfer can be guaranteed by
carrying out such a strategy, resulting in higher white
light emission. This transfer is controlled by the
concentration of TN and BT. In this way, the device
developed obtained high-quality white color, with
CIE coordinate of (0.34, 0.35) and current efficiency of
241 cd A7

Zou et al. [142] developed a device in which the
active layer was formed by the mixture of electrolu-
minescent polymers (Fig. 26), which contained
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Fig. 24 Representation of
devices used to generate white
light from PLEDs: a single
EML structure, b multilayer
EML structure, ¢ stacking and
tandem structure, and d side
structure, e monolayer
structure with the range of
visible light
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SO10:P-PPV:MEH-PPV

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneviny-
lene] (MEH-PPV), poly(p-phenylene vinylene) (PPV)
and poly[(9,9-bis(4-(2-ethylhexyloxy) phenyDfluorene)-
co-(3,7-dibenziothiene-S,S-dioxide10)]  (PPF-3,75010),
emitting the colors red, green and blue, respectively.

With the developed device, balanced white elec-
troluminescence spectra were obtained, with CIE
coordinates (0.331, 0.353) very close to pure white,
with a mixing ratio of 100:0.8:0.5 (by mass) between
the polymers RGB, achieving high electrolumines-
cence efficiencies of 14.0 cd A", which corresponds
to a quantum efficiency of 6.9% at a current density of
10 mA cm?.

In addition, it has a CRI of 79 and a color temper-
ature of 2800-6600 K; that is, such parameters have
been shown to be suitable for applications in solid-
state lighting.

Gather et al. [44] developed a device in which the
RGB electroluminescent polymers were placed later-
ally on the layers (Fig. 27). This arrangement was
achieved through the polymers crosslinking mixed

Fig. 27 Schematic
representation of the structure
of the reticulated RGB device
with photolithography
(adapted from [44])

with small amounts (< 0.5% by mass) of a photoacid,
which donates a proton after exposure to UV light.
Exposing only a few polymeric film areas through a
shadow mask, the researchers could selectively
crosslink. The crosslinking makes the films insoluble,
and in this way, the polymers can be directly struc-
tured via photolithography.

The authors’ devices’ emission profile can be
defined for any color within a wide range of colors
and is maintained in several orders of magnitude in
brightness by a simple but efficient adaptation
system. With the developed design, characteristics
of a white light emission device with CIE of (0.33,
0.33) and an efficiency of 5 cd A~ were achieved.

Zhu et al. [143] developed a device consisting of a
host material based on a spiro backbone and incor-
porated a tercarbazole donor to apply organic phos-
phorescent light-emitting diodes RGB type. Such a
structure is proposed since it reduces the energy loss
caused by an induced collision. In work developed, a
new host 3,6-di(9H-carbazol-9-yl)spirolindolo[3,2,1-
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delacridine-8,9’-thioxanthene]10’,10’-dioxide
(TCZSO2) was synthesized, and the 9H-9,3":6',9“-
tercarbazole acceptor was fused to the structure,
demonstrating that the modifications made to the
structure reveal promising properties, such as effi-
ciencies of 22.8% and 24%, respectively, when
applied as a host for devices based on Flrpic and
Ir(ppy)2(acac).

The elaborated device is shown in Fig. 28, where it
is possible to notice that the electrode was composed
of tin-doped indium oxide (ITO), a 1,4,5,8,9,11-hexa-
azatriphenylene-hexacarbonitrile layer (HAT-CN)
that had the function of injecting holes, over it, a layer
of  1-bis((di-4-tolyl-amino)  phenyl)cyclohexane
(TAPC) and 4.4'4"-tris (N-carbazolyDtriphenyl-
amine (TCTA) and light-emitting materials, bis(4,6-
(difluorophenyl)pyridinate-N,C2')picolinate (FIrpic)
blue emitter, Iridium(IIl)-bis(2-phenylpyridinato-
N,C2")acetylacetonate (Ir (ppy).acac, green emitter
and red emitter based on Iridium(III)-bis(2-methyl-
dibenzo [f, h] quinoxaline acetylacetonate, a hole
blocking and electron transport layer have been
added over the emitter layers, consisting of 1,3,5-tri
[3-pyridyD-phenn-3-yl (TmPyPB) and finally the
8-hydroxyquinoline (Liq) layers, responsible for the
electron injection and finally the cathode aluminum
(AD.

The developed strategy revealed better perfor-
mances than the devices reported in the literature so
far. For the red light-emission device with TCZSO2
host, the EQE was 21%, while for green and blue
emitters, efficiencies of 24 and 23% were achieved,
respectively. It is also demonstrated that films
developed with this host showed better homogeneity
than films based on 1,3-di (9H-carbazol-9-yl) -

TCZ50,

TAPC

TCTA
Lig/Al

Ir(ppy), acac

Flrpic

TmPyPB

ITo

Ir(MDQ), acac

HAT-
CN

Fig. 28 PHOLED RGB device structure based on spiro host
material and tercarbazole donor (adapted from [143])
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benzene (mCP), associated with the high Tg of spiro-
type materials where TCZSO2 was grafted.

Yin et al. [144] propose a WRGB emitting device
employing a blue OLED used as a pumping source
(BOLED) as a conversion layer based on quantum
dots. The authors developed a device employing a
PMMA micropillary matrix and red quantum dots of
cadmium selenide (CdSe) and green zinc sulfide
(ZnS) incorporated in the polymeric matrix. There-
fore, descending conversion films were proposed
using blue-emitting OLEDs integrated with a color
filter (Fig. 29).

The pumping system consisted of a glass substrate,
where a layer of tin-doped indium oxide (ITO) was
deposited, and on top of it, a layer of molybdenum
oxide (MoOj3), a layer of 1-bis[(di- 4-tolyl-amino)
phenyl] cyclohexane (TAPC), a 4.4'4“tris(N-car-
bazolyl) triphenyl-amine (TCTA) layer, then a 1,3,5-
tri[(3-pyridyl)-phen-3-yllbenzene (TmPyPB), there-
fore a layer of lithium fluoride (LiF), ending with an
electrode layer composed of Mg:Ag in the proportion
of 6% by mass.

The production of a device that consists of
micropillars revealed improvements in efficiency in
the extraction of light since part of the photons
retained in the substrate and in the films are extracted
into the air by means of the micropillars, thus
ordering the matrices.

When employing RGB color filters with micropil-
lary arrangements, each filter allows the passage of a
specific wavelength. Thus, the RGB device with QDs
is stable when subjected to different voltages, pre-
senting a narrow color spectrum, whose range of
colors reaches up to 83.1% National Television Sys-
tem Committee (NTSC), that is, with the data
obtained, it would be possible to apply it to color
monitors.

Zhao et al. [145], aiming to control the formation of
excimers in host materials since they impact the
efficiency of the emitting materials, and thus, it is an
undesired phenomenon, elaborated a new host
material based on blocks and construction of 9H-
carbazole being incorporated the indole block [3,2,1-
jk] carbazole (ICz).

The device elaborated by the authors is represented
in Fig. 30, where it is possible to notice that it has the
following structure for the red light emitter, ITO/
MoO3/TAPC/EML (host material: Ir(MDQ,(acac))/
Bphen/LiF/Al, where TAPC corresponds to the
transport material and holes, Ir(MDQ5(acac)) to the
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Fig. 29 Schematic White
representation of the device

consisting of a blue pumping

emitter, a color filter, and

quantum dots on micropillars

(adapted from [144])

Quantum
Dots

Fig. 30 Schematic

representation of devices made _’
with phosphorescent RGB

light-emitting components LiF

used as host material based on
ICz (adapted from [145]) Bphen

Host Material:
MDQ,(acac)

TAPC
\ MoO,
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Bphen
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R

red emitter and Bphen electron transport material
and to block holes. For the green light-emitting
device, the structure is very close to that of the red
emitter, with the only difference being the green
emitter in the emission layer, consisting of the host
material and Ir(ppy)s(acac) (ITO/ MoO;/TAPC/
EML (host material: Ir(ppy.(acac)/Bphen)/LiF/AlL
Finally, the blue light emission device, in addition to
having a blue emission compound in the Flrpic EML,
the electron transport layer and the blocking of holes
that previously belonged to Bphen was replaced by
BmPyPB (ITO/MoO3;/TAPC/EML (host mate-
rial:FIrpic)/BmPyPB/LiF/Al), by this component has
higher triplet energy and therefore has a greater
capacity to confine the excitons the emitting material.

The work developed aims to control excimers’
formation utilizing the host materials’ molecular
design based on ICz. Thus, structural changes in
these hosts’ building blocks have been proposed to
mitigate possible intermolecular interactions. Thus,
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Host Material: » .
Ir(ppy),(acac) Host Material: Flrpic
| MoO, % | MoO,
ITO \ ITO
G B

the molecule’s symmetry was reduced, changing the
substitution position of the 9H-carbazole block from
position 2 to 5 (Fig. 31).

The host materials’ molecular design strategy
proved to be promising since the external quantum
efficiencies for green emitters were increased from 15
to 20% when the emitter was replaced in position C5
instead of C2. Such a change in the efficiency data is
associated with an efficient containment of the
phosphorescent emitters” excitons. As for the blue-
emitting devices, where the modified host 5CzICz
was used, the quantum efficiency of 18% was
obtained.

8 RGB type light-emitting polymers

As the present review seeks to develop an active
polymeric layer, the electroluminescent polymers
that could be used for this purpose are evaluated,
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Fig. 31 Design of host materials based on ICz and the proposed structural modifications [145]

Fig. 32 Structure of fluorene
derivatives

which are the ones that emit in the RGB bands, where
different combinations used would reveal white
light. Thus, in later items, polymers that have such
property are discussed.

8.1 Blue light-emitting polymers

Usually, the polymers emitting in this range are
based on para-phenylene vinylene (PPV) and fluo-
rene (PF) monomers. However, the basic structure of
PPV has not been successful in generating useful blue
emissions due to its propensity to degrade oxida-
tively in the presence of air and light [146]. Thus, PF
is preferentially used against phosphorescent mate-
rials due to their ease of synthesis. They present a
high quantum photoluminescence yield (PLQY) and
offer the stability of the elaborated device
[52, 72, 147]. The most used PFs are poly(9,9-

Ys¥
4%

Spirobifluorene

dihexylfluorene) (F8), aryl-F8, and spirobifluorene,
whose structures are in Fig. 32.

Light-emitting polymers based on polyfluorenes
can be obtained through the Suzuki coupling reaction
(Fig. 33), a carbon—carbon coupling method using
simple bonds based on a boronic ester or acid, and a
halogenated monomer (brominated compound),
using a palladium-containing catalyst. If the dibro-
mated and diboronated aryls are the same, the cou-
pling has a homopolymer as a product, and if they
are different, the product will be an alternating
copolymer [146, 148].

It is worth mentioning that the polymerization
occurs to respect the catalyst’s stoichiometry, which
is available at each cycle. However, polyfluorenes
suffer from defects arising from the low energy level
of HOMO and with unbalanced mobility of charge
carriers, which results in low electroluminescence
(EL) performance. Thus, strategies are developed in
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Fig. 33 Schematic representation of the Suzuki synthesis of fluorene-based polymers

order to mitigate such problems [149], such as, for
example, incorporating a charge transport unit and/
or a chromophore in the polyfluorene structure.
Thus, there are numerous possibilities for chro-
mophores that can be incorporated into the fluorene

polymer backbone, some of which are shown in
Fig. 34.

The copolymers formed show high photolumines-
cence, and the bandgap defines the emitted wave-
length, which can be correlated with the extent of the

displacement of comonomers in the polymer chain.

-
O s \S/ g Q Q

& § oo

Fig. 34 Example of monomers that can be used for fluorene copolymers
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For example, the thiophene copolymer emits blue-
green light, while the 2,2’-bithiophene copolymer
emits yellow light; that is, the conjugation’s extent
influences the emission that the polymer may have
[146, 150].

In this way, fluorene-based copolymers can be
designed based on the choice of comonomers in order
to acquire balanced transport properties for carriers,
with varying emission [141, 151].

Ma et al. [54] developed a device where the emit-
ting layer (Fig. 35) consists of a fluorene copolymer
with SO units, a component with the potential to
remove electrons and which helps in emitting bright
blue light in conjugated polymers of high perfor-
mance [147, 152]. The insertion of these units, which
have electron deficiency in the backbone of copoly-
mers, facilitates the injection and transport of elec-
trons and makes it difficult to inject and transport
holes, which provides a better balance of carriers in
the device for consequent recombination in the active
layer. Thus, the developed architecture of the
poly[9,9-bis(4-(2-ethylhexyloxy)phenyl) fluorene-co-
dibenzothiophene-S,5’-dioxide)  copolymer (PPF-
5020) and the insertion of a double hole transport
layer (HTLs) consisting of PVK and a copolymer of
indenofluorene-co-triphenylamine (X-IFTPA) leads to
an injection of carriers in the form of a cascade up to
the blue light emitter (PPF-SO20); such devices sig-
nificantly increase the maximum luminous efficiency
(LEjmax), whose value reached by the elaborated
device was 7.67 cd/A, the highest value obtained for
devices based on X-IFTPA or PVK as a hole carrier
layer.

CH,

PPF-S020

Fig. 35 Structure of the fluorene copolymer with SO20
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Peng et al. [153] developed a series of polymers
based on poly(9,9-dioctylfluorene) (PFO), in which
blue styrylene amine chromophores were inserted
(E)-4-(t-butyl)-N-phenyl-N-(4-styrylphenyl)-  aniline
(DV) (Fig. 36).

The styrylene amine derivatives (4,4'-4,4'-bis[2-(4-
(N,N-diphenylamino)phenyl) vinyl]-biphenyl
(DPAVBi) and 4,4'-bis((E)-2-(9-ethyl-9H-carbazol-3-
yDvinyl)-1,1’-biphenyl (BCzVBi)) have high hole
mobility and high PLQY values and have been
widely used as high-fluorescent blue dopants effi-
ciency in thermally evaporated light-emitting diodes.
It can be seen in Fig. 36 that the monomers can be
prepared in three stages with good yields, which is
favorable for the expansion of the projected poly-
mers. When adjusting the molar proportions of the
chromophores of F-Bpiny:F-Bry:TD-Br,:DV-Br; in the
ratios of 50:48:2:0, 50:48:0:2, 50:46:2:2, and 50:40:5:5,
polymers PF-TD,, PF-DV,, PF-TD,DV,, and PF-TDs.
DVs were obtained. The latter was the one that
reached the highest luminous efficiency value, which
corresponds to 5.47 cd A~', with CIE coordinates of
(0.15, 0.14) [153].

As noted throughout the discussion in this session,
blue light emitters’ development is a challenge since
they are less efficient than red and green emitters. In
this way, different technologies are developed to
work around this problem.

Lee et al. [154] reported a study on material selec-
tion and operating principles to achieve efficient blue
emission devices. Among the emission mechanisms,
there is the use of phosphorescent materials, triplet—
triplet fluorescence (TTF), thermally activated
delayed fluorescence (TADF), or hybridized emission
and charge transfer (HLCT). The differences between
the mechanisms are related to the energy states. In
the fluorescence mechanism, it is possible to reach up
to 25% of the quantum efficiency. After the electrical
pumping, the phosphorescence mechanism, 25% of
the singlet excites, and 75% of the triplets are formed.
Singlet excites via intersystem intersection (ISC) are
brought to the triplet state. In this way, it is possible
to achieve 100% internal quantum efficiency. The
mechanism is known as triplet-triplet annihilation
(TTA); two triplets can merge into a light emission
singlet. Finally, the thermally activated delayed flu-
orescence (TADF) mechanism reduces the energy
difference between singlet and triplet states, where
triplet excitons can be converted to singlet employing
reverse intersystem crossing (RISC). Therefore, the
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Fig. 36 Chemical structures and synthetic routes for monomers and polymers [153]

choice of the emission mechanism, as well as the
components of the device, influence the efficiency
that it can present. Thus, in devices that employ the
triple-triple-annihilation mechanism, the authors
mention the use of doping materials derived from
anthracene to obtain deep blue emission, which is a
twisted configuration material with a bisanthracene
core that revealed a reduction in conjugation that
allowed the electron donor employed, methoxy
(OMe) and the cyan acceptor (CN) when connected to
avoid the bathochromic effect, in which the wave-
length shift occurs due to the effect of the solvent or a
substituting group. Thus, when attaching the butox-
yphenyl group to the anthracene nucleus, the quan-
tum photoluminescence yield (PLQY) was increased,
demonstrating that the TTA process was suitable for
obtaining deep blue light.

For devices that employ the phosphorescence
mechanism, the complexes used, as well as the
materials to be deposited by the carrier transport
layer, are important, as they affect the performance of
the blue PHOLED device produced. Therefore, the
authors report that several platinum complexes show
promising results by substituting the already known
Iridium complexes.
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For the TADF mechanism for blue light emitters, it
is proposed to employ two strong electron donors,
having, for example, acridan. A weak electron
acceptor, such as diphenylsulfone, thus developing
the DMAC-DPS. However, the material has a short
lifespan, and modifications are proposed to transpose
this response and replace the components with car-
bazole and cyan as weak electron donors and are
strong, accepting fractions, thus achieving efficient
blue emission.

In this way, it is possible to improve the efficiency
of the devices using the mechanisms mentioned.

8.2 Green light-emitting polymers

As mentioned, the synthesis of fluorene copolymers
has been gaining prominence in recent research for
reducing the problems of stability and low efficiency
of maximum luminosity and, therefore, for emitting
green light, such a group of polymers is also
employed. So far, several models have been proposed
to explain the origin of the green emission. Never-
theless, there is still nothing conclusive as to the
nature of it. Initially, the green emission of polyflu-
orenes is attributed to the agglomeration of carriers
based on previous observations about poly(p-
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phenylene); however, later, it was attributed to the
emission of excimers (excited dimers in which emis-
sion of light occurs) formed by the most planar flu-
orene and produced by photo/electro-oxidation at
position 9 of the fluorene unit [155].

However, a new hypothesis was raised, stating that
the polyfluorene chain’s isolated defects can cause
green light emission. Such defects can be formed
during polymerization or later, using thermal oxi-
dation or photo-oxidation of the formed polymeric
films. This hypothesis’s main indication was the
green emission band’s observation in diluted solu-
tions of fluorenone oligomers, polymers, and
copolymers. The lack of any significant dependence
on the concentration and vibrational structure of the
emission band at low temperatures [156]. Results of
time-dependent electroluminescence spectroscopy
reveal that the green emission band’s contribution is
greater than the blue when the delay time is
increased. This phenomenon is attributed to the
delayed recombination of charge carriers in the flu-
orenone defects, which act as electrical traps [157].

Also, some theoretical studies on fluorenone-con-
taining oligomers demonstrate that green emission
originates from efficient energy transfer and the
location of excitons in their low-energy units. Thus,
the incorporation of defects in the fluorene structure
culminates in the extinction of the blue emission;
however, it helps in the efficient emission of green
light in electroluminescent materials [158, 159].

Among the fluorene copolymers with the best
PLQY, poly(9,9-dioctylfluorene-co-benzothiadiazole)
(F8BT) (Fig. 37) stands out for presenting high sta-
bility and good charge transport properties [160].

As mentioned, polyfluorenes are materials that
allow the modification of light emission by the
insertion of electron-accepting groups, as in the case
of benzothiadiazole and side-chain engineering
[161, 162]. Thus, the F8BT conjugated polymer is an

efficient emitter of green light, with a
CeHi7” “CoHiz N, N
87 87 N_ _N
S

Fig. 37 Structure of  poly
benzothiadiazole)

(9,9-dioctylfluorene-co-
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photoluminescence efficiency of 50 to 60% in solid
films. In addition, it exhibits a relatively high elec-
tronic affinity, equivalent to 3.3 eV, and a great ion-
ization potential (5.9 eV) [163]. Thus, many studies
report using this group to assist in transporting
electrons in organic light-emitting diodes.

Mucur et al. [88] developed fluorene-based poly-
mers named SF5 and SF6, which were produced by
the Suzuki coupling reaction, and their structures are
shown in Fig. 38.

The devices with SF5 and SF6 revealed maximum
luminance of 3165 and 5272 c¢d m~2, the maximum
luminous efficiency of 1.20 and 1.28 cd A7l and
activation voltage of 7.5 and 8.2 V, respectively. Both
polymers showed the same electroluminescence
characteristic, with a wavelength around 545 nm, the
visible spectrum’s green region. The OLEDs’ emis-
sion color produced with these polymers under the
operating voltage of 13 V can be seen in Fig. 39.

Ma et al. [82], carrying out a study on the pro-
cessing in orthogonal solutions of fluorene deriva-
tives, developed a device in which the active layer
was composed of a green emitter, PPF-5015-BT1
(Fig. 40). It comprises an S, S-dioxidibenzothiophene
fraction (15 mol%) in the main chain, phenyl groups
substituted by alkoxy in the side groups, and an extra
portion 2,1,3-benzothiadiazole (BT, 1 mol%).

Polymer PPF-SO15-BT1, which has a portion of
benzothiadiazole, has very similar energy levels
(HOMO/LUMO = — 5.89/-2.56 eV) to that of the
polymer in the absence of BT (PPF-SO15) (HOMO/
LUMO = — 5.94/-2.53 eV), since the molar ratio of
this component is very small and, therefore, the dif-
ference is not detected by the cyclic voltammetry
technique. However, by employing a suitable hole
carrier layer, in this case, the poly(9,9-dioctylfluo-
rene) functionalized with a triphenylamine derivative
(PFO-TF), an increase in the bonding tension (V) of
0.2 V was observed, compared to the same device
without adding an HTL. The electroluminescence
and  photoluminescence  reached values of
2227 ¢d A~ and 1841 Im W, respectively. In this
way, it is known that such a copolymer is a promis-
ing material for HTL in green light-emitting devices.

8.3 Red light-emitting polymers
One of the most used polymers for the emission of

red light is the poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV), in which its
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Fig. 38 Structure of SF5 and SF6 polymers

Fig. 39 Light emission from
OLEDs with a light-emitting
layer a SF5 polymers and

b SF6 [88]

Fig. 40 Structure of the green
light-emitting layer (x: PPF-
SO15; PPF-SO15-BT1)

emission is attributed to chromophore units and
interactions between them, possibly resulting in
excimers or aggregates. This fact expresses that the
electronic coupling close to the chromophores is not
large enough to relocate the excitation, which results
in regions of a high density of chromophores in the
structure. Consequently, there is an increase in the
conjugation length [164].

However, PLEDs devices based on red emission
have lower purity and efficiency than green emission
and demonstrate a low PLQY due to strong inter-
molecular interactions that occur through dipole-
dipole coupling and/or n—r stacking, which leads to
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the extinction of the exciton. Thus, many efforts are
made to change this scenario [165, 166]. Among the
alternatives adopted, there is the insertion of red
light-emitting fractions with narrowband intervals,
such as those derived from 2,1,3-benzothiadiazole
and 2,1,3-benzoselendiazole in the main chain, in the
side chain, or still in terminal polymer groups
[167, 168]. Such alternatives reduce the content of red
fluorophores, thus, make impossible the effect of
attenuation of the concentration that arises from the
dipole-dipole interactions and/or stacking n-m
[169, 170].
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Zaumseil et al. [170] report an alternative for the
more efficient emission of red light, obtaining control
of the optical and electrical properties of polymers
based on poly(octyl fluorene) (PFO). Such control is
performed through chemical modification provided
by the insertion of comonomers, such as 4,7-bis (2)-
thienyl)-2,1,3-benzothiadiazole (TBT) in the PFO
backbone.

Liu et al. [166] performed the synthesis of a con-
jugated emitter polymer in red based on tripheny-
laminasilol-carbazole-fluorene (PFO-Cz-TPATST),
shown in Fig. 41.

Such a strategy was adopted in order to combine
the properties of the components of the terpolymer
since the materials based on polyfluorene are used
for revealing high photoluminescence and electrolu-
minescence efficiency, excellent thermal stability, and
good solubility in organic solvents, which facilitates
their processing. However, they present a high bar-
rier to the injection of holes due to lower HOMO
levels, around -5.7 eV. For this reason, polycarbazole
(PCz) was chosen, which exhibits adequate hole
injection with energy levels close to the anode. The
triphenylamine silol unit (TPA) was incorporated in
positions 3, 4 of the PCz skeleton. Based on this
choice, it can be seen that the hole injection barrier of
polyfluorenes (PF) can be exceeded by using car-
bazole as a comonomer. Therefore, it has been shown
that the insertion of red fluorophores into the skele-
ton of the fluorene copolymer with carbazole is an
effective way to achieve efficient red light-emitting
devices [166, 171, 172].

Nimith et al. [173] developed a device with few
layers using MEH-PPV as an active layer mixed with
benzothiadiazole (BT). This small molecule has elec-
tron deficiency, motivated by the balance of carriers
in the device, to achieve better photoluminescence
efficiencies. In a less complex structure, the lower

Fig. 41 Structure of PFO-Cz-TPATST terpolymer [166]
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drive voltage can be achieved, and the useful life of
these devices can be increased.

The insertion of benzodiatiazole proved to be a
good alternative since this component does not affect
MEH-PPV emission. However, it induces charge
transport in the polymer, presenting a predominant
peak at 569 nm and a shoulder at 610 nm (Fig. 42) in
both systems proposed (without and adding
benzodiathiazole).

Lee et al. [165] developed a highly efficient poly-
meric red-light emitting device via Forster resonance
energy transfer (FRET) based on homogeneous mix-
tures of polymers with the same polyfluorene back-
bone. The polymers employed were poly(9,9-
dioctylfluorene-co-2,1,3-benzothiadiazole) (F8BT)
and  poly[9,9'-dioctylfluorene-co-(4,7-bis(4-hexyl-2-
thienyl)-2,1,3-benzothiadiazole)] (F8TBT) (Fig. 43).
The approach performed revealed the desired emis-
sion with CIE coordinate (0.62, 0.38) and a light effi-
ciency of 7.14 cd A™".

When modifying the electron transport layer con-
sisting of zinc oxide (ZnO) with a cationic conjugated
polyelectrolyte, the poly(9,9'-bis(6”-N,N,N-trimethy-
lammoniumhexylfluorene-alt-phenylene) with bro-
mide counter-ions (FPQ-Br) for efficient electron
transport and blocking of holes in inverted PLEDs,
high efficiencies of pure red emission were achieved
with a maximum luminance of 26,400 cd m~2 and a
voltage luminance of 12.8 V. So far, the efficiency
obtained by the authors is one of the highest reported
for red emission.

Kim et al. [174] report the progress of TADF fluo-
rescent red emitters; these present themselves as an
alternative to achieve external quantum efficiencies
greater than 20% that were reported until then, which
motivated many research groups to develop work on
the design of red OLED TADF materials [175, 176].
The red TADF emitters require little singlet energy to
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Fig. 42 Normalized fluorescence spectra of MEH-PPV, BT, and
MEH-PPV:BT (1:3 mass ratio) solutions in DCB solvent

emit light, achieved by intensifying the charge
transfer (CT) through adjustment adjusted by the
strength of the donor and acceptor components,
which in both cases must be strong to induce a small
gap between the HOMO-LUMO orbitals since strong
donors provide shallow HOMO and strong acceptors
provide deep LUMO. Thus, some strong donor
groups can be employed to construct TADF emitting
polymers of red light; these are triphenylamine,
t-butylated triphenylamine, dimethylacridane, and
diphenylacridane, whereas acceptors are based on

diphenyltriazine, quinoxaline, dibenzophenazine,
cyanobenzazine, benzophenone, and
benzothiadiazole.

Bearing in mind that the majority of red chro-
mophores made up of donors and acceptors are
susceptible to stacking, dipole-dipole aggregation,
and tempering [177], Sudyoadsuk et al. [178] have
developed saturated red emitters based on benzoth-
iadiazole for non-doped electroluminescent devices
that can be processed in solution. The emitting

FPQ F8BT
S
\ / N
~N7 \Nf N /N
Br Br

O

Q.O O HiC Ceflrr
n

Fig. 43 Chemical structure of F8BT and FSTBT polymers
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component structure has a benzothiadiazole core
with two isomeric n-hexylthiophenes to form the
conjugated skeleton. To this structure (Fig. 44),
triphenylamine groups (electron donors) were added
at different positions in the thiophene chain, forming
the donor-type molecular structure—red emission
acceptor.

With the alternative devised by the authors (the
insertion of triphenylamine fractions in the thiophene
ring), it was possible to improve the performance of
the device, with emphasis on the one composed of
BTZ2, with a maximum EQE of 4.15% and maximum
luminance of 6842 cd m~* It is worth mentioning
that the data obtained refer to an undoped material.

9 Non-conventional electrodes in light-
emitting devices

Usually, transparent electrodes are used in light-
emitting devices to allow the passage of light. In
addition to having about 80% transmittance in the
visible region and specific resistance [179-181]
around the most cited materials, there is doped
indium oxide tin ITO) [182]; however new materials
have been considered for this purpose.

Because of the variety of materials that can be used,
Song et al. [181] developed a study about a conduc-
tive antimony transparent electrode; this has a work
function of 5.1 eV, compared to 4.7 eV of ITO. The
elaborated PLED device is shown in Fig. 45.

The device recorded maximum brightness and max
efficiency of 3673 cd m~2 and 1.03 cd A7}, respec-
tively (Fig. 46). Moreover, in terms of the CIE coor-
dinate, it presented the same coordinates as the
device with the anode ITO; therefore, a possible
substitute, with the advantage of wet processing.

As ITO is a rigid material, it makes it difficult to
use in flexible devices. Thus, thin films of carbon

F8TBT
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Fig. 44 Synthesis of the red light-emitting component based on benzothiadiazole and thiophene [178]

Fig. 45 Schematic ]
representation of the device’s Ba/Al
structure using an ATO A
electrode and energy levels 3,47 eV 2,7 eV
(adapted from [181])
42eV
BaF,
Polymer
Orange
PEDOT
Polymer Orange ATO PSS
51eV
5,16 eV
PEDOT:PSS
52eV
ATO BaF,

nanotubes (SWNT) have been studied to replace ITO
since SWNTs have low sheet resistance and high
transmission, coming from interconnected nanotube
networks. Another electrode also studied is silver
nanofilms (AgNW). These are reported by Yu et al.
[183] when developing flexible silver nanowire elec-
trodes for light-emitting polymeric diodes with shape
memory. The developed device is shown in Fig. 46,
this consisted of a polyacrylate substrate, anode of
silver nanowires (AgNW), a hole-carrying layer of

PEDOT:PSS, the emitting layer of alkoxyphenyl sub-
stituted yellow emissive poly (1,4-phenylene viny-
lene) (SY-PPV), an electron carrier layer of cesium
fluoride (CsF) and an aluminum cathode (Al) were
placed on this layer.

It can be noted that the method for obtaining thin
layers of silver nanowires is relatively simple and can
be used in flexible substrates, in this case, a trans-
parent cross-linked polyacrylate substrate, presenting
low surface resistance and high solvent resistivity,
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Fig. 46 Schematic
representation of the

polymeric light-emitting AgNWs/
device that has silver Methano
nanowires (AgNW) anode ‘ ‘
(adapted from [183])
Glass

which allows its use in processing PLED devices,
which are usually processed in solution.

10 Conclusion and outlook

From this literature review, it is possible to verify that
developing a new material and construction pro-
cesses for a PLED device are complex since many
factors can affect the light-emitting diode’s perfor-
mance. However, it is noted that there are countless
works developed looking for alternatives to obtain
greater efficiency, architecting the structure of the
polymers employed, either by doping, by copoly-
merization or by the development of polymer blends,
as well as by modifying the architecture, by using
different solvents for deposition or by changing the
method of deposition. All are strategies to better
balance charges in the active layer and control the
charge bearers’ mobility through the subsequent
layers.

For the application in solid-state lighting, there is a
need for improvements in luminous efficiency. These
are achieved when there is a layered architecture
design with less resistive structure. In other words,
the choice of the injector layers of holes and electrons,
as well as the energy of the molecular levels of the
components, are important for the efficient formation
of the excitons and, consequently, of the light emitted
from the white light device.
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