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Abstract

Solution-processed organic light-emitting devices (OLEDs) have been progressed as a potential
candidate for cost-effective solid-state lighting and flat panel displays. In this highlight, we focus on
the recent progress of the state-of-the-art solution-processable electron injection materials: 1) alkali
metal-containing compounds, ii) n-type semiconducting metal oxides, iii) m-conjugated ionic
polymers, and iv) nonionic polymers. These materials are soluble in water, alcohol, or a
water-alcohol mixture solvent and can be formed to a film by a solution process. We discuss
essential characteristics of these electron injection materials and the performance of the

solution-processed OLEDs made with them.

1. Introduction

Novel materials and device architecture have been developed to improve the performance of
organic light-emitting devices (OLEDs).""* The conventional device structure of OLEDs consists of
multiple layers of several functional organic materials, including the hole injection layer (HIL), hole
transporting layer (HTL), emitting layer (EML), electron transporting layer (ETL), and electron
injection layer (EIL), placed between a transparent indium tin oxide (ITO) anode and a reflective
metal cathode, as shown in Figure 1(a). Multilayer OLEDs are generally fabricated by the thermal
evaporation process in vacuum. However, vacuum thermal evaporation process carries a high

manufacturing cost, especially for large-area devices. On the other hand, solution-processed
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techniques used in the fabrication of OLEDs, such as spin coating, slot die coating, inkjet coating,
and roll-to-roll coating have been considered to be advantageous to reduce fabrication costs.'®"®
However, the fabrication of fully solution-processed OLEDs, except the electrode, is not
straightforward because the coating solvent of an organic layer usually dissolves the underlayer and
these two layers become mixed. Therefore, orthogonal solvents that dissolve a coating upper layer

19, 20

but do not dissolve a coated underlayer > ©, and cross-linking processes that make a coated

: 21,22
underlayer insoluble”

, are key feature to achieve solution-processed multilayer OLEDs.

EILs, described in this Highlight, have an important role in OLEDs to facilitate electron injection
from a metal cathode into electron transporting materials or light-emitting materials, reduce driving
voltage, and improve power efficiency (Im/W). Energy-level alignment between an organic layer
and a metal electrode for electron injection has been achieved with the EIL of alkali metals such as
Li, Ca, or Ba, and alkali metal halides such as LiF, NaF, or CsF.>**® However, these EILs cannot
naturally be adapted for solution processing because of their insolubility to common organic
solvents. Therefore, to achieve solution-processing of electron injection materials, they should have
several properties, including not only electron injection ability but also solubility to coating solvents
and film-forming ability. When electron injection materials are spin-coated onto EML in the
conventional OLED structure (Figure 1(a)), water/alcohol solvent are usually employed for the EIL
as a poor solvent to the EML, preventing dissolution of the EML consisting of m-conjugated
light-emitting polymers or relatively high molecular weight small molecules.'”*° The solubility of
the EIL to the coating solvent and the insolubility of the EML are essential to fabricate
solution-processed multilayer OLEDs. First report of solution-processed EIL is the use of sodium
sulfonated polystyrene for polymer light-emitting devices (PLEDs).” Inorganic alkali metal salts,
30,31

cesium carbonate (Cs,CO3), was also reported as solution-processed EIL in PLEDs.

In the inverted type of device structure, where ITO is used as a cathode and reflective metal is
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used as an anode, the electron injection materials are coated onto the ITO cathode. For inverted
OLEDs (Figure 1(b)), the EIL materials themselves have to be insoluble to the coating solvent of
the upper layer, but various solvents other than water/alcohol can be used for the EIL coating itself
because of the insolubility of ITO. In addition, the annealing temperature of the EIL on ITO in the
inverted OLEDs can be much higher than that of the EIL in the regular-structure OLEDs. Because
of this reduced restriction of the EIL coating condition, the inverted structure has tended to be

preferred in OLEDs with solution-processed EIL.

a) Conventional structure b) Inverted structure

Figure 1. a) Conventional structure and b) inverted structure of solution-processed OLEDs.

In this highlight, we classify solution-processable EIL materials into four categories. First, alkali
metal-containing compounds such as cesium carbonate, cesium stearate and lithium phenolate
complexes are described, for replacement of the low-work-function alkali metals. Second, n-type
semiconducting metal oxides such as titanium oxide (TiO;) and zinc oxide (ZnO) are described.
Polyethyleneimine forms strong dipoles on the metal oxide or metal electrode, reducing their work
function and improving their electron injection. Third, we describe alcohol/water-soluble ionic
n-conjugated polymers, zwitterionic polyelectrolytes, and nonconjugated ionic polymers, directly

spin-coated onto EML. Fourth, we describe a polymer binder dispersing alkali metal salts or metal
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oxides, improving the roughness and conductivity of the film. Chemical structures of the materials

are shown in Figure 2.
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Figure 2. Chemical structures of the solution-processable EIL materials.
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2. Alkali Metal-Containing Compounds

In the m-conjugated light-emitting polymer OLEDs, low-work-function metals such as calcium
and barium are used as the EIL.**** However, these alkali metals and their compounds are
insoluble in common organic solvents such as toluene, p-xylene, chlorobenzene, tetrahydrofuran,
and alcohols. Thus, these low-work-function metals cannot be applied for solution-processed
OLEDs. In addition, these metals are highly reactive and unstable in air. Recently, Cs,CO5>" !,
cesium stearate™, and lithium phenolate complexes® have been used as solution-processable EIL
materials because they are soluble in alcohols such as 2-ethoxyethanol and 2-methoxyethanol. Thus,
these alkali metal-containing materials can be spin-coated onto EML from an alcohol solution
without dissolution of the underlayer, and exhibit the same superior electron injection properties as
low-work-function metals. Solution-processed Cs,COs3 ultrathin film is inserted between the metal
cathode and a conventional light-emitting polymer such as poly(9,9-dioctylfluorene) (PFO),
poly(9,9-dioctylfluorene-al/t-benzothiadiazole) (F8BT), or
poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV), and improves electron
injection into the polymer layer and hole blocking from the polymer layer, resulting in improved
charge balance and high efficiencies.*”*' UV photoelectron spectroscopy (UPS) measurement of
spin-coated Cs,COj; film on which aluminum (Al) was evaporated showed a low work function of
2.8 eV and reduced electron injection barrier, shown in Figure 3. This result indicates that a reaction
between spin-coated Cs;CO3 and thermally evaporated Al forms an Al-O-Cs complex and leads to

reduction of the cathode work function.
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Figure 3. UPS spectra of solution-processed Cs,COs before and after the deposition of Al
Reprinted with permission from Ref. 31. Copyright 2007 WILEY-VCH.

Cs,COs is also used as an n-type dopant for electron transport materials to improve the
conductivity and operational voltage. These doping methods, such as chemical doping, have been
developed for a long time for thermal evaporated small molecular-based OLEDs.***’ In contrast,
solution-processed n-type chemical doping methods are less reported. Jenekhe et al. reported that
solution-processed electron transport materials, 1,3,5-tris(m-pyrid-3-yl-phenyl)benzene (TmPyPB),
doped with Cs,COs, was spin-coated from a formic acid/water solvent onto the EML. This polar
mixture solvent does not dissolve the EML, and thus a solution-processed multilayer structure can
be fabricated without dissolving the underlayer. High current efficiency of 37.7 cd/A and an
external quantum efficiency (EQE) of 19% at a high luminance were achieved in blue
phosphorescent OLEDs.*’

Cesium stearate is designed and synthesized for replacement of Cs,CO;to improve solubility,
increasing the solvent options. The long alkyl chain of cesium stearate makes the molecule soluble
in ethanol and it can be spin-coated from solution onto EML.** Solution-processed cesium stearate

as an EIL exhibited ohmic contact and and almost identical electron injection property to that of
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conventional devices with evaporated barium as EIL in orange and blue light-emitting polymer
OLEDs. In this case, cesium stearate was effective for not only the relatively deep lowest
unoccupied molecular orbital (LUMO) level of the orange light-emitting polymer (2.7 eV) but also
even the shallow LUMO level of the blue light-emitting polymer (2.1 eV). However, alkali metal
carbonate salts e.g. Cs;CO;, Li;CO;, and Na,COs; have disadvantages such as their high
hygroscopicity in air. On the other hand, lithium complexes with a phenolate ligand are stable and
less hygroscopic in air than alkali metal carbonate salts.”> Moreover, Liq is soluble in various
alcohols such as methanol, ethanol, isopropanol, and 2-ethoxyethanol, and can be spin-coated as a
smooth thin film onto EML. Solution-processed Liq as an EIL for F§BT in OLEDs exhibits lower
driving voltage of 3.5 V at 1000 cd m™, compared with spin-coated Cs,COs and thermal evaporated
calcium. To investigate air stability of Liq and Cs,COs3, their films were exposed to air for 30 min
after spin-coating onto F8BT in nitrogen atmosphere, before evaporation of the Al cathode. The
device with air-exposed Liq exhibited less driving voltage shift than that with air exposed Cs;CO:s.
The device with the air-exposed Liq exhibited a stable clear emission image, but the device with
Cs,CO;5 showed a large number of defects in the emission image because of the influence of

moisture.

3. Metal Oxides

Solution-processed metal oxides such as Ti024143, ZnO* 43'47, and ZrOz48 have recently been
reported as electron injection materials in OLEDs because of their high stability to moisture and
oxygen. Their excellent optoelectrical properties, e.g., mobility and transparency, are suitable for
application to OLEDs. The thin film of these metal oxides can be formed by various
solution-process methods. Metal oxide thin films deposited by sol-gel methods have been applied in

the inverted device configuration, which consists of the ITO cathode and a stable metal anode such
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as Au or Ag. Another method is deposition of the metal oxide nanoparticles that are easily
synthesized from a precursor of metal oxide such as zinc acetate in alcohols under basic conditions.
The synthesized metal oxide nanoparticles can be dispersed into alcohol solvents. The advantage of
this method is that a high-temperature annealing process is not required, unlike with conventional
sol-gel methods, and the metal oxides can be coated onto the EML with a conventional device
structure.

TiO; has been highly important because of its chemical stability, high conductivity, wide energy
gap, high transparency and inexpensive material cost. The conduction band (CB) of TiO, is
approximately 3.8 eV, close to the LUMO level of n-conjugated light-emitting polymers in OLEDs.
Solution-processed TiO, as an EIL in the inverted type of OLED based on the light-emitting
polymer F8BT was fabricated to replace low-work-functional metals.*' A thin film of TiO, was
deposited onto a fluorine-doped tin oxide (FTO) glass substrate by spray pyrolysis using an ethanol
solution of titanium diisopropoxy bis(acetylacetonate), and then annealed at 450 °C. The device
with TiO, showed higher stability in air compared with a conventional device using a calcium EIL.

Titanium sub-oxide (TiOy) was also used as an air-stable EIL on top of a light-emitting polymer
(Super Yellow) in the conventional device structure to prevent penetration of oxygen and moisture
into the polymer layer.*® In this method, the precursor solution is commonly prepared by mixing
titanium isopropoxide and ethanolamine. The spin-coated film is annealed for 15 h at a relatively
low temperature of 150 °C to be converted to TiOx by hydrolysis reaction. Luminance-voltage
characteristics of the device with TiOx showed high stability in air compared with the device
without TiOy. These results suggest that the 30 nm-thick TiOx layer plays a role in the oxygen
blocking effect as well as the electron injection property.

Solution-processed ZnO film is widely used as an EIL in the inverted OLED configuration

because of the energy level matching with the CB of ZnO (approximately 4 eV) and the LUMO
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level (3-2.5 V) of conventional m-conjugated light-emitting polymers.** In general, compact thin
ZnO films have been deposited by the spray pyrolysis technique. The zinc acetate precursor
solution is sprayed onto an ITO glass substrate, and subsequently annealed at a high temperature of
400-500 °C for a few hours. The inverted-type polymer OLED with ZnO film as an EIL and MoOs
as an HIL exhibited superior efficiencies compared to the conventional device with PEDOT:PSS as
an HIL and barium as an EIL. In addition, the inverted device with ZnO also shows higher
luminance and efficiency, and lower driving voltage, compared to the device with TiO, as an EIL,
although the energy levels of ZnO and TiO, are similar.*® This result is attributed to the difference
in the surface polarity. The presence of Zn ions at the ZnO surface is estimated to cause a superior
electron injection property, improving efficiency. Moreover, the photoluminescence quantum yield
(PLQY) of TiO,/F8BT is lower (65%) than that of F8BT film (77%) film and ZnO/F8BT (75%)
because of the exciton-quenching effect of TiO..

ZnO nanoparticles (NPs) can also be applied to a solution-processed EIL in the inverted and
conventional device configurations® **’; various synthesis methods of ZnO NPs have been
reported. Dropwise addition of a stoichiometric amount of tetramethylammonium hydroxide
(TMAH) in ethanol into zinc acetate dihydrate in dimethyl sulfoxide (DMSO), followed by stirring
for 1 h, forms the ZnO with a size of 2-3 nm.* Poly(p-phenylene vinylene) (PPV)-based
conventional configuration OLEDs with ZnO NPs as an EIL exhibited extremely low turn-on
voltage, less than the optical band gap of the light-emitting PPV polymer. This result was explained
by an Auger-assisted energy up-conversion process at the interfaces of PPV/ZnO. In another
method of ZnO NP synthesis, zinc acetate and potassium hydroxide (KOH) are mixed together into
a methanol solution with reflux for a few hours.*>*’ Precipitated ZnO NPs with a particle size of 8
nm are dispersed into 2-ethoxyethanol with a concentration of 10 mg/ml after washing several times

by methanol. With the ZnO NPs as an EIL, F§BT-based PLEDs showed a high luminance of more
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than 10,000 cd/cm’ at 7 V.

The energy barrier between the CB of ZnO (4 eV) and the LUMO of the light-emitting polymers
(2-3 eV) is relatively large. Several approaches have been explored to improve electron injection
from the ZnO into the light-emitting polymers by surface modification of the ZnO with Cs,CO3*,
or barium hydroxide (Ba(OH),), and others®. The device with ZnO/Ba(OH), shows higher
efficiency than those of ZnO/Cs,COs because of the reduction of exciton quenching at the Al
cathode. In addition, an ionic liquid molecule (ILM) such as 1-benzyl-3-methylimidazolium
chloride (benmim-CI)** and a self-assembled dipole monolayer (SADM) such as methylbenzoic
acid (BA-CH3) and methoxybenzoic acid (BA-OCH3)”, tetra-n-butylammonium tetrafluoborate
(TBABF,)*, cationic polymer of
poly(9,9'-bis(6"-N,N,N-trimethylammoniumhexyl)fluorene-co-alt-phenylene) with bromide
counterions (FPQ-Br)*°, are also used as surface modification layers for ZnO. These materials cause
the formation of a strong dipole on the ZnO, which remarkably reduces the electron injection
barrier between the CB of ZnO and the LUMO level of the light-emitting polymers.

Recently, air-stable nonionic and nonconjugated polyethyleneimine (PEI) and polyethyleneimine
ethoxylated (PEIE) have been widely used as an EIL for inverted or regular OLED
configurations.””** The PEI and PEIE comprise an aliphatic amine backbone and amine or hydroxyl
side chain group. They form not only an intermolecular dipole moment but also a dipole with
electrodes such as ITO>™, gold (Au)®, silver (Ag)s& 0 AI®, and PEDOT:PSS’®. These strong
dipole moments can dramatically reduce the work function of the electrode and electron injection
barrier because of the vacuum level shift. The ZnO covered with PEI or PEIE exhibited a great
reduction of work function of 2-3 eV compared with the ZnO without PEI or PEIE (Table 1).”* ¢!
These work function shifts are larger than the ZnO with Cs;COs. These surface modification

materials for ZnO are becoming a widely used useful methods to improve electron injection in the
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solution-processed inverted OLEDs.

Table.1 Work function of ZnO and ZnO with Cs,COs, PEIE and PEI. Reprinted with permission

from Ref. 61. Copyright 2014 WILEY-VCH.

Thickness ZnO Zn0O/Cs,CO; ZnO/PEIE ZnO/PEI
44¢eV 3.56eV

4 nm 3.29eV 247 eV

8 nm 3.36eV 244 eV

12 nm 3.55evV 3.17eV

16 nm 3.6eV 3.39eV

The ripple-shaped nanostructure of ZnO (ZnO-R) is reported to exhibit the enhancement of light
extraction efficiency due to improvement of waveguide modes, compared with flat film of ZnO
(ZnO-F) as shown in Figure 4. In addition to the light outcoupling enhancement, the treatment of
the ZnO layer with amine-based polar solvent leads to reduction of the electron injection barrier and

exciton quenching. The resulting current efficiency of 60 cd/A and external quantum efficiency of

17% were obtained in solution-processed polymer OLEDs.
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Figure.4 Device structure of an inverted OLEDs with amine-based solvent-treated ZnO as a surface
modification layer. Reprinted with permission from Ref. 63. Copyright 2014 Nature Publishing
Group.

4. Ionic Polymer and Small Molecular Material

Various water/alcohol soluble polymers such as m-conjugated polyelectrolytes®*®, small

170, 71 72-76

molecular ionic materia , zwitterionic materials’”"", and nonconjugated polymers77’ ™ have
been applied to ETLs or EILs in solution-processed OLEDs. These polymers contain polar groups
in the backbone or side chain, which are causes of high solubility in water/alcohols. The
water/alcohol polar solvents do not dissolve conventional light-emitting polymers, and thus those
water/alcohol soluble polymers can be spin-coated onto light-emitting polymers as an efficient
ElLs.

Most m-conjugated polymer electrolytes consist of a fluorene-based polymer backbone and

ionized alkyl pendant groups with mobile counterions such as I-, Br-**®° and tetrasubstituted

borates (BImy)®. In particular, PF-NR; X" (Br, )** and PFON"(CH3);I —PBD® were applied for
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blue, green, and red OLEDs as efficient ETLs and EILs. Small molecular ionic materials,
tetraoctylammonium bromide (TOAB),” and triphenylsulfonium (TPS) salts’' were also used as
EILs in solution-processed OLEDs. These m-conjugated polyelectrolytes and small molecular ionic
materials also cause dipole formation between the light-emitting layer and cathode, and improve
electron injection properties.”®”" However, the devices with ionic EILs cause concern because of
the migration of mobile counterions into light-emitting polymer, which causes exciton quenching.
In addition, luminance response time of the device with the m-conjugated polyelectrolyte is delayed
by an ion mobile.

Zwitterionic polyelectrolytes containing conjugated backbone and zwitterionic side chain
without free counterions have also been reported as efficient EILs for solution-processed OLEDs.
Various zwitterioncic substituents such as sodium tetrakis(1-imidazolyl)borate (Co—BImy)™,
sulfoammonium (F(NSO3),”* PFgNSO™), and amine N-oxide (PF6NO25Py)” are applied to neutral
and conjugated polymers. In particular, the performances of a device with F(NSOs), and
PF6NO25Py showed higher luminance and current efficiency than that of a device with Ca or Ba as
an EIL. The improvement of the electron injection is due to the formation of strong dipole
alignment between the zweitterionc polymer and Al cathode and reduction of the electron injection
barrier. Small molecule zwitterionic materials such as S2 and S3’® exhibit superior electron
injection properties as well as the polyelectrolytes as shown in Figure. 5. These results indicate that
the small molecule zwitterionc materials are also effective as an EIL even with a nonconjugated
structure. The zwitterionic polymers or small molecule electrolytes for EILs have an advantage of
high response time of luminance (approximately 10 ps) compared with the conventional ionic

polymers.
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Figure 5. Structure of the conjugated polyelectrolyte (CPE1) and the small molecule zwitterionic
materials (S2 and S3) with the current efficiency of the devices. Reprinted with permission from

Ref. 76. Copyright 2013 WILEY-VCH.

Nonconjugated anionic polyelectrolytes, poly(sodium 4-styrenesulfonate) (PSS-Na)* " 78

are
also used as EILs in OLEDs. The device with a thin PSS-Na layer exhibited lower driving voltage

and higher efficiencies compared to a device with thermal evaporated LiF.

5. Nonionic polymers

Alcohol-soluble nonionic conjugated polymers have also been developed for electron transport
and injection layers in fluorescent and phosphorescent OLEDs.”* These neutral conjugated
polymers such as poly[9,9-bis(2-(2-(2-diethanolaminoethoxy) ethoxy)ethyl)fluorene] (PF-OH) and
their derivatives (PFPE-OH, PFBT-PH) are highly soluble even in methanol and exhibit high
electron injection properties as well as ionic n-conjugated polymers and zwitterionic electrolytes.
The neutral conjugated polymers do not have mobile ions in the compounds, and are not considered
to affect the device operation. PF-OH was used as an n-type host material with alkali metal salts
such as Li;COs, and improved electron transport characteristics.® Solution-processed white
phosphorescent OLEDs with PF-OH doped with Li,CO3 showed high current and power efficiency

of 36 cd/A and 23 Im/W. Similarly, nonionic poly(ethyleneoxide) (PEO) have been employed as a
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host polymer blended with alkali metal salts such as CszCO381, KCF380382, and 1onic sodium
dodecyl sulfate (SDS)*. These mixed EILs improved not only efficiency but also stability to
oxygen and moisture.

The alkylamine-based polymers, PEI and PEIE, themselves were used as EIL without ZnO,
directly spin-coated onto light-emitting polymers.®’ Large work function shits of 1.5 eV for PEI/Ag
and 1.3 eV for PEIE/Ag were observed with the amine polymer thicker than 5 nm. The devices with
PEI/Ag and PEIE/Ag exhibited a comparable efficiency to the device with low work functional Ca
as an EIL. In addition, large number of dark spots were observed in the device with Ca EIL,
whereas the devices with PEI and PEIE exhibited less dark spots four weeks after the device
fabrication because of high stability of PEI and PEIE in air.

A series of poly(vinylpyridine) (PVPy) and poly(vinylphenylpyridine) (PVPhPy) are reported as
polymer binders mixed with Liq, exhibiting good electron transport and injection properties.™*
Mixing the binders with Liq improved the driving voltage characteristics of the device even with a
relatively large thickness (16 nm) of the mixed EILs. The improvement presumably resulted from
the interaction of the pyridine rings and the Li atom of Liq. The thick EIL is expected to be
advantageous for large-scale coating with a solution process because it is difficult to simultaneously
manage both a large area and a uniformly small thickness of a few nm, at the same time. The
polymer binder also improves the film morphology.*’” The spin-coated film of the ZnO nanoparticles
shows a high surface roughness due to agglutination of the nanoparticles. The addition of PVPy into
the ZnO nanoparticles dramatically reduced film roughness without impairing the device
efficiencies, although PVPy is an insulating material, as shown in Figure 6. The addition of the
polymer binder into ZnO is an effective method to achieve morphology control and improvement of

electron injection properties simultaneously.
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Figure 6. OLED performance as a function of the thickness of PVPhy:Liq. (a) driving voltage and
(b) external quantum efficiency. Reprinted with permission from Ref. 84. Copyright 2014
WILEY-VCH.

6. Summary and outlook

Solution-processed OLEDs have been developed for large-area printing processes and low
production costs in the past decade. The key feature to achieve high efficiency by the
solution-processing method is the fabrication of multilayer structure as effectively as dry-processed
OLEDs. Consequently, a number of researchers have focused on the solution-processed multilayer
structure using various approaches such as cross-linking methods or orthogonal solvents techniques;
the two-layer structure of HIL/EML and three-layer structure of HIL/HTL/EML or HIL/EML/ETL
have been reported. Recently, a highly efficient four-layer structure, HIL/HTL/EML/ETL, of
small-molecule-based OLEDs was achieved by the solution-processing method, in which their
efficiencies are comparable to those of vacuum evaporated OLEDs. However, solution-processing
of electron injection materials for multilayer OLEDs has remained a very complicated issue; it
requires several properties such as solubility to a coating solvent, insolubility of the underlayer to
the coating solvent, film-forming property, and electron injection ability.

In this highlight, we focused our attention on various solution-processable electron injection

materials for OLEDs: alkali metal-containing compounds, n-type metal oxide, ionic
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polymer/small-molecule, zwitterionic polymer/small-molecule, and air-stable nonconjugated and
nonionic polymers. The materials soluble in water/alcohol solvents have been employed for i)
conventional structure of the device with m-conjugated polymers as an EML because of their
insolubility to alcohol solvents, and ii) inverted device structures in which the EILs can be directly
spin-coated onto the bottom electrodes (cathode) with a substrate.

Alkali metal-containing compounds such as Cs;COs, cesium stearate, and lithium phenolate
complexes of Liq have been used as efficient solution-processable EILs to replace the
low-work-function metals such as Ca and Ba. Cs,CO; is dissolved in higher alcohols such as
2-ethoxythanol and 2-methoxyethanol. Cesium stearate is soluble even in ethanol and its solubility
is higher than the solubility of Cs,COj3. Similarly, Liq is also soluble in a wide range of alcohols.
These alcohol-soluble alkali metal-containing compounds can be applied to the solution process as
spin-coating onto an EML. Generally, thickness of alkali metal-containing compounds as an EIL
needs to be ultrathin below 2 nm because of their poor electron transportability. However, precise
control of EIL thickness with ultrathin layer is extremely difficult in large-scale solution processing.
Thus, relatively thick layer (20 nm) of electron injection materials is required for solution-processed
large-scale device.

The sol-gel method of n-type metal oxides such as TiO; and ZnO have been employed especially
for inverted-structure of OLEDs because high-temperature annealing of the oxides is possible on a
glass substrate. ZnO nanoparticles can be dispersed into alcohols and used in the fabrication of
conventional-structure OLEDs. Additionally, surface modification materials for ZnO, such as
Cs,COs, ILM, SADM, and amine-based materials have been demonstrated to improve electron
injection from the ZnO into the light-emitting polymer from the cathode. These results are attained
forming a strong dipole causes a reduction of the electron injection barrier. Nanostructure

modification of ZnO also cause the enhancement of light extraction efficiency due to improved
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waveguide modes compared with standard flat ZnO film. These several modification methods of
ZnO layer have been adapted only for the inverted device configuration with m-conjugated
fluorescent light-emitting polymer.

Water/alcohol soluble polymers, such as ionic n-conjugated polymers or ionic small molecules,
containing polar groups with mobile counterion in the backbone or side chain, have been applied to
ETLs and EILs with relatively thick thickness (10-20 nm) for solution-processed multilayer OLEDs.
Using zwitterionic polymers/small-molecules has the advantage of less exciton quenching and high
response of luminance, due to the free mobile counterions. The electron injection property and
efficiency of the OLEDs using these ionic materials for EILs are comparable to those of Ca and Ba.
Various nonionic polymers are useful as an n-type host material with alkali metal-containing
compounds. Pyridine-containing polymers are useful as a binder for improving film roughness, and
they can accept thickness variation of several nm.

Most recently, solution-processed tandem OLEDs have been reported by the use of ZnO and
amine-based polymers as not only an EIL but also a solvent-blocking layer. The multilayer of ZnO
and amine-based polymer can prevent the penetration of the upper coating solvent into the
underlayer. Thus, an additional layer can be coated onto the amine-modified ZnO layer without
dissolving the organic underlayer. From this viewpoint, the controlled solubility of EILs, especially
used in a bottom light-emitting unit, is a key component for fabricating a tandem structure from the
solution process.

Finally, solution-processed small molecule phosphorescent OLEDs have a great deal of attention
due to their high efficiency and low power consumption in recent years. However, various
solution-processed electron injection materials have been mainly employed in PLEDs because most
n-conjugated polymers are insoluble in alcohol used as coating solvents of upper layer. It is difficult

to fabricate multilayer structure with small molecule-based EML and solution-processed electron
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injection materials. Therefore, the combination of solution-processable EIL and small molecule

EML are strongly desired.

Acknowledgements

The authors would like to thank the “Strategic Promotion of Innovative R&D Program,” “Japan
Regional Innovation Strategy Program by Excellence.” and “The Center of Innovation Program” of
the Japan Science and Technology Agency (JST). The authors would like also thanks the “Grant-in
Aid for Scientific Research A Grant Number 15H02203” of the Japan Society for the Promotion of

Science (JSPS). Y.-J. Pu. thanks the PRESTO (Sakigake), JST for support.

Biography of Authors

Takayuki Chiba is an assistant professor in the Department of Organic Device Engineering at
Yamagata University, Japan. He received his Ph.D. in 2011 from the Department of Organic Device
Engineering at Yamagata University. He was a post-doctoral fellow at Yamagata University in
2011-2014. His research is focused on solution-processed optoelectronic devices and

organic-inorganic hybrid devices.

Page 20 of 25



Page 21 of 25

Journal of Materials Chemistry C

Yong-Jin Pu is an associate professor in the Department of Organic Device Engineering at
Yamagata University, Japan. He received his Ph.D. from the Department of Applied Chemistry,
Waseda University, Japan, in 2002. He was an assistant professor at Waseda University in
2002-2004, and a research fellow at Oxford University in 2004-2006. He joined Yamagata
University as an assistant professor in 2006, and become an associate professor in 2009. He is also a

research fellow at PRESTO, Japan Science and Technology Agency from, since 2013.

Junji Kido is a full professor in the Department of Organic Device Engineering at Yamagata
University. He received his Ph.D. in polymer chemistry from Poly- technic University, New York,
in 1989. From 2003 to 2010, Kido served as the general director of the Research Institute for
Organic Electronics founded by the government of Yamagata Prefecture. He invented a white

OLED in 1993 and is working on the development of high performance OLEDs.

References

1. C. W. Tang and S. A. Vanslyke, Appl. Phys. Lett., 1987, 51, 913-915.

2. J. Kido, M. Kimura and K. Nagai, Science, 1995, 267, 1332-1334.

3. Z. L. Shen, P. E. Burrows, V. Bulovic, S. R. Forrest and M. E. Thompson, Science, 1997, 276, 2009-2011.
4, C. Adachi, M. A. Baldo, M. E. Thompson and S. R. Forrest, J. Appl. Phys., 2001, 90, 5048-5051.

5. Y. Sun, N. C. Giebink, H. Kanno, B. Ma, M. E. Thompson and S. R. Forrest, Nature, 2006, 440, 908-912.

6. S. J. Su, T. Chiba, T. Takeda and J. Kido, Adv Mater, 2008, 20, 2125-2130.



10.

11.
12.
13.
14.
15.

16.

17.

18.
19.
20.
21.
22.

23.
24.
25.

26.
217.

28.
29.

30.
31.

Journal of Materials Chemistry C

S. Reineke, F. Lindner, G. Schwartz, N. Seidler, K. Walzer, B. Lussem and K. Leo, Nature, 2009, 459,
234-238.

H. Sasabe, J. Takamatsu, T. Motoyama, S. Watanabe, G. Wagenblast, N. Langer, O. Molt, E. Fuchs, C.
Lennartz and J. Kido, Adv. Mater., 2010, 22, 5003-5007.

M. G. Helander, Z. B. Wang, J. Qiu, M. T. Greiner, D. P. Puzzo, Z. W. Liu and Z. H. Lu, Science, 2011, 332,
944-947.

T.-H. Han, Y. Lee, M.-R. Choi, S.-H. Woo, S.-H. Bae, B. H. Hong, J.-H. Ahn and T.-W. Lee, Nat. Photon.,
2012, 6, 105-110.

H. Uoyama, K. Goushi, K. Shizu, H. Nomura and C. Adachi, Nature, 2012, 492, 234-238.

K. Goushi, K. Yoshida, K. Sato and C. Adachi, Nat. Photon., 2012, 6, 253-258.

Q. S. Zhang, B. Li, S. P. Huang, H. Nomura, H. Tanaka and C. Adachi, Nat. Photon., 2014, 8, 326-332.

Y. F. Zhang, J. Lee and S. R. Forrest, Nat. Commun., 2014, 5, 5008.

K. H. Kim, S. Lee, C. K. Moon, S. Y. Kim, Y. S. Park, J. H. Lee, J. W. Lee, J. Huh, Y. You and J. J. Kim, Nat.
Commun., 2014, 5, 4769.

R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks, C. Taliani, D. D. C. Bradley, D. A.
Dos Santos, J. L. Bredas, M. Logdlund and W. R. Salaneck, Nature, 1999, 397, 121-128.

P. K. H. Ho, J. S. Kim, J. H. Burroughes, H. Becker, S. F. Y. Li, T. M. Brown, F. Cacialli and R. H. Friend,
Nature, 2000, 404, 481-484.

P. L. Burn, S. C. Lo and I. D. W. Samuel, Adv. Mater., 2007, 19, 1675-1688.

X. Gong, S. Wang, D. Moses, G. C. Bazan and A. J. Heeger, Adv. Mater., 2005, 17, 2053-2058.

T. L. Ye, S. Y. Shao, J. S. Chen, L. X. Wang and D. G. Ma, Acs Appl. Mater. Interaces, 2011, 3, 410-416.

X. H. Yang, D. C. Muller, D. Neher and K. Meerholz, Adv. Mater., 2006, 18, 948-954.

R. Q. Png, P. J. Chia, J. C. Tang, B. Liu, S. Sivaramakrishnan, M. Zhou, S. H. Khong, H. S. O. Chan, J. H.
Burroughes, L. L. Chua, R. H. Friend and P. K. H. Ho, Nat. Mater., 2010, 9, 152-158.

J. Kido and T. Matsumoto, Appl. Phys. Lett., 1998, 73, 2866-2868.

Y. J. Pu, M. Miyamoto, K. Nakayama, T. Oyama, Y. Masaaki and J. Kido, Org. Electron., 2009, 10, 228-232.
K. Cho, S. W. Cho, P. E. Jeon, H. Lee, C. N. Whang, K. Jeong, S. J. Kang and Y. Yi, Appl. Phys. Lett., 2008, 92,
093304.

C.S.OhandJ. Y. Lee, Org. Electron., 2015, 16, 34-39.

J. H. Kong, G. W. Kim, R. Lampande, G. H. Kim, M. J. Park, H. W. Bae and J. H. Kwon, Org. Electron., 2015,
21, 210-215.

L. S. Hung, C. W. Tang and M. G. Mason, Appl. Phys. Lett., 1997, 70, 152-154.

H. M. Lee, K. H. Choi, D. H. Hwang, L. M. Do, T. Zyung, J. W. Lee and J. K. Park, Appl. Phys. Lett., 1998, 72,
2382-2384.

J. S. Huang, G. Li, E. Wu, Q. F. Xu and Y. Yang, Adv. Mater., 2006, 18, 114-117.

J. S. Huang, Z. Xu and Y. Yang, Adv. Funct. Mater., 2007, 17, 1966-1973.

Page 22 of 25



Page 23 of 25

32.
33.

34.
35.

36.
37.
38.
39.

40.
41.

42.
43.
44.
45.

46.
47.
48.
49.
50.
S1.
52.

53.
54.

55.
56.

57.
58.

Journal of Materials Chemistry C

X. Gong, W. L. Ma, J. C. Ostrowski, G. C. Bazan, D. Moses and A. J. Heeger, Adv. Mater., 2004, 16, 615-619.
H. B. Wu, J. H. Zou, F. Liu, L. Wang, A. Mikhailovsky, G. C. Bazan, W. Yang and Y. Cao, Adv. Mater., 2008,
20, 696-702.

G. A. H. Wetzelaer, A. Najafi, R. J. P. Kist, M. Kuik and P. W. M. Blom, Appl. Phys. Lett., 2013, 102, 053301.
T. Chiba, Y. J. Pu, M. Hirasawa, A. Masuhara, H. Sasabe and J. Kido, Acs Appl. Mater. Interaces, 2012, 4,
6104-6108.

C. W. Chen, Y.J. Lu, C. C. Wu, E. H. E. Wu, C. W. Chu and Y. Yang, Appl. Phys. Lett., 2005, 87, 241121.

M. H. Ho, T. M. Chen, P. C. Yeh, S. W. Hwang and C. H. Chen, Appl. Phys. Lett., 2007, 91, 233507.

T. W. Lee, T. Noh, B. K. Choi, M. S. Kim, D. W. Shin and J. Kido, Appl. Phys. Lett., 2008, 92, 043301.

S. Hamwi, J. Meyer, M. Kroger, T. Winkler, M. Witte, T. Riedl, A. Kahn and W. Kowalsky, Adv. Funct. Mater.,
2010, 20, 1762-1766.

T. Earmme and S. A. Jenekhe, Adv. Funct. Mater., 2012, 22, 5126-5136.

K. Morii, M. Ishida, T. Takashima, T. Shimoda, Q. Wang, M. K. Nazeeruddin and M. Gratzel, Appl. Phys. Lett.,
2006, 89, 183510.

K. Lee, J. Y. Kim, S. H. Park, S. H. Kim, S. Cho and A. J. Heeger, Adv. Mater., 2007, 19, 2445-2449.

D. Kabra, M. H. Song, B. Wenger, R. H. Friend and H. J. Snaith, Adv. Mater., 2008, 20, 3447-3452.

H. J. Bolink, E. Coronado, D. Repetto and M. Sessolo, Appl. Phys. Lett., 2007, 91, 223501.

L. Qian, Y. Zheng, K. R. Choudhury, D. Bera, F. So, J. G. Xue and P. H. Holloway, Nano Today, 2010, 5,
384-389.

H. Youn and M. Yang, Appl. Phys. Lett., 2010, 97, 243302.

T. Chiba, Y. J. Pu, H. Sasabe, J. Kido and Y. Yang, J Mater Chem, 2012, 22, 22769-22773.

N. Tokmoldin, N. Griffiths, D. D. C. Bradley and S. A. Haque, Adv. Mater., 2009, 21, 3475-3478.

H. J. Bolink, H. Brine, E. Coronado and M. Sessolo, Adv. Mater., 2010, 22, 2198-2201.

D. Kabra, L. P. Lu, M. H. Song, H. J. Snaith and R. H. Friend, Adv. Mater., 2010, 22, 3194-3198.

Y. Vaynzof, D. Kabra, L. L. Chua and R. H. Friend, Appl. Phys. Lett., 2011, 98, 113306.

J. S. Park, J. M. Lee, S. K. Hwang, S. H. Lee, H. J. Lee, B. R. Lee, H. L. Park, J. S. Kim, S. Yoo, M. H. Song
and S. O. Kim, J Mater Chem, 2012, 22, 12695-12700.

L. P. Lu, D. Kabra and R. H. Friend, Adv. Funct. Mater., 2012, 22, 4165-4171.

B. R. Lee, H. Choi, J. SunPark, H. J. Lee, S. O. Kim, J. Y. Kim and M. H. Song, J Mater Chem, 2011, 21,
2051-2053.

J. S. Park, B. R. Lee, J. M. Lee, J. S. Kim, S. O. Kim and M. H. Song, Appl. Phys. Lett., 2010, 96, 243306.

J. S. Park, B. R. Lee, E. Jeong, H. J. Lee, J. M. Lee, J. S. Kim, J. Y. Kim, H. Y. Woo, S. O. Kim and M. H.
Song, Appl. Phys. Lett., 2011, 99, 163305.

T. Xiong, F. X. Wang, X. F. Qiao and D. G. Ma, Appl. Phys. Lett., 2008, 93, 123310.

Y. H. Zhou, C. Fuentes-Hernandez, J. Shim, J. Meyer, A. J. Giordano, H. Li, P. Winget, T. Papadopoulos, H.

Cheun, J. Kim, M. Fenoll, A. Dindar, W. Haske, E. Najafabadi, T. M. Khan, H. Sojoudi, S. Barlow, S. Graham,



59.
60.

6l.
62.
63.

64.
65.

66.

67.
68.
69.

70.

71.

72.
73.

74.
75.
76.

77.
78.

79.
80.
81.
82.
83.

Journal of Materials Chemistry C Page 24 of 25

J. L. Bredas, S. R. Marder, A. Kahn and B. Kippelen, Science, 2012, 336, 327-332.

J.S. Chen, C. S. Shi, Q. Fu, F. C. Zhao, Y. Hu, Y. L. Feng and D. G. Ma, J Mater Chem, 2012, 22, 5164-5170.
S. Stolz, M. Scherer, E. Mankel, R. Lovrincic, J. Schinke, W. Kowalsky, W. Jaegermann, U. Lemmer, N.
Mechau and G. Hernandez-Sosa, Acs Appl. Mater. Interaces, 2014, 6, 6616-6622.

Y. H. Kim, T. H. Han, H. Cho, S. Y. Min, C. L. Lee and T. W. Lee, Adv. Funct. Mater., 2014, 24, 3808-3814.

S. Hofle, A. Schienle, M. Bruns, U. Lemmer and A. Colsmann, Adv. Mater., 2014, 26, 2750-2754.

B. R. Lee, E. D. Jung, J. S. Park, Y. S. Nam, S. H. Min, B. S. Kim, K. M. Lee, J. R. Jeong, R. H. Friend, J. S.
Kim, S. O. Kim and M. H. Song, Nat. Commun., 2014, 5.

H. B. Wu, F. Huang, Y. Q. Mo, W. Yang, D. L. Wang, J. B. Peng and Y. Cao, Adv. Mater., 2004, 16, 1826-1830.
F. Huang, L. T. Hou, H. B. Wu, X. H. Wang, H. L. Shen, W. Cao, W. Yang and Y. Cao, J. Am. Chem. Soc., 2004,
126, 9845-9853.

W. L. Ma, P. K. Iyer, X. Gong, B. Liu, D. Moses, G. C. Bazan and A. J. Heeger, Adv. Mater., 2005, 17,
274-277.

S. H. Oh, D. Vak, S. 1. Na, T. W. Lee and D. Y. Kim, Adv. Mater., 2008, 20, 1624-1629.

B. H. Lee, I. H. Jung, H. Y. Woo, H. K. Shim, G. Kim and K. Lee, Adv. Funct. Mater., 2014, 24, 1100-1108.

J. H. Seo, R. Q. Yang, J. Z. Brzezinski, B. Walker, G. C. Bazan and T. Q. Nguyen, Adv. Mater., 2009, 21,
1006-1011.

S. N. Hsieh, S. W. Hsiao, T. Y. Chen, C. Y. Li, C. H. Lee, T. F. Guo, Y. J. Hsu, T. L. Lin, Y. Wei and T. C. Wen,
J Mater Chem, 2011, 21, 8715-8720.

D. G. Georgiadou, M. Vasilopoulou, L. C. Palilis, I. D. Petsalakis, G. Theodorakopoulos, V. Constantoudis, S.
Kennou, A. Karantonis, D. Dimotikali and P. Argitis, Acs Appl. Mater. Interaces, 2013, 5, 12346-12354.
H.P.Li, Y. H. Xu, C. V. Hoven, C. Z. Li, J. H. Seo and G. C. Bazan, J. Am. Chem. Soc., 2009, 131, 8903-8912.
J. F. Fang, B. H. Wallikewitz, F. Gao, G. L. Tu, C. Muller, G. Pace, R. H. Friend and W. T. S. Huck, J. Am.
Chem. Soc., 2011, 133, 683-685.

C. H. Duan, L. Wang, K. Zhang, X. Guan and F. Huang, Adv. Mater., 2011, 23, 1665-1669.

X. Guan, K. Zhang, F. Huang, G. C. Bazan and Y. Cao, Adv. Funct. Mater., 2012, 22, 2846-2854.

C. Min, C. S. Shi, W. J. Zhang, T. G. Jiu, J. S. Chen, D. G. Ma and J. F. Fang, Angew Chem Int Edit, 2013, 52,
3417-3420.

T. W. Lee, O. O. Park, L. M. Do, T. Y. Zyung, T. Ahn and H. K. Shim, J. Appl. Phys., 2001, 90, 2128-2134.

G. E. Lim, Y. E. Ha, M. Y. Jo, J. Park, Y. C. Kang and J. H. Kim, Acs Appl. Mater. Interaces, 2013, 5,
6508-6513.

F. Huang, Y. Zhang, M. S. Liu and A. K. Y. Jen, Adv. Funct. Mater., 2009, 19, 2457-2466.

F. Huang, P. I. Shih, C. F. Shu, Y. Chi and A. K. Y. Jen, Adv. Mater., 2009, 21, 361-365.

C. C. Hsiao, A. E. Hsiao and S. A. Chen, Adv. Mater., 2008, 20, 1982-1988.

A. Sandstrom, P. Matyba, O. Inganas and L. Edman, J. Am. Chem. Soc., 2010, 132, 6646-6647.

J. S. Wu, H. H. Lu, W. C. Hung, G. H. Lin and S. A. Chen, Appl. Phys. Lett., 2010, 97, 023304.



Page 25 of 25 Journal of Materials Chemistry C

84. T. Chiba, Y. J. Pu, S. Takahashi, H. Sasabe and J. Kido, Adv. Funct. Mater., 2014, 24, 6038-6045.



