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Solution-processed OLEDs for printing displays
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Low-cost and large-scale fabrication technologies are highly desirable for fabricating organic light-
emitting diodes (OLEDs) for applications in full-color displays and solid-state lighting. Particularly,
printed OLEDs have attracted extensive attention and have great application potential in the fields
of commerce, medicine, education and so on. Compared with the vacuum evaporation technique, the
printing method has a high material utilization rate and does not need harsh preparation conditions.
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the related challenges. Finally, a brief perspective on the future development trend and infinite potential
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1. Introduction

Organic light-emitting diodes (OLEDs) are considered to be the
development direction of displays in the future due to their
advantages of low power consumption, self-illumination, high
flexibility, rich color and fast response."” Therefore, OLEDs
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of printed OLEDs will be presented for the commercialization of printing displays.

have been rapidly developed and applied to the fields of
displays and lighting, such as in-vehicle displays, flat panel
displays, TV screens and so on. In particular, in the aspect of
screen displays, compared with liquid crystal displays (LCDs),
OLED pixels cannot produce light and do not consume electric
energy after being turned off, resulting in them displaying true
black and saving energy.’®

OLEDs have enabled the industrialization of some products,
so the development and research of OLEDs are of great signi-
ficance in the fields of commerce, medicine, lighting and
displays. However, due to the high price and low yield, OLEDs
are mainly widely used in small-size displays, while LCDs still
dominate in large-size displays.>”"®
OLEDs are mainly realized by printing methods. Although the
utilization rate of printed OLED materials (more than 90%) is

At present, large-size
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higher than that of evaporated OLEDs (less than 20%), they do
not require complex preparation conditions for the vacuum
evaporation technique, which results in significant cost savings.
But, unlike solid evaporated OLED materials, printed OLED
materials are usually liquid and the properties of most organic
materials are usually not very stable. Therefore, the materials
available for fabricating printed OLEDs are not enough for their
mass production, which has become a major factor restricting
their mass production. In addition, for large-scale production the
processing time also needs to be controlled as much as possible,
which results in higher requirements for printing equipment and
drying equipment. In general, there are many difficulties to
overcome in developing OLED materials that can meet both mass
production and performance requirements.

Printed OLED technology refers to the technology of trans-
ferring each layer of organic materials to a substrate to prepare
devices through a solution treatment process. The core of the
printed OLED technology is to realize the construction of an
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optimized carrier transmission structure through a solution
treatment process, including process-matched material formu-
lations, preparation of high-quality functional films, and effec-
tive integration of light-emitting units and thin-film transistor
(TFT) control units. The basic feature of a printed OLED display
is that the light-emitting layer can be prepared by a printing
process (mainly inkjet printing), and the other organic func-
tional upper and lower layers can also be prepared by printing
processes such as inkjet printing, screen printing, spin-coating,
spraying, scraping, embossing, etc. or by the evaporation
process. Among them, inkjet printing directly prints red, green
and blue organic light-emitting materials on a substrate with a
nozzle, and has a high utilization rate of materials. Therefore,
the research on printed OLEDs is the key development
direction of OLED display technology.

In 1990, Burroughes et al. discovered that spin-coated
polymer PPV (poly(p-phenylene vinylene)) could produce
luminescence.’ In 1998, Hebner et al. prepared a color OLED
display screen by inkjet printing and a spin coating process for
the first time.'® In 2013, South China University of Technology
prepared a full-printed color OLED display. BOE successively
developed OLED display screens with high definitions of 4 K
and 8 K in 2018 and 2020. Although large-scale and high-
resolution printed OLEDs have been preliminarily realized,
there are still some problems with these technologies, resulting
in their inability to produce large-scale OLEDs: (1) industria-
lized ink-jet printing equipment is not perfect; (2) the “coffee
cup” phenomenon easily occurs when printing OLED films;
(3) the pixel structure should be further studied to continuously
improve the resolution of the OLED display; and (4) the number
of structural layers of printed OLED devices is always limited,
which cannot help achieve the arbitrariness of vapor deposition
devices. Although the technology of printed OLEDs is not yet
mature, it has developed very rapidly. BOE, LG and Samsung
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have all launched research on printed OLED technology. It is
clear that printing technology has great potential in the field of
displays.

Herein, we focus on printed OLEDs. First, we introduce
electrodes, injection layers, transport layers and light-emitting
layers in detail from the perspective of materials. Next,
we introduce the development, progress and difficulties of
solution-processed OLEDs from the perspective of stacking,
inversion and other common structures. Then, we introduce
various possible preparation methods and carry out some
comparative studies in terms of film-forming characteristics
and device performance, and explain the advantages, disadvan-
tages and development trends of printed OLEDs. Finally, we
provide a full discussion and outlook on the future develop-
ment of printed OLEDs.

2. Solution-processable materials
2.1 Electrodes

The conductivity of electrodes has a great influence on the
performance of OLEDs. An excellent transparent electrode
should have the following characteristics: (1) good stability,
(2) low square resistance, (3) high work function, (4) small
roughness, (5) excellent wetting performance and good diffu-
sion of solution on the electrode surface, (6) high trans-
mittance, and (7) low cost. For flexible transparent electrodes,
it is also required to have excellent mechanical properties,
including a small minimum bending radius and a small change
in square resistance caused by periodic bending or stretching.
The common conductive electrodes are metal electrodes
(such as metal nanowires/metal mesh/ultra-thin metals), car-
bon nanomaterials (graphene/carbon nanotubes), conductive
macromolecules and combination electrodes.

2.1.1 Metal electrodes (metal nanowires/metal mesh/ultra-
thin metals). Metals have excellent electrical conductivity and
extremely low resistivity. The resistivities of silver, copper, gold,
and aluminum are 2 orders of magnitude lower than that of
commercial ITO,"" and these metals have good ductility and
flexibility. The metal film of the bulk is opaque to light. In order
to make the metal electrode transparent, there are two strate-
gies: one is to prepare some ‘“holes” in the metal film, so that
light can “penetrate” through, which corresponds to the metal
nanowires and metal mesh electrodes and another is to serially
reduce the thickness of the metal to a few tens of nanometers,
and light can pass through. Typically, the thickness is about
10 nm or less,'* with the best optoelectronic properties, corres-
ponding to ultrathin metal electrodes.

Metal nanowires have been widely studied because of their
excellent photoelectric properties, good flexibility, solution
processing, low cost and mass preparation.’® The most com-
mon one is silver nanowires, followed by copper nanowires and
gold nanowires."*™"” Due to the characteristics of the crisscross
and up-and-down stacking of nanowires, metal nanowire-based
conductive films suffer from a significant problem of rough-
ness, which is detrimental to the application of devices such as
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OLEDs."”® The methods such as embedding nanowires into
polymers and compounding other transparent electrodes can
be used to solve the problem of roughness.’®' In addition,
metal nanowires face instability problems, especially silver and
copper nanowires. They are easily eroded by water, oxygen and
sulfur in the air environment, and the rate of degradation will
be accelerated under light, high temperature and current
conditions. Addressing the instability of metal nanowires is
an important part in its commercialization process.

Metal mesh refers to a network of metal wires arranged
periodically and closely connected with each other.” It is
superior to metal nanowires in two aspects: first, there is no
contact resistance and second, the aspect ratio of metal wires
is usually controllable and designable. Metal grids can be
prepared in various shapes, such as square, triangle, honey-
comb, crack, nanogroove network, etc. The preparation meth-
ods are also diversified, such as lithography, laser sintering,
nanoimprinting, electrospinning, template modulation, self-
assembly, printing, etc.?*>® Like metal nanowires, metal grids
have the problem of roughness. The method of embedding a
grid structure into a polymer substrate or compounding other
electrodes is also suitable for metal grids.>” The work function
of a metal mesh is determined from the prepared metal, but it
needs to be compromised with the other properties of the
metal. Gold has a high work function, but it is expensive. The
work function of copper is medium, but its stability is poor.
Silver is the more common metal, which has high electrical
conductivity, but its work function is too low. In addition, there
is a common problem in metal grids: discontinuous conductive
films and metal wires visible to the naked eye. This will affect
the application of metal mesh in high-resolution displays.

An ultra-thin metal electrode refers to the conductive metal
with a thickness of several nanometers or tens of nanometers
and certain light transmittance. Different from metal nano-
wires and metal grids, ultra-thin metals are continuous and flat
conductive films. According to the types of matching materials,
ultra-thin metals can be divided into dielectric/metal/dielectric
(DMD) composite multilayer structure films and transparent
conducting oxide (TCO)/metal/transparent conducting oxide
(TCO/m/TCO) laminated transparent conducting films. The
interface properties and thickness of metal layer have a great
influence on the photoelectric properties of ultra-thin metals.
This involves an important issue. The ultra-thin metal forms
a rough three-dimensional island structure during the film-
forming process, so as to stimulate plasma resonance, limit
conductivity and increase light loss.*® The required critical
film-forming thickness increases, even greater than the pene-
tration thickness of the metal, so that light cannot pass through
the ultra-thin metal. The idea to solve this problem is to
add seed layers such as metals, metal oxides, organic small
molecules and composite layers to increase the nucleation
density or dope the metal film to inhibit the Volmer Weber
three-dimensional growth mode of silver.>*> In 2015, Lee et al.
reported a method using polyethyleneimine (PEI) as a seed
layer, which can greatly reduce the critical film thickness
of silver and make the film more continuous, matching
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PEDOT:PSS as an anti-reflection layer finally obtained a square
resistance of a transparent electrode of <10 Q ™' and a
transmittance of more than 95%.%* Ultra-thin metals also have
the advantage of a tunable work function. By changing the
matching upper layer material, it can be used as both an anode
with a high work function and a cathode with a low work
function. However, ultra-thin metals also have stability pro-
blems, with poor film adhesion and easy peeling, resulting in
complete device failure.

2.1.2 Carbon nanomaterials (graphene/carbon nanotubes).
Carbon nanomaterials can meet the application needs of
current flexible electronic devices because of their high electro-
nic transmission rate, light transmittance and good mechanical
flexibility. In addition, carbon nanomaterials have the unique
advantages of wide sources and flexible and diverse preparation
methods, which can reduce materials and production costs, so
they are more practical. At present, carbon nanomaterials
include graphene and carbon nanotubes. Compared with other
transparent electrodes, transparent conductive films based on
carbon nanomaterials do not have obvious advantages in light
transmission and conductivity, but their outstanding chemical
stability, good substrate adhesion, and excellent mechanical
flexibility, and the advantages of large-scale preparation and
suitability for continuous film preparation, make them still
occupy an important position in the research field of new
transparent conductive films, especially flexible transparent
conductive films.

Graphene is a two-dimensional single-layer film composed
of carbon atoms. It is a fundamental component of graphite
materials (such as fullerene, carbon nanotubes and graphite).
The graphene film electrode has high transmittance (up to
97.7% for single-layer graphene films), low theoretical square
resistance, low roughness, good stability, and good flexibi-
lity.>*> 1t has the potential to replace the traditional ITO
electrode. It is worth mentioning that the perfect graphene
does not penetrate any gas molecules, which means that
theoretically water and oxygen cannot penetrate organic optoe-
lectronic devices through the electrodes, resulting in device
performance degradation.’® Due to this advantage, graphene
can also be used as the encapsulation material of OLEDs.*’
According to the preparation method, graphene can be classi-
fied into chemical vapor deposition (CVD) graphene, epitaxially
grown graphene, mechanically exfoliated graphene, liquid
phase exfoliated graphene, and self-assembled graphene.®
Among them, CVD graphene is most suitable for transparent
electrodes due to its excellent properties and large-scale pre-
paration potential. The graphene thin film electrode also faces
some challenges in practical applications. Firstly, graphene has
poor wettability. It is difficult for water-soluble reagents to form
a uniform film on their surface. Secondly, the work function of
graphene is low, usually between 4.4 eV and 4.6 eV. However,
these problems can be effectively solved by surface and inter-
face engineering because graphene can be easily modified.?>**>
Thirdly, graphene is a thin film with atomic thickness, so it is
difficult to control in practical applications. Finally, the current
production cost of the CVD graphene film is still relatively high,
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which hinders the practical applications of graphene. However,
due to the abundant carbon reserves of the graphene raw
material in nature and the continuous development of new
technologies, such as low-temperature growth technology and
roll-to-roll technology, the production cost of the CVD graphene
film is expected to be greatly reduced in the future.

Carbon nanotubes can be regarded as a tubular one-
dimensional material made of graphene, and its discovery
dates back to 1993.* At present, the macropreparation of
carbon nanotube raw materials is mainly performed using a
CVD method, which can be manufactured at low cost under
low temperature and atmospheric pressure, with an annual
production capacity of thousands of tons. The carbon nanotube
electrodes are prepared by various conventional solution methods.
From the perspective of the electrode, carbon nanotubes can be
equivalent to a combination of nanowires and graphene.
It inherits the advantages of both. (1) It can be prepared by
the solution method, which can reduce the cost; (2) good
stability; (3) good mechanical strength and flexibility. However,
at the same time, it also inherits the shortcomings of both:
(1) carbon nanotubes face the same shortcomings as graphene:
the need to dope for improving the carrier concentration or
exploring ways to improve mobility to achieve desired conduc-
tivity; (2) like nanowires, there are problems of roughness and
contact resistance. In particular, the latter greatly reduces the
photoelectric performance of the carbon nanotube electrode.
A single carbon nanotube can reach a conductivity of 2 x
10° s em™ " and a mobility of 1 x 10> ecm® V' s, but the
randomly distributed undoped carbon nanotube films only
obtain a conductivity of ~6600 s cm~ ' and a mobility of the
order of 1-10 ecm? V! s7%.*»*° In a word, carbon nanotubes are
more mature than other nanoelectrode materials, but their core
photoelectric properties are still poor, and the quality factor of
the prepared electrode is not high enough, which needs further
research studies.*®

2.1.3 Conductive macromolecules. At present, the conduc-
tivity of some conductive organic polymers may be larger than
that of some inorganic semiconductors, showing great utility,
among which PEDOT:PSS is representative. It has excellent
solution processability and excellent film-forming ability,
which can smooth the substrate and reduce the roughness.
It has a work function between 4.9 eV and 5.2 eV, which is
favorable for hole injection, and it also has excellent mechan-
ical flexibility and light transmittance.*” The idea of improve-
ment is to realize the separation of PEDOT and PSS, and there
are usually two strategies. One is the addition of polar organic
solvents, ionic liquids, or surfactants.**>° Due to the different
hydrophilicities and hydrophobicities of PEDOT and PSS, the
forces between these additives are different, which reduces the
Coulomb attraction between them, thereby realizing the phase
separation of both. The second is the protonation of PSS by an
acid,’™? that is, PSS” + H" — PSSH. Neutral PSSH and
positively charged PEDOT will lose their Coulomb force so that
they are separated. Currently, the conductivity of PEDOT:PSS
is increased to 4380 s cm™' through concentrated sulfuric
acid treatment, which is close to the conductivity of ITO
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(~5000 s cm™ "), but the conductivity of PEDOT:PSS needs to be
strengthened.”® Because of the excellent solution processability
of PEDOT:PSS, it can be well compatible with the low-cost
OLED solution preparation technology. PEDOT:PSS exhibits
excellent flexibility, while PEDOT:PSS has the disadvantages
of acidity and easy moisture absorption, which indicates
that the stability of PEDOT:PSS is poor and needs to be further
solved.

2.1.4 Combination electrodes. A composite electrode is a
combination of two or more electrode materials that utilize the
advantages of each electrode material to achieve an optimized
comprehensive performance. For example, silver nanowires are
rough, using PEDOT:PSS with excellent solution processability
can not only fill the unevenness of the electrode to a certain
extent, so as to reduce the roughness, but also enhance
the electrical contact between nanowires.'® Copper nanowires
are easily oxidized and have discontinuous conductive holes.
A composite layer of the redox graphene electrode can not only
effectively inhibit the oxidation of copper nanowires, but also
provide continuous conductivity.>* At present, graphene grown
by CVD is not a complete single crystal, often with a small
crystal size, discontinuous grain boundary and many defects.
These defects are important sources of electron scattering,
which will greatly reduce the conductivity of graphene.
By combining a few one-dimensional silver nanowires to bridge
these linear defects and fractures, more conductive channels
are created, and the conductivity of graphene is greatly
improved.> Graphene microplates have good solubility and
can be doped into the conductive polymer PEDOT:PSS to form a
solution-processable transparent electrode material. The final
composite electrode can double the efficiency of OLEDs com-
pared to that of traditional ITO electrodes.>® In short, typically,
one electrode is the primary electrode and the other is the
auxiliary electrode to solve the existing problems and improve
the related performance.

2.2 Injection layer

Typically, the device structures of solution-processed OLEDs
include formal and inverted structures. The critical point in
achieving all-solution OLEDs is the hole injection layer (HIL)
and the electron injection layer (EIL), which are inserted
between the electrodes and emission layers. As an eligible
HIL or an EIL material, its role is to increase the injection of
holes and electrons. For example, a large barrier exists between
ITO and the hole transport layer (HTL), which makes it difficult
to inject the holes. Ultraviolet oxygen (UVO) and plasma treat-
ments are regarded as commonly used methods to improve the
surface work function. We can also develop a HIL material with
the HOMO larger than the HTL, resulting in a stepped charge
injection. Specifically, this ultra-thin film may create a dipole
layer at the interface of the metal/organic layer. Because of
the dipole layer, the vacuum levels of the metal and the
organic layer will shift and then the injection barrier will be
decreased.”””® In this section, solution-processed injection
materials based on the two strategies described above are
discussed.

170 | Mater. Chem. Front., 2023, 7, 1166-1196
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2.2.1 HIL materials

Organic HIL materials. Hole injection materials consist of
organic and inorganic compounds. Organic compounds in HIL
materials can also be classified as small molecules, polymers
and polymer-doped HIL materials.’* ' For solution-processed
OLEDs, poly(3,4-ethyl-enedioxythiophene):poly(styrenesulfonic
acid) (PEDOT:PSS) dispersed in an aqueous solvent is consi-
dered as a commonly used HIL material due to its suitable work
function from 5.1 to 5.3 eV, especially for the formal structure
of OLEDs. The use of PEDOT:PSS can modify the roughness of
the ITO surface, reduce the turn-on voltage and increase the
operational lifetime of the devices.®>* However, the acidity
and hygroscopicity of PEDOT:PSS may greatly affect the device
stability®*®® and further result in some different issues, such as
the diffusion of metal ions and chemical degradation of the
emitting layer.®®®” To solve the above issues, Lee et al. blended
a perfluorinated ionomer (PFI) into PEDOT:PSS and succeeded
in forming a gradient PEDOT:PSS/PFI HIL with a ¢wr value
from —5.2 eV to —5.95 eV (Fig. 1a). The formation of the
spontaneous gradient HIL was attributed to the highly hydro-
phobic moiety in the PFL In the process of the PEDOT:PSS/PFI
layer, the PFI always moves towards the surface of the layer and
then results in an uneven distribution of the PFI from the
inside to the surface. As depicted in Fig. 1b and c, the prepared
device based on this gradient HIL has achieved an optimal
Tso of 2680 h at an initial brightness of 1000 cd m ™2, while 52 h
for its original device.®® In addition, the introduction of the
alcohol-soluble PFI not only improved the hole injection but
also provided the capability to form a high-quality film on the
surface of the organic layer. To address the poor quality of the
HIL film, Kido et al. introduced methanol (MeOH) and iso-
propanol (IPA) into a kind of PEDOT:PSS (Clevious CH8000),
whose conductivity is relatively low.*® As shown in Fig. 1d,
Zhang et al. also used IPA in PH 1000 PEDOT:PSS with high
conductivity and successfully prepared high-quality HIL film.”®
In addition to PEDOT:PSS, there are other promising polymer-
doped HIL materials. For instance, Minarini et al. used a
nanocomposite HIL layer of polyaniline:poly(styrene sulfonate)
(PANL:PSS) to obtain a three times increase in the current
efficiency.”* So et al incorporated polythienothiophene
(PTT) with poly(perfluoroethylene-perfluoroethersulfonic acid)
(PFFSA) to construct a compound HIL and the OLEDs exhibited
a much longer lifetime compared with the devices using CuPc
or PEDOT:PSS.”?

1,4,5,8,9,11-Hexaazatriphenylene hexacarbonitrile (HAT-CN)
is a small molecule HIL material that is widely used in vacuum
evaporation devices, especially used as a charge generation
layer for laminated OLEDs. Lin et al. found that HAT-CN has
strong selective solubility which makes it only dissolve in
acetone but insoluble in commonly used solvents like chloro-
benzene and toluene. By using acetone as the solvent of
HATCN, a HIL layer with 4 nm thickness was fabricated, and
the device performance was comparable to that of PEDOT:PSS
OLEDs.”® For small molecule HIL materials, Dan et al. blended
two HTL materials, mCP and TCTA, and accomplished the
preparation of green solution-processed phosphorescent OLEDs

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


https://doi.org/10.1039/d2qm01241c

Published on 28 January 2023. Downloaded on 27/04/2025 12:21:04 AM.

View Article Online

Review Materials Chemistry Frontiers
b 25 . . - n
—=_PEDOT/PSS 1000 — PEDOT/PSS
< 20|~ PEDOT/PSS/PR . - - PEDOT/PSS/PFI
B PR
= E \
215 3 800}
] S
& 8 N
%10} e
g § 700 -
3 E -
% sl 3 600 Pt
3 Teeel
3t e 1 KT~ -
0 " 3£ o< 500 " A " -
10 100 1000 10000 0 500 1000 1500 2000 2500 3000
Luminance (od/m‘") Time (h)
6000 y f
] [ it
5000 /] / — i ;
/ = 108 - 1
< / S ?
WG, E 4000 /‘ A4 4 B Yellow OLED
B / i z +— Opaque
el (o) 8 / 5 Transparent (bottom)
Emission layer Emission layer § 3000 /? 1 E Tranegereni (20)
g £/ Lamnn * 9060 5 G- ----- Calculated total emission
§ 2000} ,v‘ / 1 § 8866 g8 OLED
» i 3 s —e— Opaque
ZnO Zno 1000 L 83F - X ] R v —o— Transparent (bottom) |
(&7 T g & Transparent (top)
L A e f ----- Calculated total emission
Glass Glass % 20 40 60 80 100 120 10 01000 2000 3000 4000 5000 8000
Current density (mAicm?) Luminance (cd/m?)
Fig. 1 (a) PLED device structure and the chemical structures of the components of conducting polymer compositions used for HILs. Device luminous

efficiency and device lifetime: (b) Luminous efficiency versus luminance and (c) device lifetime with an initial luminance of 1000 cd m~2 for the devices
using PEDOT/PSS and PEDOT/PSS/PFI as a HIL.%® Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Device architectures of the

all-solution processed TOLEDs comprising PEDOT:PSS bottom cathodes
Optoelectronic characteristics of the yellow- and blue-emitting TOLEDs

and PEDOT:PSS/AgNW top anodes and the opaque reference OLEDs.
in comparison with those of the respective opaque reference devices.

(e) Luminance vs. current density (L-J) and (f) current efficiency vs. luminance.”® Copyright 2015 The Royal Society of Chemistry.

(PHOLEDs).” By mixing these two HTL materials, the drive
voltage at 1000 cd m™> was effectively reduced from 6.5 to
5.5 V. This hybrid strategy has successfully realized a novel type
of hybrid material with better cavity, transport capacity and
solubility resistance. Compared with the device with the single
HIL of TCTA, the device with the combined HIL has a higher
current efficiency (CE) and a lower turn-on voltage. As a result, the
optimized device of the combined OLED showed a maximum CE
and a power efficiency (PE) of 39.5 cd A~ and 24.5 Im W,
respectively.

Inorganic HIL materials. Inorganic HIL materials such as
metal oxide, metal sulfide and some other inorganic materials
are also noted for the preparation of solution-processed OLEDs.
Metal oxide always refers to the transition metal oxide (TMO),
which includes the commonly used MoO;, *”® NiO,,”*””
WO,,”® and V,05’%% and so on. As shown in Fig. 2a, these
TMO HIL materials have a high value of ¢wr close to 7.0 eV,
resulting in a deep conduction band (CB). In another word, its
hole injection mechanism will be different from other HIL
materials. To put it simply, the hole injection mechanism of
TMO is that the HOMO electrons of the HTL will be extracted to
the CB of TMO to realize an equivalent hole injection.®* There
are two kinds of solution-processed TMOs, one is precursor
solution and the other is nanoparticle dispersion. For the TMO
precursor solution, researchers will choose different solvents
for different solution-processed technologies. In general, a
polar solvent such as isopropyl alcohol is chosen in order to
achieve orthogonality with the solvent of the emitting layer
(EML). MoO; is a commonly used HIL material in vacuum
evaporation OLEDs with a ¢wr value, CB and valence band (VB)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

of 6.7 eV, 6.9 eV and 9.7 eV, respectively. It has the advantages
of low cost, strong hole injection ability and no corrosion to the
ITO anode. Many studies have applied MoO; in the solution
OLED through different solution synthesis methods. Liu et al.
proposed a solution method. They first dissolved powder MoO,
in ammonia water and then diluted it with deionized water.
Finally, this kind of s-MoO; thin film showed better hole
injection performance and reduced exciton quenching, thus
improving the performance of the device.”* Murase et al. pre-
heated the MoOj; precursor solution in deionized water before
spin-coating, after which a very uniform and unbroken film
was obtained.®” By utilizing the sol-gel method, Girotto et al.
dissolved MoO; into H,0, to form the MoO,(OH)(OOH)
precursor solution.®®> TMO is susceptible for the preparation
environment and the value of ¢wr may be dramatically cut
from about 7.0 eV to about 5.0 eV by the polluted air, which has
been verified by the research studies of Irfan et al. and Hancox
et al. of MoO3®* and V,0s,”° respectively. Therefore, the value of
¢wr of solution-based TMO is always in the range of 5.3 to
5.7 eV. To repair the loss of ¢wr, Hammond et al. managed to
increase the ¢wr value of MoO; from 5.0 to 6.1 eV by combining
high temperature treatment under a vacuum environment and
oxygen plasma treatment.®

Copper thiocyanate (CuSCN) is a p-type semiconductor that
is cheap and easy to be synthesized.””***” TMOs and small
molecule HAT-CN often require precise control for a few
nanometers and an additional HTL which greatly limits their
application prospect. But, for CuSCN, it has good air stability
and a high hole mobility of 0.01-0.1 cm® V~' s™'. Moreover,
CuSCN can withstand the erosion of various organic solvents,
which makes it better for the fabrication of laminated OLEDs,
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Fig. 2 (a) CB minimum and VB maximum with respect to the vacuum levels of MoOs, V,Os and WO3.8* Copyright 2012 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) TEM image of the focused ion beam (FIB)-milled cross-section of a complete CuSCN HIL/HTL OLED (right side), together with a
schematic of its stack structure (left side). The comparison of the OLED characteristics of CUSCN and PEDOT:PSS HIL/HTL structures. (c) Luminous

efficiency (cd A™%) versus luminance (cd m~2)

characteristics and (d) luminous power efficiency (L m W™2) versus luminance (cd m~2) characteristics of

PEDOT:PSS (circles) and CuSCN (squares) structures.*” Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

and thus expands its application in OLEDs, OSCs and PSCs.
Perumal et al. demonstrated a high-performance solution-
processed green PHOLED by blending CuSCN HIL/HTL and the
(PPy),Ir(acac) EML." In their work, CuSCN-based devices showed
a maximum luminance, CE and PE of over 10000 cd m 2
50 cd A" and 55 Im W™ (Fig. 2c and d).

2.2.2 EIL materials

Organic EIL materials. At present, metal cathodes with rela-
tively high ¢wr and good air stability are commonly used in
OLEDs, but the high value of the LUMO is not conducive for
electron injection. To obtain highly efficient electron-injection,
alkali metals with low ¢wp should be used as cathodes.
However, these metals are too active, resulting in poor stability
and difficulty in solution processing. To solve this problem,
recently, a great breakthrough has been made in water-alcohol-
soluble interfacial EIL materials. Using water/alcohol as the
solvent, the destruction of the organic layer can be effectively
avoided. In general, organic functional layers are insoluble in
water/alcohol polar solvents. These materials can be divided
into conjugated and non-conjugated polymers according to
their molecular framework.*®

Based on the conjugated polymer, in 2004, Cao et al. first
synthesized conjugated polymers poly[(9,9-bis(3’-(N,N-dimethyl-
amino)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN)
and used it as the EIL for PLEDs. They also found that
even using a metal with high ¢wr as the cathode could obtain

172 | Mater. Chem. Front., 2023, 7, 1166-1196

high-performance solution-processed OLEDs.**° Since then,
more and more research groups have carried out a series of
modifications on the conjugated polymer PFN. For instance,
poly[9,9-bis(60-(N,N-diethylamino)hexyl)-fluorene-alt-9,9-bis(3-
ethyl-(oxetane-3-ethyloxy)-hexyl)-fluorene] (PFN-OX)°*"** and
poly[9,9-bis(6-(N,N-diethylamino)propyl)fluorene-alt-9,9-bis-
(hex-5-en-1-yl)-fluorene] (PFN-V)** with a crosslinking charac-
teristic can achieve highly efficient inverted OLEDs, while
poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-
5,5’-bis(2,2’-thiophene)-2,6-naphthalene-1,4,5,8-tetracaboxylic-
N,N’-di(2-ethylhexyl)imide] (PFN-2TNDI)*>°° with a high electron
mobility can reduce the sensitivity of the thickness of the EIL.
WOLEDs with an inverted structure prepared by solution
methods have attracted more and more attention. However,
for the ITO cathode and the metal anode, if ZnO is used as the
electron transport layer (ETL), the charge injection potential
barrier will be too high. To overcome this issue, Zhang et al.
used modified PFN-OX, a novel cross-linked polymer, as the EIL
modification layer. The CE and PE of their prepared devices
were 18.8 cd A" and 6.7 Im W', respectively (Fig. 3).”* Hwang
et al. used cross-linked poly(FA90-co-BFA10) as the HIL, a
solution-processable red phosphorescent OLED that exhibited
a low turn-on voltage of 3.5 V, a reasonably high CE of
16.6 cd A", and an EQE of 12.5%, all of which are superior
to the corresponding reference device using PEDOT:PSS as the
HIL.%” Xue et al. were successful in preparing high-efficiency
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