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This review outlines problems and progress in development of solution-processed organic 

light-emitting diodes (SOLEDs) in industry and academia. Solution processing has several advantages 

such as low consumption of materials, low-cost processing, and large-area manufacturing. However, 

use of a solution process entails complications, such the needs for solvent resistivity and solution-

processable materials, and yields SOLEDs that have limited luminous efficiency, severe roll-off 

characteristics, and short lifetime compared to OLEDs fabricated using thermal evaporation. These 

demerits impede production of practical SOLED displays. This review outlines the industrial demands 

for commercial SOLEDs and the current status of SOLED development in industries and academia, 

and presents research guidelines for development of SOLEDs that have high efficiency, long lifetime, 

good processability to achieve commercialization. 
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1. Introduction 

Organic light-emitting diodes (OLEDs) are widely used in displays, from small to medium 

ones for information technology devices, to large televisions (TVs) and large-area displays.[1–10] 

Compared to liquid crystal displays (LCDs), OLEDs have higher color purity, wider color gamut, wider 

viewing angle, and higher contrast ratio.[1,2,6] They have fast response, and are therefore also 

suitable for use in gaming monitors. Additionally, OLEDs do not need any backlight unit, so they 

enable various lightweight form factors, including foldable, rollable, and transparent displays.[6]  

Most OLED panels are mass-produced using ultra-high vacuum (< 10-7 Torr) thermal 

evaporation processes, and have multilayer device architecture composed of many functional layers 

including charge transport and blocking layers for each type of charge carrier.[11,12] The thermal 

evaporation technology and its successive multi-layer forming processes entail high fabrication cost 

for mass production of OLED display panels. Therefore, a solution process to fabricate 

organic/polymeric emitting and transporting materials is in great demand for low-cost, large-area 

production of OLED panels by using  printing technologies.[12–17]  

Solution-processed OLEDs (SOLEDs) can be produced using specially-designed light-emitting 

polymers (LEPs), which generally bear charge-transporting and light-emitting moieties in their 

polymer chain. LEPs have good solution processability and multifunctionality, but they yield polymer 

LEDs (PLEDs) that have limited device efficiency, which has impeded their commercial use.[18,19]  

As an alternative, conjugated small organic molecular emitters that enable nearly 100% 

internal luminescent quantum yield (QY) including phosphorescence and thermally-activated 

delayed fluorescence (TADF) organic emitters have been considered for commercial use in SOLEDs 

due to its high efficiency, and thereby reduce the huge efficiency gap in between SOLEDs and 

evaporated OLEDs (EOLEDs).[12,15,20] 
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 Small to medium-sized OLED panels are fabricated using the side-by-side thermal 

evaporation process. They are composed of individually-driven red, green, and blue (RGB) pixels 

(Figure 1a). The process uses fine metal masks (FMMs) to separate pixels, but this approach has 

limited applicability for production of large-area panels, so large OLED panels for TVs are composed 

of one-colored, white or blue, OLED pixels and RGB color filters (Figure 1b,c).[10,21,22] In contrast, 

solution-processed small-to medium-sized SOLEDs are composed of individually-driven RGB pixels, 

which do not need an FMM to isolate each RGB pixel (Figure 1d).[23–28] 

SOLEDs have several advantages over EOLEDs, including simple device structure, availability 

of top-emission structure, low material consumption, and compatibility with large area-

manufacturing using 10.5G (2,940 mm  3,370 mm) mother glasses.[29] SOLEDs can be produced 

using inkjet printing (IJP), which uses only the necessary amount of materials to pattern pixels (i.e., 

drop on demand) (Figure 2a). Therefore, the total manufacturing cost of SOLEDs is expected to be 

~75% that of the currently mass-produced white EOLED from LG Display Co. (South Korea).[30] 

Currently mass-produced EOLEDs for large panels use tandem structures, in which sub-cells 

are vertically stacked to achieve white emission and high luminance. For tandem structures, > 30 

organic layers are required.[10,28,31] In white tandem EOLED panels, red-, green-, or blue-emitting sub-

cells are stacked, and their emissions combine to yield white light (Figure 2b, left).[1,10,31] However, 

tandem OLEDs are difficult to fabricate top-emission structures, so a bottom-emission structure is 

used. In bottom-emission devices, the emitted light passes through underlying thin film transistors, 

but this pathway decreases aperture ratio and luminance (Figure 1b).  

In contrast, SOLEDs can use simple structures, like RGB EOLEDs and therefore can easily be 

fabricated in top-emission structures (Figure 2b, right).[24,25,27,32–35] The top-emission structures 

amplify light intensity and increase luminous efficiency by using the strong resonance-cavity effect 
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between two electrodes. Also, top-emission devices emit light in the opposite direction from thin 

film transistors, so the aperture ratio can also be increased (Figure 1d).[35]  

However, the solution-processing method to fabricate SOLEDs has difficulties in fabricating 

well-defined multilayer-stacked device structure.[5,36–38] EOLEDs use solid-state starting materials, so 

evaluation of their processability must consider only their thermodynamic properties, including 

sublimation temperature and decomposition temperature. However, SOLEDs use liquid solutions as 

starting materials, so other physical properties, including viscosity, vapor pressure, and surface 

tension, must also be considered.[24–26,32,39,40] These properties are important to guarantee inkjet 

applicability and film flatness after vacuum drying (Figure 2c). Also, the underlying layer in the SOLED 

must have resistance to the solution that is used to process the upper layer; this resistance is 

described as solution orthogonality. Orthogonal solutions enable fabrication of well-defined stacking 

structures without any dissolution, intermixing, or penetration (Figure 2d).[41,42] Therefore, for mass-

production of SOLEDs, the complicated physics of solute-solvent systems must be well understood.  

This review outlines the industrial demands and current technical status of SOLEDs in 

industry and academia, and review research and developments in the viewpoint of solution-

processable materials, SOLED devices, and IJP processes of SOLED production. 

 

2. Industrial needs and technical status 

The key factors to evaluate OLEDs are luminous efficiency and lifetime. The efficiencies of 

OLED include external quantum efficiency EQE, current efficiency CE, and power efficiency PE. EQE 

[%] is defined as the percentage of photons emitted into the upper hemisphere compared to the 

number of charges injected into the OLED. CE [cd A-1] is the luminance [cd m-2] along the direction 

normal to the emitting surface divided by current density [A m-2]. PE [lm W-1] is the luminous power 

emitted to the upper hemisphere divided by the electrical power consumed [W]. The display 
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industry widely uses CE, because it considers the sensitivity of the human eye.[10,43] These efficiencies 

are closely related to the power consumption of display panels.  

Environmental concerns are boosting the need for increased efficiency of electronic devices. 

Use of phosphorescent emitters has increased the internal quantum efficiency IQE of red-emitting 

and green-emitting OLEDs up to ~100% by.[44,45] However, blue phosphorescent emitters used in blue 

phosphorescence OLEDs (PhOLEDs) have a short lifetime, so they are not suitable for use in mass-

produced panels.[46] Therefore, panel makers still use fluorescent blue emitters for blue subpixels, 

despite their limited efficiency. Recently, TADF and hyperfluorescence which combines fluorescence 

and TADF emitters have shown feasibility for use in mass-produced panels.[21,47]  

The lifetime LTXX of an OLED is defined as the median time required to decrease the 

luminance from 100 to XX percent of the initial luminance.[48] For example, LT95 means the median 

time taken for lifetime to decay to 95% of initial luminance.[2] To measure the lifetime, a constant 

current for the initial luminance is applied to devices, and the luminance is monitored over time. 

Different aging rates of red, green, and blue pixels can cause the image-sticking problem in displays, 

which is also called burn-in.[49] A realistic LT95 at a certain luminance requirement of OLEDs for 

industrial applications has been reported to be > 5,000 h.[21] This luminance is determined depending 

on the OLED panels’ purposes. The panels for outdoor use require relatively higher luminance than 

those for indoor use. 

Currently, only one panel maker, JOLED Inc. (Japan), is mass-producing its OLED panels by 

using solution IJP.[50] Other OLED panel makers including Samsung Display Co., Ltd.,[28,51] and BOE 

Technology Group Co., Ltd.,[33] have demonstrated inkjet-printed SOLED display panel prototypes 

(Figure 3).  

Recent EOLEDs and SOLEDs reported by various material suppliers have a range of 

efficiencies (Table 1).[27,35,52,53] Regardless of supplier, the blue SOLEDs are less efficient than red- or 
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green-emitting SOLEDs. SOLEDs fabricated by the three major SOLED material suppliers (Sumitomo 

Chemical (Japan), Mitsubishi Chemical (Japan), and Merck KGaA (Germany)) show CEs that varying 

depending on the color index (Table 1).[27,35,53] Bottom-emission SOLED devices have CEs (at 1,000 cd 

m-2) ~20 cd A-1 in red emission, ~80 cd A-1 in green emission, but < 10 cd A-1 in blue emission. 

Furthermore, red- and green-emitting devices have > 10 times longer lifetimes than blue-emitting 

devices. The low lifetime of blue SOLEDs is the ongoing challenge to the image-sticking problem of 

OLED display panels.[21,54] Also, SOLEDs still require an evaporated organic layer according to the 

reports from SOLED materials suppliers.[27,55] The reason for this need may be the limitation in device 

efficiency and lifetime, and the lack of solvent resistance of underlying layer. The use of thermal 

evaporation makes waste of materials inevitable, and the process requires an additional process to 

flip the substrate before it can be loaded into the evaporator. Full solution-processing avoids these 

problems, and is therefore ideal in the respect of manufacturing cost. 

However, the efficiency and lifetime of SOLEDs are far lower than those of EOLEDs.  Recently, 

the material supplier of TADF emitter, Kyulux (Japan), reported CEs 50 cd A-1 in red EOLED (at CIE-x,y 

(0.70, 0.29)), 224 cd A-1 in green EOLED (at CIE-x,y (0.17, 0.78)), and 20.25 cd A-1 in blue EOLED (at 

CIE-x,y (0.11, 0.09)) (Table 1). The lifetimes (LT95 at 1,000 cd m-2) were 20,000 h in red, 59,000 h in 

green, and 450 h in blue EOLEDs. In green and blue emission, SOLEDs have less than half the CE of 

EOLEDs. Two major reasons for this inferior efficiency are the difficulty in using the multi-layer 

structure, and the limited material selection due to the need for solution processability.[37]   

State-of-the-art maximum CE, EQE and operational lifetime (Figure 4) of SOLEDs fabricated 

in academic laboratories differ according to whether the emitters use fluorescence, 

phosphorescence, TADF, or hyperfluorescence (Table 2). Green-emitting SOLEDs fabricated using 

phosphorescent and TADF emitters have achieved maximum CE = ~100 cd A-1,[12,20,56] but both red- 

and blue-emitting devices have only achieved maximum CE ~10 cd A-1 considering CIE coordinates of 
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primary colors defined by the National Television System Committee. These are inferior compared to 

the luminous efficiencies (at 1,000 cd m-2) reported by the material suppliers, because SOLEDs 

fabricated in academia have relatively severe efficiency roll-off.[57,58]  

Furthermore, half-lifetimes LT50 are much lower in SOLEDs fabricated in academia than in 

those fabricated in industry. (LT50 at initial luminance of 1,000 cd m-2 can be rescaled from the values 

evaluated at another initial luminance by using the lifetime scaling rule   
               , 

where L0 is an initial luminance, and n = 1.7 is an acceleration factor.[54,59]) Most reported lifetimes of 

SOLEDs in the literature have been LT50 of a few tens of hours at L0 = 1,000 cd m-2, although some 

reported LT50 of a few hundred hours (Figure 4 and Table 2). The lifetimes of SOLEDs fabricated in 

academia are rarely reported, and the reported values are far lower than industrial requirements for 

display use (Table 1, 2; Figure 4). 

Conventional OLEDs are composed of a hole-injection layer (HIL), a hole-transport layer 

(HTL), an emitting layer (EML), an electron-transport layer (ETL), and an electron-injection layer (EIL), 

with all layers sandwiched between an anode and a cathode.[34] Charge-carrier balance and energy-

level alignment have strong effects on the luminous efficiency and lifetime of OLEDs,.[60,61] The 

energy-level alignment is described by the highest occupied molecular orbital (HOMO), the lowest 

occupied molecular orbital (LUMO), and the work function (WF). To enable Ohmic contact at the 

charge-injection interfaces, the HOMO energy level or WF (ionization potential) of the HIL and LUMO 

or WF (ionization potential) of the EIL must match the WF of the respective metallic electrodes.[62–68] 

Also, to reduce the operating voltage and power consumption of OLEDs, the HIL and EIL must have 

high electrical conductivity or charge-carrier mobility.[17,69] The HTL and ETL can affect control of the 

charge balance and exciton confinement in the EML. The EML must have high photoluminescence 

quantum yield (PLQY) with low full width at half maximum (FWHM) of its photoluminescence (PL) 
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and electroluminescence (EL). The growing need for high color purity in the display industry has 

driven development of EMLs that have narrow FWHM (< 20 nm).[21,43,70] 

SOLEDs are fabricated using liquid-state starting materials, so their physical properties, 

including solution orthogonality,[38,71] viscosity,[72–74] boiling point,[53,75–77] and glass transition 

temperature Tg
[12,78–81] must be carefully controlled. Solution orthogonality is usually determined 

using the Hansen solubility parameter (HSP).[26] The viscosity and boiling point of solutions strongly 

influence on IJP jettability and the ability to make flat films.[53] The printability of a solution is 

generally described using Z-constant space, which is closely related to viscosity.[40] The film flatness 

can be controlled by the dynamic flow, which is related to viscosity and boiling point in solutions 

during the vacuum-drying process after the IJP.[53] The dried films must be annealed at a certain 

temperature, which is optimized by considering the Tg of solid contents, to make amorphous and 

thermally-stable films.[12] In the case of small molecules used for EMLs, Tg should be increased 

sufficiently to reduce the tendency to recrystallize in the thin films, and to improve the operating 

stability of the devices against Joule heating during OLED operation.[82]  

 

3. Solution-processable Materials 

3.1. Solution-processable Materials for Common Layers in SOLEDs 

Research on EOLEDs has yielded outstanding achievements in mass production of highly-

efficient thin, light weight, vivid-color displays for smartphones, tablets, laptops, and large-area 

displays.[83–86] Furthermore, the multilayered structure for commercialization of EOLEDs has been 

adopted because the additional common layers in OLEDs can improve the characteristics of charge 

injection and transport into the EML, and the charge blocking and exciton blocking at the interface, 

and thereby effectively improve charge balance, device efficiency and device lifetime. 
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In contrast, fabrication of multilayers in SOLEDs must consider damage to pre-deposited 

underlying layers,[38] including chemical damage due to low solvent resistivity,[87,88] and physical 

rinsing damage during subsequent solution processing;[26] these have been suggested as critical 

challenges to fabrication of multilayered SOLEDs.[89] This section reviews promising solution-

processable inorganic and organic materials for common layers in SOLEDs to overcome these 

problems. 

 

3.1.1. Solution-processable Inorganic Materials 

Inorganic materials can have useful characteristics such as excellent solution processability, 

chemical stability, solvent resistance, and air stability, so they have been evaluated as substitutes for 

conventional organic semiconducting materials that have been used for common layers.[90–99] In 

particular, the insolubility of inorganic materials in common organic solvents can avoid the 

intermixing problem at interfaces of multilayers stacked for SOLEDs.[100] Metal oxides (MOs), copper 

thiocyanate (CuSCN)[101], copper phthalocyanine (CuPc)[102], zinc sulfide (ZnS) quantum dots (QDs)[103], 

and alkali-metal and alkaline-earth-metal compounds[104] have been investigated to fabricate 

efficient SOLEDs that use inorganic materials as common layers. 

MOs are attractive candidates to replace conventional organic common layers, because MOs 

can have high carrier mobility, high visible-light transmittance, good charge-blocking capability, and 

high chemical stability in air.[94–97] Depending on the electronic properties, semiconducting MOs can 

be generally classified as n-type or p-type, which are simply defined by the number of valence 

electrons in the d orbitals of the transition metals.[105] Moreover, the occupied states in d orbitals of 

the metal can form a minimum value of the conduction band (CB), and the occupied states in 2p 

orbitals of oxygen can form a maximum value of the valence band (VB).[105] When the oxides are 

completely stoichiometric, they can behave as insulators, but such defect-free MOs cannot exist due 
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to thermodynamic constraints, so defects are inevitable, and they influence the electronic properties 

of MOs. MOs that have totally-empty d orbitals naturally have oxygen-vacancy defects, which form 

defect states within the band gap. The presence of oxygen-vacancy defects causes non-

stoichiometric compositions and the presence of metal cations in MOs, which result in a high density 

of occupied defect states close to the CB minimum.[106] As a result, MoO3, TiO2, WO3, ZrO2, and V2O5 

have n-type semiconducting property. In contrast, when d orbitals of MOs are completely occupied, 

or the MO films have metal-vacancy defects, the Fermi level is positioned near the VB maximum. 

Therefore, NiO and Cu2O can behave as p-type semiconductors.[107]  

Depending on the WF of MOs, the n-type and p-type MOs can be applied as HILs and EILs in 

SOLEDs. The energy barrier to charge injection exists at the interface between the electrodes and 

the charge-transporting organic semiconductors, so the energy-level alignment between the WF of 

the electrodes and the HOMO or the LUMO energy levels of the semiconductors should be carefully 

considered when selecting MOs.[105] High-WF MOs such as MoO3 (6.82 ± 0.05 eV),[108] V2O5 (6.8 ± 0.1 

eV),[23,109] and WO3 (6.8 ± 0.4 eV)[110]
 have a deep VB similar to the HOMO energy level of organic HTL, 

so they can facilitate efficient hole injection by reducing the hole injection energy barrier.[110] 

Solution-processed MoO3 and WO3 HILs have been used instead of conventional poly(3,4-

ethylene dioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) HIL material.[110,111] The MoO3 and 

WO3 were prepared using 1:120 ethanol-diluted molybdenum(V) ethoxide (Mo(OEt)5)
[111]

 and 1:80 

ethanol-diluted tungsten(VI) ethoxide (W(OEt)6)
[110] precursor solutions. To convert the precursors to 

MoO3 and WO3, Mo(OEt)5 can be annealed at 150 °C for 10 min under ambient condition, whereas 

W(OEt)6 must be annealed under inert atmosphere at room temperature, because the tungsten in 

W(OEt)6 has a valence of +6. As a result, the efficient hole-injection ability of solution-processed 

MoO3 and WO3 HILs decreased the turn-on voltages (VTO) (~4.5 V for MoO3 and WoO3, 5.0 V for 

PEDOT:PSS) and increased the CEs (to ~12.0 cd A-1 in solution-processed MoO3 and ~14.0 cd A-1 in 
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solution-processed WO3) in SOLEDs with device structures of ITO/solution-processed HILs/ 4,4',4-

tris(carbazole-9-yl)triphenylamine (TCTA):bis[2-(4,6-difluorophenyl)pyridinato-N,C2] 

(picolinato)iridium (Firpic)/ 2,2′,2''-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)/LiF/Al. 

These characteristics are more comparable to those of EOLEDs (VTO ~4.5 V and CE ~12.0 cd A–1 for 

MoO3, VTO ~4.5 V and CE ~14.0 cd A–1 for WoO3), than to those of SOLEDs that use a PEDOT:PSS HIL 

(~8.5 cd A–1).  

For solution-processed EIL application of low-WF MO materials, the energy level alignment 

between the WF of cathode and LUMO energy level of ETL should be considered.[105] Use of low-WF 

MOs such as TiO2 (5.4 ± 0.2 eV)[105] and ZnO (5.3 eV)[112] facilitates efficient electron injection by 

reducing the electron-injection barrier at the interface between the cathode and the ETL. 

ZnO nanoparticles (NPs), which can be synthesized by a sol-gel method that uses using Zn 

acetate and tetramethylammonium hydroxide, have been evaluated for use as a heterojunction 

interface to enable Auger-assisted energy up-conversion.[113] In the EML this effect is achieved by 

energy transfer to an Auger electron in ZnO NPs by non-radiative recombination between a hole in 

the HOMO of LEPs (5.1 eV for hole-dominant poly[2-methoxy-5-(2'-ethylhexyloxy)-1,phenylene 

vinylene] (MEH-PPV), 5.3 eV for ambipolar poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-(N-(4-s-

butylphenyl)diphenylamine) (TFB), 5.8 eV for electron-dominant polyfluorene (PFO)) and an electron 

in CB of ZnO NP layer (4.2 eV). The strong quantum confinement of low-dimensional nano-sized ZnO 

by the large overlap of electron and exciton wave functions promotes efficient Auger-like energy 

transfer. Therefore, 2- to 3-nm ZnO NPs induce efficient energy up-conversion, which yields a low 

VTO (1.3 V (MEH-PPV), 3.2 V (TFB), 4.5 V (PFO) to emit 0.1 cd m–2) in SOLEDs that consist of 

ITO/PEDOT:PSS/LEPs (80 nm)/ZnO NPs (40 nm)/Al.[113]  

However, use of MOs as HIL or EIL has the disadvantage that they always need a high-

temperature annealing process to give them moderate properties as HIL or EIL, then need an 
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additional process to deposit a charge-transporting layer that has low solvent resistance and 

sufficient total thickness of devices.[114] Consequently, metal thiocyanates such as CuSCN and AgSCN 

have been evaluated as alternative inorganic materials for use as common layers.[115] CuSCN is a p-

type semiconductor; it is a promising inorganic material as both HTL and unified HIL/HTL.[101,116] 

CuSCN has high transmittance across the visible spectrum, and is commercially available at a low 

cost. For use in SOLEDs, CuSCN has the advantages that it dissolves in diethyl sulfide, which is 

orthogonal to common organic solvents such as chlorobenzene, and can be solution-processed in air 

without subsequent thermal annealing.[116] Moreover, CuSCN has a VB maximum of 5.5 eV that 

facilitates efficient hole injection to the HOMO level of HTL, and a shallow CB minimum of 1.8 eV 

that provides effective electron blocking at the interface. Therefore, the energy levels of CuSCN 

contribute to increase device efficiency by improving charge balance within the SOLEDs that have 

the structure ITO/ CuSCN or PEDOT:PSS/ 2,6-Bis(3-(9H-carbazol-9-yl)phenyl)pyridine 

(26DCzPPy):TCTA:5% Ir(ppy)2(acac)/ bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimidine 

(B3PYMPM)/Ca/Al. As a result, CuSCN SOLEDs achieved higher maximum CE = 51 cd A-1 and lower 

VTO = 2.7 V at 1 cd m–2 than those of conventional PEDOT:PSS SOLEDs (38 cd A–1, 6.2 V).[101]  

Metal phthalocyanines (Pc) such as CuPc and ZnPc have been considered as HTL materials 

due to their high hole mobility (h = ~8 × 10-3 cm2 V–1 s–1 (CuPc),[117] ~1.9 × 10-3 cm2 V-1 s-1 (ZnPc)[118]) 

and high thermal and chemical stabilities.[119–121] The introduction of a metal Pc layer can improve 

hole injection for good charge balance and prevent chemical degradation in the devices. However, 

metal Pc layers have poor solubility in common organic solvents, and therefore have usually been 

deposited using a thermal evaporation process, which is not compatible with SOLED 

fabrication.[119,122] To overcome the poor solubility of CuPc, a copper phthalocyanine-3,4′,4″,4‴-tetra-

sulfonated acid tetra sodium salt (TS-CuPc), which has high solubility in polar solvents, has been 

evaluated as the HIL in OLEDs.[123,124] Moreover, TS-CuPc can be used with other water-soluble hole-

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207454 by Seoul N
ational U

niversity, W
iley O

nline L
ibrary on [28/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

14 

dominant materials such as MoO3 and WO3; this application can be beneficial to orthogonal solvent 

processing with common organic solvents. MOs such as MoO3 and WO3 can be dissolved in polar 

solvents, so MoO3-doped TS-CuPc can act as HIL/HTL material in OLEDs.[124] MoO3-doped TS-CuPc 

solution can be prepared from MoO3 and TS-CuPc solutions in deionized water by blending them in 

various volume ratios (10 to 90%). Electron donation from MoO3 to TS-CuPc generates a charge-

transfer complex that induces the large vacuum level shift reducing a hole injection barrier.[125,126] 

The MoO3:TS-CuPc layer modifies the WF of the indium tin oxide (ITO) electrode to improve the hole 

injection (WF = 4.7 eV (ITO), 5.29 eV (MoO3), 5.31 eV (TS-CuPc), 5.28 eV (MoO3:TS-CuPc)),[127] so as 

the concentration of MoO3 dopant is increased, the driving voltages of OLEDs decrease (from 4.17 V 

(10% MoO3:TS-CuPc) to 3.74 V (90% MoO3:TS-CuPc)) to emit 1,000 cd m-2). Pristine TS-CuPc OLEDs 

have high driving voltage (10.40 V to emit 1,000 cd m-2), which is attributed to the crystallization 

behavior of pristine TS-CuPc, so this result indicated that the added MoO3 effectively suppresses TS-

CuPc crystallization and improves the operational stability of OLEDs.  

The hole-injection property of TS-CuPc can be further increased by use of 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodim ethane (F4-TCNQ) as a p-type dopant, due to its strong electron 

affinity.[102] Moreover, F4-TCNQ-doped TS-CuPc aqueous solution has a neutral pH value (pH: 6.9) 

which causes less electrode corrosion compared to acidic PEDOT:PSS (pH: 2.0), and therefore can 

improve the stability of devices. The root mean squared surface roughness of TS-CuPc was reduced 

from 3.16 nm to 2.34 nm by introduction of F4-TCNQ, because it can suppress crystallization of TS-

CuPc, in the same way as MoO3 introduction does. The suppressed crystallization of TS-CuPc is also 

beneficial in reducing the driving voltage of OLEDs. As a result, OLEDs that use F4-TCNQ:TS-CuPc had 

longer LT50 = 170 h than conventional OLEDs that use PEDOT:PSS (LT50 = 62 h). The higher WF of F4-

TCNQ:TS-CuPc (5.27 eV) than the WF of pristine TS-CuPc (4.68 eV) improved the hole injection to the 

HOMO energy level of the hole-transporting TCTA layer (5.7 eV). Therefore, F4-TCNQ:TS-CuPc 
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SOLEDs achieved higher device CE = 46.0 cd A–1 and EQE = 22.1%, than the 32.0 cd A–1 and 13.9% of 

pristine TS-CuPc SOLEDs. 

To deposit EIL onto underlying organic layers by solution processing, use of orthogonal 

solvents can protect the layers and prevent interfacial intermixing between them.[128,129] Low-WF p-

type MOs such as ZnO (5.3 eV)[112] and TiO2 (5.4 ± 0.2 eV)[105] have been evaluated as solution-

processable inorganic EIL materials, due to superior stability, optical transparency, and high 

electrical conductivity.[105,112] However, the electron-injection energy barrier, which influences the 

charge balance in devices, is not effectively reduced by the introduction of MO EILs.[130] Therefore, 

metal sulfide QDs with core-shell structure have been considered as solution-processable EIL 

materials because of their high solubility in polar solvent, high optical transmittance, and adequate 

electron mobility (e = ~1.29 cm2 V−1 s−1 (mercury sulfide, β-HgS QD),[131] ~0.01 cm2 V−1 s−1 (lead 

sulfide, PbS QD),[132] 2.9 × 10–4 cm2 V−1 s−1 (ZnCdS core/ZnS shell QD),[133] 1.1 × 10−6 cm2 V−1 s−1 (CdSe 

core/ZnSe shell/ZnS shell QD)[134]).[135,136] ZnS QD have been evaluated as a polar solvent-soluble EIL 

material with efficient electron-injection capability.[103] The concentration of ZnS QDs determines the 

wettability with other common organic layers. Solutions that have low concentrations of ZnS QDs 

have a small water contact angle and yield smooth surfaces, which enable good adhesion between 

cathode and organic layers, and thereby improve electron-injection efficiency. Moreover, the ZnS 

QD EIL has a moderate WF = 3.90 eV, which forms stepwise energy barriers between the Al cathode 

(WF = 4.30 eV) and the LUMO of TPBi ETL (WF = 2.70 eV); this arrangement facilitates efficient 

electron injection, which reduces VTO (8.4 V with ZnS QD EIL, 11.9 V without it, at 1 cd m–2) and 

improves charge balance in OLED. As a result, SOLEDs that use ZnS QD achieved a maximum CE of 

12.5 cd A–1, which is a 27.6% improvement compared to SOLEDs without ZnS QD EIL (9.8 cd A–1).  

 Insulating inorganic alkali metal compounds such as LiF and CsF have been used in EOLEDs 

as EILs that work by formation of an interfacial dipole, and chemical reaction with metals.[137–139] In 
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particular, the device efficiencies of OLEDs that are relatively hole-dominant are determined by the 

electron injection. Therefore, the efficient electron-injecting characteristic of alkali-metal 

compounds can be beneficial in SOLEDs when the compounds are ideally deposited by using solution 

process. Alkali-metal and alkaline-earth-metal compounds such as hydroxides and carbonates can be 

dissolved in orthogonal alcohol solvents such as ethanol, methanol, and ethanol, and can therefore 

effectively avoid chemical and physical damage to the underlying layers and interfacial intermixing 

between them.[104] When the metal compounds are used with a high-WF (4.54 eV) Ag electrode in 

SOLEDs, the electron-injection efficiencies are demonstrated by a decrease in VTO (Ag = 4.25 V, 

LiOH/Ag = 3.00 V, NaOH/Ag = 2.75 V, KOH/Ag = 2.50 V, K2CO3/Ag = 2.25 V). The increased device 

efficiencies may be a result of formation of a interfacial dipole layer in response to the image-charge 

effect, which contributes to modification of the WF of an EIL/metal cathode.[140] The interfacial 

dipole layer enables a large shift in the vacuum level at the electrode contact, and this shift lowers 

charge-injection barriers by decreasing the WF of the metal. In particular, when a metal-compound 

EIL is formed on an organic layer that has a high dielectric constant, strong image charges develop, 

so a large dipole forms and induces a large shift in surface WF.[140] As a consequence, among the 

alkali-metal and alkaline-earth-metal compounds, NaOH/Ag showed the highest CE of 3.76 cd A–1 

because formation of a large interfacial dipole resulted in the largest decrease in the WF of Ag (to 

3.86 eV).[140]  

Solution-processable inorganic materials have been investigated to utilize their beneficial 

characteristics including high chemical stability, high tolerance of ambient conditions, high optical 

transmittance, high charge-carrier mobility, and good solubility in polar solvents. These materials 

facilitate non-toxic and ecologically-benign solution processing and use of the orthogonal solvent 

approach for multilayer stacking in SOLEDs. Moreover, the properties of inorganic materials can be 

effectively modified by blending with solution-processable organic materials.[102,141] Such blending 
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can be a versatile strategy to fabricate all-solution-processed OLEDs that have organic EMLs, n-type 

or p-type inorganic MOs, and metal compounds as charge-injection layers. 

 

3.1.2. Polymeric Materials for Common layers in SOLEDs 

Polymer materials can have good solution processability, controllable charge-carrier mobility 

or electrical conductivity, and can be easily engineered by modification or addition of functional 

moieties, and are therefore widely used as EMLs, common layers, or interlayers in SOLEDs.[142] 

According to their energy levels and carrier mobility, some polymers are selectively used as HIL/HTL 

or EIL/ETL. This section introduces research on various polymeric materials that have been used as 

common layers for SOLEDs. 

PEDOT:PSS is widely used as a polymeric HIL, due to high visible transparency (>80%), high 

hole conductivity (>1,000 S cm-1) and easily-tunable electrical, optical and structural properties.[143–

145] PEDOT has a  conjugated backbone that provides a path for electrical current, and PSS 

stabilizes PEDOT and helps disperse it in water. 

Despite the many advantages of PEDOT:PSS, it can limit the device efficiency and lifetime of 

SOLEDs because its WF (~5.0 to 5.2 eV) is lower than the HOMO level of general organic EMLs (5.8 to 

6.5 eV), so it has relatively low hole injection efficiency to the EML.[11,15] Furthermore, PEDOT:PSS is 

acidic (pH: 1 to 4) which can easily etch the underlying ITO anode and allow diffusion of indium and 

tin species into the overlying layers; these diffused metallic species induce severe exciton quenching 

and limit the device efficiencies.[63] Therefore, many researchers have tried to increase the WF and 

reduce the diffusion of metallic species caused by PEDOT:PSS.[11,15] These problems of PEDOT:PSS 

can be ameliorated by incorporating additives or dopants to the PEDOT:PSS for modification of its 

electrical and chemical properties. [11,15,63,146–150] 
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Uses of polymeric composite layers composed of perfluorinated ionomer (PFI) and 

PEDOT:PSS are effective to increase the surface WF of HIL, prevent surface exciton quenching, and 

achieve high device efficiency and lifetime in SOLEDs.[11,12,60,61,63,67,146–148,151–155] When blended with 

PEDOT:PSS, PFI tends to accumulate on top of the PEDOT:PSS layer by self-organization during the 

spin coating on the substrate, because surface energy is lower in PFI (~20 mN m-1) than PEDOT:PSS 

(~38 mN m-1).[11,63,146–148]  As a result, the concentration of PFI gradually increases from the bottom to 

the surface in PEDOT:PSS:PFI composite thin film;[63,146–148] the self-organization of polymer chains 

develops a gradually-increasing WF in HIL (called GraHIL). The gradient in composition of PFI in the 

GraHIL effectively increases hole injection into the EML, because PFI has a high ionization potential, 

so the PFI-enriched surface layer increases the surface ionization potential of the HIL from 5.20 eV 

to 5.95 eV.[11,63,146–148] Furthermore, the PFI-enriched insulating surface layer effectively separates 

the excitons generated in the EML from the PEDOT:PSS layer, which can reduce severe exciton 

quenching at the HIL/EML interfaces.[11] These synergistic effects of the HIL modification achieves 

high luminous efficiencies in SOLEDs that use various solution-processed EMLs (EQE = 35.5% and CE 

= 97.5 cd A-1 in SOLEDs that use orange-red phosphorescent  bis(2-phenylbenzothiozolato-

N,C2')iridium (acetylacetonate) (Bt2Ir(acac)) emitter; EQE = 29% and CE = 101.5 cd A-1 in SOLEDs that 

use green phosphorescent emitter, tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3); EQE = 20.9% 

and CE = 38.7 cd A-1 in SOLEDs that use blue phosphorescent emitter FIrpic; EQE = 28.5% and CE = 

74.2 cd A-1 in SOLEDs that use white-emitting EML composed of blue-emitting FIrpic and orange-red-

emitting Bt2Ir(acac)[12]; EQE = 24% and CE = 73 cd A-1 in SOLED that use green TADF 1,2,3,5-

Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene, 2,4,5,6-Tetrakis(9H-carbazol-9-yl) isophthalonitrile 

(4CzIPN) emitter[15]) (Table 2). Incorporation of some other materials, such as poly(4-styrene sulfonic 

acid) (PSSA)[149] and polymeric (polysilic acid) nanodots[150] in PEDOT:PSS has also yielded high device 

efficiencies in SOLEDs (EQE = 26.6%, CE = 86.2 cd A-1 and PE = 33.9 lm W-1 in SOLEDs that use 

PEDOT:PSS:PSSA;[149] and PE = 35.8 lm W-1 in SOLEDs that use PEDOT:PSS:polymeric (polysilic acid) 
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nanodots[150]) because PSSA dopants increase the WF of PEDOT:PSS from 5.04 eV to 5.63 eV and 

prevent exciton quenching at the interface, [149] and because polymeric (polysilic acid) nanodot 

dopants improve charge balance in the devices.[150]  

Interfacial layers formed on top of PEDOT:PSS HIL can more facilitate hole injection and  

prevent exciton quenching at the PEDOT:PSS/EML interface in SOLEDs. A thin self-assembled layer 

composed of fluorinated polyimide,[156] trimethoxy-(3,3,3-trifluoropropyl) silane [157] or tungsten 

oxide (WOx),
[114] with hole-transporting polymeric materials such as poly(9-vinylcarbazole) (PVK),[158] 

TFB[159] or a mixture of PVK and TFB[160] have been used on top of PEDOT:PSS HIL; these interfacial 

layers increase the WF and hole injection to the overlying EML, reduce exciton quenching at the 

interface, and thus contribute to high device efficiencies in SOLEDs (EQE = 25.1% and CE = 53.6 cd A-1 

in SOLEDs that used a PEDOT:PSS/PVK interlayer (which are higher than EQE = 18.3% and CE = 39.3 

cd A-1 in SOLEDs that used a PEDOT:PSS without PVK interlayer);[158] EQE = 18.86% and CE = 55.6 cd A-

1 in SOLEDs that used a PEDOT:PSS/TFB:PVK interlayer[160]). 

The additives have also been applied to other polymeric HILs. Addition of 

poly(perfluoroethylene-perfluoro-ethersulfonic acid) (PFFSA) to a conducting polymer,  

polythienothiophene (PTT), increased its WF, [161] and concomitantly increased hole-injection 

efficiency to 75%, compared to the 50% obtained using the conventional PEDOT:PSS. 

Intermixing between interlayers (i.e., re-dissolving of underlying HIL during the spin coating 

of overlying HTL or EML) can degrade hole injection and charge balance in SOLEDs.[162,163]  

Crosslinked HIL/HTLs can resist certain solvents and allow for sequential solution processes of 

overlying interlayers that are important to improve the device efficiency and lifetime. A crosslinked 

HIL forms uniform film morphology and enables efficient injection of holes into the overlying 

EML.[162,163] Crosslinking can occur between side-groups such as oxetane,[164] organosilanol,[159] 

nitrene[165] and vinylbenzyl ether [166] in the hole injecting/transporting organic chains, and can be 
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induced by addition of crosslinking agents, for example, phosphomolybdic  acid  n-hydrate to PVK 

materials.[167] Thermal crosslinking and photo crosslinking compounds have been used. For instance, 

(9,9’-bis(4-vinylbenzyl)-9H,9’H-3,3’-bicarbazole) (VyPyMCz) hole-transporting material (HTM) shows 

a temperature-dependent degree of crosslinking at temperature T < 230 °C, but is fully crosslinked at 

T > 260 °C.[163] Thermal crosslinking of a HTL occurs at a temperature that depends on the 

crosslinkable agents or side chains used, or their combination. TCTA derivatives with two 

crosslinkable vinylbenzyl ether groups are crosslinked at T > 150 °C,[166] phosphomolybdic  acid  n-

hydrate with PVK materials are crosslinked at T ≥ 110 °C,[167] and two vinyl-derived crosslinkable hole 

transporting materials V-TPAVTPD and V-TPAVCBP are crosslinked at T ≥ 120 °C.[148] 

Photo-crosslinking can be a  simple method to develop chemically stable SOLEDs that use a 

crosslinked HIL/HTL.[165] Photo-crosslinking is induced by addition of photo-initiators and exposure to 

light at a specific wavelength. For instance, sterically hindered bis(fluorophenyl azide)s (sFPAs), bis(4-

azido-2,3,5-trifluoro-6-isopropylbenzoate), shows > 90% crosslinking efficiency upon exposure to 

light with  = 254 nm and intensity of 300 mJ cm-2.  

Polymers that have functional groups that form a surface dipole have also been used as the 

electron-injecting/transporting interlayer in SOLEDs. Reported electron-injecting polymers include 

conjugated amino-/ammonium-functionalized polyfluorene polymer,[168] conjugated phosphonate-

functionalized polyfluorene polymer,[169] imine-containing non-conjugated polymer[170] and 

polyelectrolyte;[171] all are soluble in polar solvents such as water and alcohol, so they can be formed 

on top of the EML without intermixing with it. Due to ionic redistribution, these polymeric materials 

and polyelectrolytes form an interfacial dipole at the interface, induce vacuum-level shift, and 

reduce the energy barrier for electron injection into the EML.[168,171] Therefore, electron-injection 

efficiency from cathode to EML greatly increases even without the use of low-WF cathode metals 

such as Ca and Ba, which are highly reactive in the air,[172,173] or insertion of thin LiF[174] and CsF.[175] 
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The polymeric materials for electron injection also showed high electron-injection efficiency from 

various metals (e.g., Au, In, Al, Ag, Cu, Sn) to EML[176,177], and achieved comparable or even higher 

efficiencies than those that used reactive cathode metals (CE = 18.5 cd A-1 in SOLEDs that used (9,9-

bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) (PFN), which is similar 

with that in SOLEDs that have a Ba cathode (CE = 16.6 cd A-1);[177]CE = 15 cd A-1 for SOLEDs that use 

poly(9,9-bis(6’-diethoxylphosphorylhexyl)fluorine), (phosphonate-functionalized polyfluorene), 

which is higher than that in SOLEDs that use Ba/Al (CE = 12.5 cd A-1 ) or Ca/Al (CE = 7.8 cd A-1 )[169]).  

This subsection has reviewed several research strategies to develop optimal polymeric 

interlayers to improve the efficiency and operating lifetime in SOLEDs. Many researchers have tried 

to find optimal HIL and EIL interlayers and to dope the conventional polymeric materials to improve 

injection of holes and electrons into the EML. Diverse efforts by many researchers have achieved 

great improvements in both efficiency and operating lifetime of SOLEDs, but SOLEDs that use 

polymeric interlayers still suffer from intermixing between layers during solution processing of 

multiple layers; some researchers have tried to solve this problem by crosslinking the interlayer. 

Further improvement requires development of interlayers that simultaneously meet several 

requirements: 1) increase in WF of HIL to facilitate hole injection into the EML; 2) induction of 

vacuum-level shift by forming interfacial dipole on top of EML and improvement of the electron 

injection into the EML; 3) prevention of exciton quenching at the HIL/EML or EML/EIL interlayer; 4) 

prevention of intermixing between layers in SOLEDs. 

 

3.2. Solution-processable Materials for Emitting Layer 

Generations of OLEDs have been named according to the type of organic emitter and the 

light-emission mechanism: fluorescence, phosphorescence, or TADF (Figure 5a). The electrons and 

holes that are injected from electrodes into EMLs have spins and form excitons that attract each 
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other by Coulombic interaction. The emission mechanism of each emitter type is generally explained 

by spin statistics of quantum mechanics.[178,179] According to the combination of spin states of 

electron and hole pairs, excitons can assume four excited states: a singlet states with one 

antiparallel spins, and three triplet states with parallel spins (Figure 5a).[180]  

The first-generation fluorescent OLEDs with pure organic emitters can use only 25% of the 

total excitons generated in the singlet states for radiative recombination; the 75% of excitons that 

are generated in triplet states are wasted because the radiative emission decay time of the 

relaxation from the triplet state (order of 10 s) is longer than the non-radiative decay time.[178,181] 

Therefore, in fluorescent OLEDs the emission from the triplet state (i.e., phosphorescence) is 

quenched in pure organic emitters, and maximum IQE is theoretically limited to 25%.  

Second-generation PhOLEDs exploited introduction of heavy metal ions such as Ir, Pt, Au, Os, 

and Re into organic emitters. The ions induce strong spin-orbit coupling (SOC) by a heavy-atom 

effect that enables fast inter-system crossing (ISC), which is a spin-forbidden transition from triplet 

to singlet ground states.[180,182,183] Therefore, PhOLEDs can theoretically achieve 100% IQE. 

Third-generation TADF OLEDs exploit both singlet and triplet excitons. Due to the chemical 

topography of donor and acceptor, TADF emitters have a small energy gap between triplet energy 

levels (T1) and singlet energy levels (S1), so they allow thermal up-conversion from triplet to singlet 

states.[184] Therefore, the IQE of TADF OLEDs also can reach 100% without use of heavy-metal 

complexes.  

The next sections review organic host and emitter materials in solution-processed EMLs and 

their development for SOLEDs. 

 

3.2.1. Small-Molecule Organic Host Materials for SOLEDs 
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EMLs in multilayered OLEDs are generally positioned between the HTL and the ETL to 

effectively receive charges through a stair-like energy-band structure.[11,63] When charge-

transporting layers are solution-coated onto solution-processed EMLs, the EMLs should have a high 

resistivity to common organic solvents such as toluene, chlorobenzene, chloroform, tetrahydrofuran 

and so on. Moreover, host materials in solution-processed EMLs of OLEDs are very important 

components that influence on charge balance within EML thereby determines device efficiencies 

and lifetime.  

Small-molecule host materials can be classified into various categories but share a common 

improvement direction. Small-molecule host materials for PhOLEDs have been developed to meet 

several essential requirements: 1) high S1 and T1 energy levels that block reverse energy transfer 

from dopant to host material, and thus achieve efficient exciton confinement in the light-emitting 

dopants,[185] 2) high charge-carrier-transporting properties of host materials for balanced charge 

transport and efficient recombination in EMLs,[186–188] and 3) high thermal and morphological 

stability of host materials to enable versatile solution processability and operational 

stability.[185,189,190]  

High T1 (> 2.7 eV) and wide band gap are particularly required for blue-emitting PhOLEDs, for 

example, that use FIrpic (T1 = ~2.7 eV)[191] and blue-emitting TADF OLEDs that use 1,2-bis(carbazol-9-

yl)-4,5-dicyanobenzene (2CzPN, T1 = ~2.5 eV).[192,193] To permit solution-processing of PhOLEDs, host 

materials should also have a high Tg, because small-molecule organic films that have low Tg 

crystallize easily in the thin film.[194,195] Small-molecule organic materials with phenylamine groups, 

such as N,N′-di(3-methylphenyl)-N,N′-diphenyl-(1,10-biphenyl)-4,4-diamine (TPD) and N,N′-di(1-

naphthyl)-N,N′-diphenyl-(1,10-biphenyl)-4,40-diamine (NPB) that have high    = ~10–3 cm2 V–1 s–1 are 

commonly used as HTM,[121,196] but are not suitable for solution processing because they have 

thermal and morphological instabilities with low Tg (65 °C for TPD; 96 °C for NPB).[78,197]  
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To improve thermal stability of TPD, it has been modified using spiro-linked structures such 

as 2,2′,7,7′-tetrakis(N,N-diphenylamino)-9,9-spirobifluorene (spiro-TAD) with increased Tg,
[198] 

TCTA,[199] and 1,1-bis[(di-4-tolylamino)phenyl] cyclohexane (TAPC) are also widely used hole 

transporting hosts (HTHs) for PhOLEDs.[200] TCTA has a good    (~10–4 cm2 V-1 s-1) and Tg ~151 °C  that 

is high enough to give thermal and morphological stability for solution processing.[201] However, 

TAPC has low Tg ~82 °C, and therefore has limited compatibility with solution processing despite 

having high T1 ~2.98 eV and good    ~10-2 cm2 V-1 s-1.[202] 

Carbazole derivative is a promising host material for phosphorescent dopants because of its 

high T1 level and hole-transporting properties. N,N’-dicarbazolyl-4-4’-biphenyl (CBP) has high h and 

e, and therefore has been widely used as a host material for PhOLEDs. However, CBP has T1 ~2.6 eV 

which is a slightly lower than that of a bluish phosphorescent, FIrpic (T1 = ~2.7 eV),[191] and a slightly 

higher than that of TADF emitter, 2CzPN (T1 = ~2.5 eV),[203] so energy can be transferred in reverse 

from triplet-harvesting blue emitters to CBP, so it is not useful in blue PhOLEDs. To increase T1 of 

carbazole-derived host material, 1,3-bis(N-carbazolyl)benzene (mCP), which has high T1 ~2.9 eV was 

developed, but its Tg ~60 °C is too low to ensure morphological stability of its thin film.[204] Therefore, 

mCP has also been modified using a bulky side group to improve thermal and morphological stability 

without crystallization during film formation and device operation. The result, 3,5-bis(9-carbazolyl) 

tetraphenylsilane (SimCP) has significantly increased Tg > 100 °C.[205] Bipolar transporting 

characteristics of host materials have advantages for balanced charge transport and for formation of 

a broad recombination zone in EMLs. Therefore, carbazole-derived bipolar host such as 2,6-bis(3-

(24arbazole-9-yl)phenyl)pyridine (26DczPPy) with high T1 ~2.76 eV can also be considered by 

incorporating an electron-withdrawing pyridine moiety.[206] 

 Phosphine oxide derivatives have electron-transporting characteristics, and also have high T1 

because the insertion of phosphine oxide disrupts -conjugation of molecules.[207] A phosphine oxide 
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derivative (SPPO1) that uses spiro-fluorene is an electron-transporting phosphorescent host material 

that has high T1 (~2.9 eV).[208] Incorporating a phenylcarbazole moiety yields a phosphine-oxide host 

material (PPO21) that has high T1 ~3.02 eV and bipolar charge transport (~10–6 cm2 V–1 s–1).[207] A 2,7-

bis(diphenylphosphoryl)-9,9-spirobi(fluorene) (SPPO13) has been used to fabricate multi-layered 

blue SOLEDs due to its solubility in alcohol and high T1 ~2.73 eV, and 2,7-bis(diphenylphosphoryl)-9-

phenyl-9H-carbazole (PPO27) has been developed as an alcohol-soluble bipolar transporting host 

material by introducing electron-donating carbazole.[209,210]  

Insertion of an Si atom into a molecule disconnects  -conjugation between phenyl units, so 

host materials with phenylsilane moiety can provide a wide band gap and high T1.
[12,211] Several kinds 

of phenylsilane-derived host materials have been developed, including diphenyldi(o-tolyl)silane 

(UGH1), p-bis(triphenylsilyl)-benzene (UGH2), and m-bis-triphenylsilyl)benzene (UGH3); they all have 

wide band gap > 4.4 eV and very high T1 > 3.5 eV.[211] The wide band gap and high T1 are 

requirements for small-molecule host materials that can provide efficient energy transfer for blue 

OLEDs, but these phenylsilane-derived host materials have 26 ≤ Tg ≤ 40 °C, which is too low to form a 

stable solution-processed thin film. They also have a very deep HOMO energy level ~7.2 eV, which 

can degrade hole injection into the EML.[211]  

4,4′-bis(triphenylsilanyl)-(1,1′,4′,1′)-terphenyl (BST) was developed to improve thermal 

stability, and it has Tg ~113 °C.[212] However, direct linking of phenyl decreased T1 to 2.6 eV, which is 

not suitable for blue phosphorescent or TADF SOLEDs. Furthermore, host materials that have a 

phenylsilane moiety have poor electron-transporting properties, which increase operation voltage 

(VOP) and decrease the luminous efficiency of OLEDs. To overcome this problem, electron-

transporting hosts (ETHs) with tetrahedral structured silicon compounds have been designed by 

introducing pyridine moieties; examples include, diphenylbis(3-(pyridine-2-yl)phenyl)silane (2PTPS), 

diphenylbis(3-(pyridine-3-yl)phenyl)silane (3PTPS) and diphenylbis(3-(pyridine-4-yl)phenyl)silane 
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(4PTPS).[12] These tetrahedral silicone compounds have high morphological stability. Moreover, their 

tetrahedral structure has good solubility and high Tg > 175 °C, which is suitable for use in SOLEDs. In 

addition, these materials are composed of a central Si atom with a 3d orbital, and a phenyl or pyridyl 

phenyl group that has short conjugation length, so they have 3d-π interaction between the central Si 

and the phenyl or pyridyl phenyl, without disconnection of conjugation at the Si atom, and as a 

consequence have a wider band gap (4.06 to 4.28 eV) and higher T1 (2.82 to 2.90 eV) than blue 

phosphorescent or TADF dopants such as FIrpic (T1 ~2.7 eV) and 2CzPN (T1 = ~2.5 eV).[191,203] The 

pyridyl-substituted hosts have better electron-transporting ability than conventional phenylsilane-

derived host materials such as UGH1, UGH2, and UGH3.[12]  

Practical applications of large-scale SOLEDs require the use of low-toxicity solvents. 

Academic researchers have generally used toxic chlorinated solvents such as chloroform, 

chlorobenzene, and dichlorobenzene, but they are not suitable for use in practical mass production, 

because they are harmful to the environment and to human health. Use of non-halogenated 

solvents such as cyclohexanone can overcome these problems.[213] The introduction of a solubilizing 

group such as ethylene oxide (-EO2) in phosphorescent Ir(III) complex dopant can help to increase its 

solubility in cyclohexanone, and thereby enable non-toxic solution processability. As a result, a 

solution-processed PhOLED that used TCTA:TPBi as a mixed host dissolved in cyclohexanone 

achieved CE =  85.22 cd A–1 and EQE = 23.60%, which are comparable to those of a solution-

processed PhOLED produced using chlorobenzene (91.98 cd A–1, 24.08%). 

Solution-processable small-molecule organic host materials have been developed by using a 

variety of functional moieties to modify the electronic properties, improve stability against thermal 

treatment and device operation, and smooth the film morphology.[204,205,207,209,210,212] These strategies 

facilitated fabrication of SOLEDs that have efficiency comparable to those of EOLEDs. To effectively 

exploit the solution processability of organic host materials, one approach is to form dimers, trimers, 
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and dendrimers to increase the molecular weight of host molecules and thereby to improve the 

solvent resistivity of solution-processed organic thin-film during successive solution-processing steps 

to deposit overlying layers in SOLEDs. 

 

3.2.2. Dimer, Trimer, and Dendrimers 

The low solvent resistivity and low chemical robustness of organic small molecules have 

limited the use of sequential solution processing for multilayered SOLEDs. When they are fabricated 

using an all-solution process, the underlying deposited thin film with the organic small molecules can 

be chemically redissolved by common organic solvents (e.g., chloroform, chlorobenzene, toluene, 

tetrahydrofuran). Even if orthogonal solvents (water, alcohol) are used, the organic thin films can be 

physically damaged, because small organic molecules interact weakly by van der Waals forces, 

hydrogen bonds, and π – π stacking.[214–216] When the final organic functional layer uses orthogonal 

solvent processing with water or alcohol, the organic host matrix in EML should be chemically and 

physically robust. To fulfill this requirement while using small molecular hosts, an efficient strategy 

to improve solvent resistivity is to increase the molecular weight of organic small-molecule 

hosts.[38,214,217] A simple and efficient approach using covalent dimerization and trimerization can 

improve solvent resistance of conventional hosts in an EML.[38]  

Covalent dimerization and trimerization increase the molecular weight of conventional 

organic small-molecule hosts, and thereby improve the resistance of EMLs to subsequent solution 

processing using hydrophilic alcohol solvents (e.g., methanol, ethanol, 1-propanol, 2-propanol).[38]  

Resistivity against alcohol-containing solvents gradually improves as the molecular weight of the 

host increases, and saturates at molecular weight above ~800 g mol-1.[38] When two synthesized 

organic hosts with high alcohol solvent resistivity are used as an EML, TPBi dissolved in methanol 

formed a stable ETL on solution-processed EML, and the resulting improved charge balance from 
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mixed hosts yielded high device efficiencies (EQE = 23%, PE = 96 lm W–1) in a green-emitting SOLED 

that had the structure ITO/PEDOT:PSS/TFB/3,30:60,300-ter(9-phenyl-9 H-carbazole) (TPCz): 

3,30,6,60-tetrakis(9-phenyl-9 H-carbazol-3-yl) benzophenone (TCZBP): Ir(ppy)3/TPBi/Liq/Al.  

Another reliable approach to increase the solvent resistance is to increase the molecular 

weight of organic small molecules by using dendrimers that consist of core, branch, surface groups, 

and other linking moieties, which control the solution processability and charge-transport 

characteristics.[129,218,219] Moreover, HOMO energy levels can be tuned by generation of 

dendrons.[220,221]  

Use of solution-processable carbazole-derived dendritic hosts can cause gradual increase of 

HOMO energy level as the number of carbazole dendrons is increased (Figure 5b).[220] By increasing 

the HOMO energy levels of carbazole-derived dendritic hosts (5.61, 5.32, and 5.11 eV with increasing 

generations of dendrons), the hole injection barrier was much decreased, but high T1 = 2.9 eV was 

maintained regardless of the attachment of carbazole dendrons, so the PE of fabricated blue-

emitting solution-processed PhOLEDs increased by 86% compared with that of SOLEDs that use a 

PVK host. 

Highly-efficient white SOLEDs have been obtained by using the identical carbazole-derived 

dendritic host with co-doping of orange-red-emitting and blue-emitting dopants (iridium complex 

containing 5-trifluoromethyl-2-(9,9-diethylfluoren-2-yl)pyridine ligand (Ir(Flpy-CF3)3) and FIrpic).[222] 

Efficient energy transfer from the dendritic host with high T1 to dopant, and the miscibility of dopant 

with the host yielded white SOLEDs with improved 39.6 ≤ PE ≤ 80.9 lm W–1.[222]   

Carbazole-derived dendritic hosts have desirable characteristics such as high T1, high HOMO 

energy level, and good solubility in common solvents, and therefore satisfy the requirement of the 

host for solution-processed TADF emitters, which utilize triplet excitons in a reverse intersystem 

crossing (RISC) process. Incorporation of carbazole dendrons in a non-conjugated adamantane core 
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increased the hole-injection and hole-transport in dendritic hosts.[223] Moreover, the dendrimer had 

higher T1 (2.98 eV) than the blue-emitting TADF (T1 = 2.58 eV for (4-(4,6-diphenyl-1,3,5-triazin-2-

yl)phenyl)-spiro[acridine-9,90-fluorene] (SpiroAC-TRZ)), so the reverse energy transfer from dopant 

to host was suppressed in TADF SOLEDs; as a result, this dendrimer effectively worked as a solution-

processable triplet-harvesting host for emitters.[190] The unique chemical structure of adamantine-

core dendrimers facilitates good solubility in common organic solvents because of the tert-butyl 

groups at the periphery of the carbazole dendrons and their three-dimensional geometry, which 

suppresses intermolecular stacking.[224] Moreover, attaching a large number of carbazole groups to 

dendrimers helps to improve their thermal stability and increase glass-transition temperature (Tg = 

175 (G1), 300 (G2), and 376 ℃ (G3) with increasing generation of dendrons, Figure 5c); these changes 

favor high device stability and high-temperature processing.[197,218] 

Heavy-metal complexes that contain Ir, Pt, Au, Os, or Re can be used at the core of light-

emitting dendrimers, which consist of cores, dendrons, and surface groups (Figure 5d). Appropriate 

control of each component can optimize the electronic properties, solubility, and intermolecular 

interactions of the dendrimers.[225] IrppyD is a light-emitting dendrimer that consists of a fac-tris(2-

phenylpyr-idine) iridium core, phenylene dendrons, and 2-ethylhexyloxy surface groups. When CBP 

and TCTA hosts doped with IrppyD were spin-coated to form EMLs, higher device efficiencies of 23 

lm W–1 and 30 cd A–1 were achieved than when TCTA host was used (8 lm W–1, 17 cd A–1 with CBP 

host and 0.14 lm W–1, 0.47 cd A–1 without host).[225] This increase occurs because the dendritic 

structure of TCTA with three dendrons facilitates film formation, and because TCTA (5.9 eV) and 

IrppyD (5.7 eV) have similar HOMO levels, so holes become evenly distributed across the EML 

without heavy charge trapping on the dendrimer. 

EMLs that use small molecules for conventional OLEDs have used the host-dopant system. 

However, SOLED fabrication by subsequent solution processing of overlying layer on the solution-
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processed EML causes inevitable partial washing of dopants at the surface, even though hosts have a 

high solvent resistance. This washing changes the doping-concentration profile in EMLs and 

degrades both device efficiency and reproducibility.[87] Self-host dendrimers that include host-

function branched dendrons and heavy-metal emitter core in one molecule have been developed 

because they can effectively resist the subsequent solution process and avoid the dopant washing 

that occurs in small-molecule host-dopant EMLs.[226] Moreover, core emitters of self-host 

dendrimers are encapsulated by dendrons; this structure increases solvent resistance, and thereby 

effectively prevents redissolution of core emitter by alcohol solvents.  

Self-host dendrimers with Ir-complex core encapsulated by carbazole dendrons have been 

evaluated as nondoped EMLs (G0, G1, and G2 depending on the generation of carbazole dendrons) 

for multilayered phosphorescent SOLEDs.[87] G2 includes second-generation carbazole dendrons; its 

solvent resistance was highly improved during subsequent orthogonal solvent processing using 

methanol, ethanol, isopropanol, n-butanol, or isobutanol, because the high density of surrounding 

second-generation carbazole dendrons effectively shields the iridium core. After films were rinsed 

using isobutanol, G0 and G1 films retained 28.4 and 39.5% of their initial thickness, whereas G2 film 

retained nearly all of its thickness with no change in morphology.[87] In particular, the self-host 

dendrimer encapsulated in carbazole dendrons had superior resistance to two and three cycles of 

isobutanol rinsing (Figure 5e).[129] Due to the high solution processability of G2 dendrimer, fabricated 

SOLEDs that used a solution-processed upper SPPO13 ETL achieved higher device efficiencies (CE = 

68.4 cd A–1, EQE = 21.2%) than did SOLEDs that used a vacuum-processed upper SPPO13 ETL (CE = 

52.2 cd A–1, EQE = 15.7%).[87] 

Dimerization and trimerization of organic small molecules and dendrimers can increase their 

solvent resistivity, especially to alcohol solvent, and thereby increase their compatibility with 

continuous orthogonal solution processing. Dendrimers have a tunable molecular weight and good 
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solubility depending on the generation of dendrons and cores; therefore, dimerization and 

trimerization improved their electronic properties and thermal stability. Use of these high-

molecular-weight organic host materials can simplify the process of fabricating SOLEDs. Moreover, 

use of solution-processable self-host dendrimers that include both host-function and emitter-

function groups has been considered for polymeric emitters in SOLEDs. 

 

3.2.3. Polymeric Emitting Layers 

Polymeric emitters have been investigated since the first PLED was developed in 1990 by 

using poly(p-phenylene vinylene) (PPV) as a green-yellow LEP.[18] Then a PPV derivative, poly[2-

methoxy-5-(2-ethylhexy-loxy)-1,4-phenylenevinylene] (MEH-PPV), was evaluated for use as an 

orange-red LEP to demonstrate the flexibility of PLEDs that use polyaniline (PANI) as a solution-

processed anode.[227] MEH-PPV dissolved in xylene was spin-coated onto PANI dissolved in meta-

cresol to form an EML without chemical dissolution or physical damage to underlying polymeric 

anode, and thereby demonstrate fabrication of solution-processed multilayered PLED. The resultant 

PLEDs that used PPV and that used MEH-PPV had EQEs of 0.05% and ~ 1%, respectively.[18] 

Since PLEDs that use PPV were reported, other types of polymeric emitters have been 

actively developed. Unipolar polymers with higher   than    were used during early stages in the 

development of PLEDs.[228,229] Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-

diyl)] (F8BT) is a poly(9,9-dioctylfluorene) (PFO) copolymer with a high    ~10–3 cm2 V–1 s–1 at applied 

electric fields of 0.5 MV cm–1. F8BT has high   , so it is a promising green-emitting LEP that can make 

good charge balance in PLEDs.[230] However, although F8BT is an electron-dominant LEP, it has a low 

LUMO energy level (3.5 eV), and therefore has a high electron-injection energy barrier (1.2 eV) in 

inverted-structured PLEDs. Therefore, in the PLEDs that use F8BT, holes are the main charge carriers, 

and the unipolar charge transporting property of the PLED can induce charge accumulation at the 
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interface, and thereby quench excitons.[230] To reduce exciton accumulation at the interface to 

improve the charge balance, TPD has been added into the F8BT matrix. TPD has a 0.4 eV shallower 

HOMO energy level than F8BT and therefore acts as a hole trap.[231] F8BT EML with added TPD has 

high hole-trap density, which resulted in charge redistribution in the EML. Moreover, F8BT, which is 

soluble in xylene, can be spin-coated onto inorganic common layers (TiO2, ZnO) that are soluble in 

polar solvent,[231,232] and is also highly resistant to damage by subsequent solution-processed 

PEDOT:PSS and TFB.[232,233]  

The electrical and optical properties of solution-processed polymeric EMLs are affected by 

the film-forming conditions. When Super Yellow (PDY-132, SY), which is a PPV co-polymer modified 

with large phenyl side groups,[234] as an LEP is deposited by blade coating method with simultaneous 

thermal treatment at 70 °C, the SY aggregates, and the process forms defect levels, so the hole 

current in hole-only devices is higher than in normal spin-coated SY film.[235] The PL intensity of SY 

films decreased as annealing temperature was increased (up to 150 °C) without changing the shape 

of the  PL spectrum.[236,237] SY has an average molecular weight of 184.3 kDa and Tg = 83 °C. Thus, 

when SY film is annealed at temperature > Tg = 83 °C, the polymer chains can aggregate due to their 

increased mobility, but the long side chains in spin-coated SY suppress aggregation.[235] 

Thermogravimetric analysis (TGA) of SY showed that degradation starts with breaking of long alkoxy 

chains starting at 50 °C, and accelerates at temperatures > 350 °C (Figure 6a). The low PL and poor 

thermal properties degrade EQEs from 4.09% to 2.72% as annealing temperatures are increased 

from 50 °C to 200 °C, although the current density increased in the SY film annealed at 200 °C.   

Although LEPs have higher molecular weight and therefore can show higher solvent 

resistivity than small inorganic molecules, LEPs are not fully protected from damage such as 

redissolution and physical washing by the subsequent solution process using organic solvents. One 

common strategy to increase solvent resistivity of polymeric materials is to immobilize polymer 
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chains and link them by using crosslinkers such as silanes,[159,238] styrenes,[239] oxetanes,[164] and 

acrylates.[240] When a bisazide crosslinker was added to SY (Figure 6b),[241] the crosslinking was 

activated at 140 °C, and the resulting film had higher solvent resistivity after thermal treatment for 8 

h than after 1 h (remaining thickness after toluene rinsing = 98% and 87%, respectively). However, 

thermal treatment inevitably degrades the luminous efficiency of SY.[236] Furthermore, a crosslinker 

concentration > 5% broadened the PL spectrum and decreased PLQY from 9.2% (1% crosslinker) to 

6.8% (10% crosslinker).[236] In fabricated PLEDs with a solution-processed poly[bis (4-phenyl)(2,4,6-

trimethylphenyl)amine (PTAA) layer on crosslinked SY EML, the EL spectrum was stabilized (CIE 

coordinates (0.49, 0.50)) when compared with reference PLED that used SY (CIE coordinates (0.48, 

0.51)), and thereby achieved maximum EQE = 6.48% and a reduced efficiency roll-off.  

The EQEs of fluorescent PLEDs that use LEP are theoretically limited to < 5% by considering 

the light extraction efficiency of device, the charge balance factor, the singlet/triplet quantum ratio, 

and the luminescence quantum yield.[242] However, EQEs > 5% have been obtained in fluorescent 

PLEDs, possibly as due to improved light-extraction efficiency, and to triplet-triplet annihilation (TTA, 

also known as triplet fusion) that yields one excited singlet state from two triplet states.[178,243,244] To 

utilize triplet excitons, which are wasted in fluorescent LEPs by non-radiative decay, two approaches 

can be applied to generate phosphorescence: (1) doping of metal complex emitter into a polymeric 

host (i.e., host-dopant system), and (2) attachment of a metal complex to the polymer backbone 

(i.e., self-host polymers).  

In host-dopant systems such as PVK polymeric host doped with Ir-complex emitter, efficient 

Dexter energy transfer (DET) can be generated between polymeric host and phosphorescent 

dopants when the triplet exciton lifetime of the host is longer than microseconds.[245] In particular, 

the phosphorescent dopants must have a high T1 to limit the reverse energy transfer from polymeric 

host to phosphorescent dopant, and thereby facilitate efficient triplet exciton confinement in a 
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dopant that has a low T1.
[246,247] Therefore, by optimizing the electronic properties of host and 

dopant materials and improving the charge balance in devices, EQE of PLED using PVK with 0.7 wt % 

tris(2-(4-tolyl)phenylpyridine)iridium (Ir(mppy)3) as an EML was dramatically improved to 18.8%,[248] 

whereas that of the first PLED that used a single fluorescent PPV was 0.05%.[18] However, the 

molecularly-doped two-composition system can cause phase separation within EMLs and can 

decrease both device efficiency and lifetime.[249,250]  

Self-host polymers are composed of backbone units and side groups composed of heavy-

metal complexes that utilize triplet excitons (Figure 6c). The self-host system can avoid the phase-

separation problem by simplifying the composition of EMLs and thus increasing device lifetime. In 

the self-host polymer that has a phosphorescent Ir-complex unit connected to the backbone of hole-

transporting PVK,[251] the high solubility of synthesized self-host polymers is suitable for solution 

processing using common organic solvents. The green-emitting self-host polymer had a long PL 

lifetime (1.2 μs) that had PL decay described by a single exponential function, which indicates 

efficient phosphorescence from triplet states of the Ir-complex unit side group without fluorescence 

from the singlet state. As a result, an EQE = 11.0% was achieved in a green-emitting PLED that used 

this self-host polymer. The charge balance in PLEDs that use self-host polymers can be controlled by 

tuning the hole and electron transporting moieties that connect with the backbone of the polymer. 

An ambipolar self-host polymer that consists of bis(2-phenylpyridine)iridium (acetylacetonate) 

(Ir(ppy)2(acac)) as a phosphorescent emitter, TPD as a hole-transporting side group, and 2-(4-

biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD) as an electron-transporting side group 

achieved EQE = 11.8% in the optimized PLED with the side-group ratio of 18:79:3 

[TPD:PBD:Ir(ppy)2(acac)] (Figure 6d),[252] whereas a PLED with a ratio of 55:41:4 

[TPD:PBD:Ir(ppy)2(acac)] showed EQE = 1.0%. This result indicates that a self-host polymer that has 

high    requires a high concentration of electron-transporting moiety and a low concentration of 

hole-transporting moiety to improve the charge balance and device efficiency in polymeric EMLs.  
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The phosphorescence obtained using singlet and triplet excitons can theoretically achieve 

100% IQE, but the use of heavy metals increases the cost of display panels. A promising method to 

utilize triplet excitons for 100% IQE without using an expensive heavy metal complex is to use 

polymers that include a TADF emitter. Small-molecule TADF emitters have been investigated in 

small-molecule OLEDs with host-dopant-mixed EMLs,[253] so LEPs that use TADF also have been 

evaluated. A main-chain-type TADF polymer consists of 1,4-bis(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl) butane as a high-T1 backbone monomer, N, N′-bis(4-hexylphenyl)-N,N′-

bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)benzene-1,4-diamine as a donor, and 2,4-

bis(4-bromophenyl)-6-(4-dodecylphenyl)-1,3,5-triazine as acceptor and TADF emitter (Figure 6e).[254] 

A small energy gap (    ) between S1 and T1 energy levels can be obtained by careful molecular 

design of TADF emitter that uses donor and acceptor.[255] In this main-chain-type TADF polymer, the 

TADF emitter units are embedded in the polymer backbone, and the HOMO of donor and LUMO of 

acceptor are spatially separated by an intermonomer TADF emitter that is composed of a triazine-

amine-triazine unit. Therefore, RISC occurs by formation of a charge-transfer (CT) state that has a 

small      = 0.22 eV, which enables thermal up-conversion from T1 to S1. Moreover, the 

intermonomer in the TADF polymer acts as a charge-transporting unit, which can control the charge 

balance. The resultant PLED that uses the TADF polymer achieved a maximum EQE = 10% at a low 

current density of 0.01 mA cm–2.  

A non-conjugated moiety as a linker can be also incorporated in the polymer backbone.[255] 

1,1-diphenylcyclohexane (Cp), which has sp3 bridges, 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-

9,9-dimethyl-9,10-dihydroacridine (DMAC-TRZ), has been combined with 2,7-dibromo-10-(4-(4,6-

diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (DMTRZ-2br) as a linker and 

TADF monomer units to synthesize a polymeric TADF emitter, P(DMTRZ-Cp). The Cp linker increases 

the solubility of polymers and controls the conjugation length while maintaining the TADF 

characteristics of the monomer unit. The synthesized polymeric TADF emitter of P(DMTRZ-Cp) 
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obtains small      = 0.023 eV, and has fast prompt PL decay (12.2 ns) and delayed fluorescence 

decay (1.8 μs), i.e., TADF behavior. The fabricated TADF PLED showed an EQE of 15.4%. Another 

linker unit that has an aliphatic ring structure has been used to synthesize a TADF polymer 

composed of a TADF-linker-host structure that can facilitate stable triplet states, and that has design 

freedom.[256] The TADF polymer that has rigid non-conjugated polyimide consists of diamine 4,4’-(9-

phenyl-9H-carbazole-3,6-diyl) dianiline (PhCzPN) as a host, (4-(10H-phenothiazin-10-yl)phenyl) (4-

(3,6-bis(4-aminophen-yl)-9H-carbazol-9-yl) phenyl) methanone (PTC-N) as a TADF core unit, and 

1,2,4,5-cyclohexanetetracarboxylic dianhydride (HPMDA) as a linker that spatially separates TADF 

from the host units. The HPMDA linker increases the solubility of the synthesized TADF polymers 

(i.e., PCPTCN-m/n) in common non-halogen organic solvents such as N,N-dimethylformamide (DMF), 

dimethyl sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP). Moreover, the rigid PI backbone of 

PCPTCN-m/n gives high thermal stability which is confirmed by high decomposition temperature (5% 

weight loss in the range of 519.5 to 549.0 °C) and high Tg (308.7 to 362.1 °C). Therefore, the resultant 

TADF PLEDs has a maximum EQE = 21.0%, with a low efficiency roll-off. 

Various approaches to synthesize TADF polymers have assessed to further improve the 

device efficiency of TADF PLEDs. One approach is to link a TADF emitter to the side chains of the 

polymer backbone. In the side-chain-type TADF polymer, a TADF emitter unit is grafted onto the side 

chain of the polymer backbone;[257] this structure is in contrast to the main-chain-type TADF polymer 

in which a single polymer has a TADF emitter embedded in the polymer main chain. The side-chain-

type TADF polymer can have independent functions in the polymer backbone and the grafted side 

chain: the polymer backbone provides the charge-transporting channel and host, and the side chain 

with grafted TADF emitter does not affect the electronic properties of the polymer.[257,258] One TADF 

copolymer has side groups of insulating styrene as spacer units and 2-(10H-phenothiazin-10-yl)-8-

vinyldibenzothiophene-S,S-dioxide as a pendent TADF group (Figure 6f).[259] The non-emissive spacer 

units separate TADF units and reduce aggregation between them, and thereby suppress TTA in the 
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TADF copolymer.[260] Moreover, the optimized 0.63:0.37 elemental ratio between the insulating 

styrene and TADF units in TADF copolymer obtained small      = 0.35 eV, which effectively enables 

an efficient RISC. As a result, the fabricated PLED achieved EQE = 20.1% and CE = 61.3 cd A-1.[260]   

To further increase the EQE of TADF PLEDs, the host functional unit can be additionally 

grafted onto the side chain of the polymer backbone with a TADF moiety. One such copolymer 

consists of 9-vinyl-carbazole (VCz) as the host functional unit and 10,10′-((6-(4-((4-

vinylbenzyl)oxy)phenyl)-1,3,5-triazine-2,4-diyl)bis(4,1-phenylene)) bis(9,9-dimethyl-9,10-

dihydroacridine) (VTD) as the TADF emitter unit.[261] The host functional unit of VCz increases the 

charge injection and charge transport properties and improves the charge balance in EMLs. Increase 

in the proportion of VTD in copolymers caused increase in the HOMO energy level, decrease in the 

LUMO energy level, and a slight decrease in S1 from 2.83 to 2.72 eV due to the strong intermolecular 

interaction.[261] Moreover, at a high VTD proportion = 0.3, the copolymer had its smallest      = 0.06 

eV but a low PLQY = 51.0% due to concentration quenching. The VTD unit also facilitated efficient 

electron transport, and thereby increased current density and improved the charge balance in TADF 

PLEDs. Therefore, the improved charge balance and the high PLQY = 70.9% at the optimized ratio of 

VTD:VCz (10:90) increased the EQE of TADF PLEDs to 22.0%.[261] 

The high tunability of polymers that can be enabled by modifications of backbones and 

functional side groups in the polymer chain has demonstrated the potential as solution-processed 

materials for the EML. The types of polymeric materials for EML applications include single emitters, 

hosts, and self-host EMLs composed of a backbone as the host unit and side groups as emitters. In 

particular, TADF-type polymers can efficiently exploit singlet and triplet excitons by using a charge-

transporting backbone host and side chains that have a grafted TADF emitter and that do not require 

expensive heavy-metal complexes. Therefore, use of the side-chain-type TADF polymers can be 

expected to be one of the most promising approaches to improve the charge balance and to achieve 
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high EQEs > 20% and high stability without the problem of phase separation between host and 

dopant molecules. Thus, the polymeric EML is suitable for low-cost fabrication and simple device 

configurations of SOLEDs. 

 

4. Solution-processed Organic Light-Emitting Devices 

4.1. Host-Dopant Combination in EML for SOLEDs 

To achieve SOLEDs that have high luminous efficiency, the effect of the combination of host 

and dopant materials on the light-emitting mechanism should be considered. The holes injected 

from the anode and the electrons injected from the cathode attract each other by Coulombic 

interaction to form excitons. After excitons are formed, the subsequent energy transfer from host to 

dopant is the key mechanism for highly-efficient EL emission in OLEDs. Exciton energy can be 

transferred by DET and Förster resonance energy transfer (FRET) processes, depending on the type 

of emission.[262,263] DET occurs between singlet-singlet states or triplet-triplet states of hosts and 

dopants by an electron-exchange process that depends on the molecular orbital overlaps and the 

spin states; therefore DET generally happens within < 1 nm.[264] FRET occurs by long-range dipole-

dipole interaction with an intermolecular distance range < 10 nm.[265,266] The distance (r) between 

host donor and dopant acceptor determines the energy transfer rate (kT) as  

  ( )   
 

  
(
  

 
)
 

, 

where    is the donor fluorescence lifetime and    is F ̈rster radius. The efficiency of energy 

transfer is related to r and    as 

  
  
 

  
    

 . 
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The FRET process is responsible for fluorescent emission, and both FRET and DET processes 

contribute to phosphorescent emission. The light-emission mechanism of OLEDs depending on the 

type of host and dopant materials’ combination in EMLs can be explained by energy transfer from 

host to dopant, by direct charge trapping into the dopant molecules in EML, or by both phenomena. 

 

4.1.1. Mixed-host Emitting Layers for SOLEDs 

Mixed-host EMLs have been exploited by mixing an HTH and an ETH to improve the charge 

balance and increase the lifetime, and to reduce the VOP and efficiency roll-off of OLEDs.[12,20,61,267] 

These changes occur because: (1) the hole and electron-injection energy barriers at both blurred 

interfaces of mixed-host EMLs are reduced, thereby reducing charge accumulation, which can 

broaden the recombination zone;[268,269] (2) the mixed host exhibits bipolar charge transport 

characteristics in the EMLs, which improves the charge balance and reduces the charge and exciton 

accumulation that cause TTA and triplet-polaron annihilation (TPA);[270–272] and (3) the gaps of both 

the HOMO and LUMO energy levels between the mixed host and dopant are reduced, so charge 

trapping is decreased and as a result the charge transport is increased.[273]  

The mixed-host system has been developed for SOLEDs by using small-molecule organic and 

polymeric materials because of their simple synthesis and compatibility with solution processes. 

Although single host materials such as 3,3′-bis(N-carbazolyl)biphenyl (mCBP) show bipolar transport 

property, their    and    are not generally equivalent (e.g., in mCBP,   ~1 × 10−3 cm2 V–1 s–1,    

~0.3 × 10–3 cm2 V–1 s–1), so charge imbalance can develop in EMLs.[187] Furthermore, the single host of 

mCBP has a high hole injection barrier at the PEDOT:PSS/EML interface, so holes accumulate there, 

and thereby degrade device efficiency and operational stability. Therefore, by optimizing the mixing 

ratio of the second HTH such as TCTA with mCBP in EML, VTO of the device was decreased from 5.8 V 

to 4.6 V at the ratio of 1:1 mCBP:TCTA, and the luminance and CE were maximized at the ratio of 2:1 
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mCBP:TCTA (23,340 cd m–2, 14.49 cd A–1); these high values were attributed to a reduced hole 

injection barrier and improved charge balance in the EML. The improved electrical properties in 

OLEDs that uses this mixed host were demonstrated by their fast turn-on response to an applied 

voltage pulse in transient EL characterization.[187] Moreover, when the voltage pulse was turned off, 

the lowest instantaneous overshoot peak, which originates from hole accumulation, was observed at 

the ratio of 2:1 mCBP:TCTA.[187] 

Red-, green-, blue-, and white-emitting SOLEDs have been obtained using mixed-host EMLs 

composed of conventional HTH, TCTA, and one of the newly-synthesized ETHs (2PTPS, 3PTPS and 

4PTPS), which have sufficiently high T1 levels of 2.82, 2.82, and 2.90 eV, respectively.[12] The e-hosts 

have higher T1 levels than that of a blue phosphorescent dopant, FIrpic (T1 = 2.7 eV),[191] and are 

therefore suitable to effectively confine triplet excitons in the dopant and to transport exciton 

energy from host to dopant. Moreover, the ETHs have wider band gaps (4.06, 4.20, and 4.28 eV, 

respectively) than that of TPBi (3.30 eV) and are therefore suitable for charge transport in blue 

PhOLEDs. 2PTPS, 3PTPS, and 4PTPS did not form exciplexes with TCTA, whereas conventional TPBi 

showed exciplex emission in PL spectra of TPBi:TCTA thin film because of the different 

intermolecular interaction.[274] Therefore, the dominant recombination mechanism of the exciplex-

free xPTPS:TCTA (x = 2,3,4) is direct charge carrier trapping to the phosphorescent dopants from the 

HIL or ETL, which facilitates more balanced charge transport and efficient direct recombination in 

the EML according to the molecular concentration of phosphorescent dopants (Figure 7a), whereas 

the dominant recombination mechanism of TPBi:TCTA is energy transfer from an exciplex formed by 

two hosts, to a phosphorescent dopant (Figure 7b). 2PTPS has the highest    (~10–4 cm2 V–1 s–1) 

which is comparable to the    of TCTA (~3 × 10–4 cm2 V–1 s–1).[12] The trend of    was proved by 

transient EL characterization of mixed-host SOLEDs. The EL signal increased slowly in the SOLED that 

used TPBi:TCTA, but faster in the SOLED that used 2PTPS:TCTA, because it has higher    than 

TPBi:TCTA. The balanced    and    in a mixed-host system can improve charge balance and broaden 
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the recombination zone located far from the interfaces. In particular, intermixing between layers 

and dopant aggregation during the solution process can cause severe charge imbalance in solution-

processed PhOLEDs. It can be rectified by incorporating a small amount of an assistant small organic 

molecule such as CBP, which can suppress electron transport between dopants (Figure 7c), resulting 

in reduced efficiency roll-off characteristics in SOLEDs.[20] As a result, the high T1 and    of 2PTPS 

yielded the highest device efficiencies of 20.9% EQE and 38.7 cd A–1 in FIrpic solution-processed 

PhOLEDs with 2PTPS:TCTA (EQE = 19.6%, CE = 32.6 cd A–1 with 3PTPS:TCTA, EQE = 14.3%, CE = 

28.8 cd A-1 with 4PTPS:TCTA, EQE = 10.0%, CE = 18.6 cd A–1 with TPBI:TCTA). The better electrical 

characteristics of 2PTPS and 3PTPS than 4PTPS also achieved the highest recorded EQEs in orange-

red PhOLEDs that use Bt2Ir(acac) (2PTPS:TCTA host: 35.4%, 3PTPS:TCTA host: 35.5%, 4PTPS:TCTA 

host: 28.0%) and in green-emitting PhOLEDs that used Ir(ppy)3 (2PTPS:TCTA host: 29.0%, 3PTPS:TCTA 

host: 23.7%) (Figure 7d). 

 To fulfill the industrial standards for lighting and display applications, the efficiency roll-off 

at high luminance in SOLEDs must also be reduced. In solution-processed PhOLED that used 

TCTA:2PTPS:Ir(ppy)2(acac):CBP EML, the efficiency roll-off was reduced by the improved charge 

balance that had been obtained by using a mixed-host system with a charge-balance-assistant CBP, 

and by the low exciton quenching induced by low dopant aggregation (i.e., TTA, TPA) with 

heteroleptic Ir(ppy)2(acac) dopant, which reduces intermolecular interaction compared to 

homoleptic Ir(ppy)3 dopant (Figure 7e).[20] Therefore, strategies to improve the charge balance and 

reduce exciton quenching due to dopant aggregation in solution-processed PhOLEDs suggest 

practical ways to achieve large-area solution-processed device applications with reduced efficiency 

roll-off (Figure 7f).[12] 

 

4.1.2. Exciplex-forming Mixed Host  
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An exciplex is generated in an excited CT complex by charge transfer at the excited states 

between electron donor and accepter. The exciplex is accompanied by a red-shifted and broadened 

PL emission spectrum, compared to those of respective donor and acceptor molecules, 

respectively.[275,276] The broad, featureless, and red-shifted PL spectrum of an exciplex can be 

ascribed to the different structural configurations and undefined vibrational character of the ground 

state.[274] Exciplexes can be classified into two types: (1) interfacial exciplexes that form at the 

interface of bilayers between EML and adjacent charge-transporting layers;[277] and (2) bulk 

exciplexes that can be constructed by mixture of e-host and h-host in EMLs in a mixed-host 

system.[278]  

Opinions about the exciplex have changed. Early studies of exciplex formation regarded it as 

an undesirable emission route that reduces PL and EL efficiencies because the emission spectrum 

can originate not from the emitters but from the exciplex.[204]  Later, researchers exploited exciplexes 

to tune the EL color of OLEDs.[279,280] Recent studies regarding exciplex-assisted OLEDs have proved 

that the energy transfer from exciplex to dopant molecules can help to improve luminous efficiency 

when the exciton energy levels of host and dopant molecules are designed appropriately.[281,282] 

Moreover, in OLEDs that exploit exciplexes, energy transfer from exciplex to dopant is dominant, 

rather than direct charge trapping at dopant molecules.[283] Therefore, the exciplex-forming couple 

of electron donor and acceptor should have the following conditions: 1) a lower T1 level than that of 

each constituent to avoid both undesirable emission spectrum and energy transfer to one of the 

host constituents; and 2) a higher T1 level than that of the phosphorescent dopant to enable efficient 

energy transfer from exciplex to phosphorescent dopant without reverse energy transfer.[284] 

Moreover, the separated HOMO and LUMO in the exciplex, which are respectively located at 

electron donor and acceptor molecules, contribute to low exchange energy, thereby producing a 

small      between S1 and T1.
[285] RISC from T1 to S1 occurs in the exciplex host, and the triplet 
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excitons can be effectively harvested in conventional fluorescent emitters; therefore, 100% IQE can 

be theoretically achieved in fluorescent OLEDs that use an exciplex host (Figure 7b).[281,286,287] 

An interfacial exciplex can be formed by sequentially depositing electron-accepting and 

electron-donating layers that have distinct gaps of > 0.4 eV between both each HOMO and LUMO 

energy levels.[276] The interfacial exciplex has advantageous charge injection and charge transport 

properties, so it reduces efficiency roll-off and operation voltage, and therefore yields OLEDs that 

have high PE. Moreover, in SOLEDs that have the interfacial exciplex-forming structure, the phase 

separation that can occur a mixed-host system can be eliminated, and a simple device structure can 

be designed.[288,289]  

Exciplex type can affect the operational stability of OLEDs. In a  PhOLED that uses an 

interfacial exciplex-forming (3′-(4,6-diphenyl-1,3,5-triazin-2-yl)-(1,1′-biphenyl)-3-yl)-9-carbazole 

(CzTrz) and TCTA donor, TPA is reduced by the efficient long-range FRET, so the device achieved 

approximately two orders of magnitude longer device lifetime and lower efficiency roll-off at a low 

dopant concentration of 3 wt% than PhOLEDs that use bulk-exciplexes.[290] Therefore, exploitation of 

the interfacial exciplex can be a simple strategy for fabrication of SOLEDs. In the interfacial exciplex, 

the distance between the interface and dopant position influences the energy-transfer efficiency. 

The FRET rate from the interfacial exciplex to phosphorescent dopant such as Ir(ppy)3 increases 

when the dopant position approaches the interface between CBP as a host and B3PYMPM as an ETL. 

As a result, the EL spectrum that originates from the exciplex emission can be suppressed by 

improved exciplex energy transfer, and the efficiency roll-off can also be reduced.[282]  

An interfacial exciplex for blue PhOLEDs formed at the interface between TAPC as a HTL and 

5′,5′′′′-sulfonyl-di-1,1′:3′,1′′-terphenyl (BTPS) as a host. The exciplex had higher T1 levels (T1 = 2.98 eV 

for TAPC, T1 = 2.79 eV for BTPS, T1 = 2.82 eV for TAPC/BTPS exciplex) than that of blue 

phosphorescent dopant, FIrpic (T1 = 2.77 eV).[291] The suitable T1 level configuration of these blue 
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PhOLEDs that used interfacial exciplex minimizes triplet exciton quenching at the interface and 

facilitates efficient DET from the T1 level of the interfacial exciplex to the T1 level of FIrpic. Moreover, 

VTO (2.5 V at 1 cd m–2) and VOP (2.9 V at 100 cd m-2) were decreased by the recombination of the 

exciplex and a barrier-free charge recombination process (blue PhOLEDs with TCTA layer inserted: 

VTO = 2.8 V at 1 cd m–2; VOP = 3.3 V at 100 cd m–2). These results indicate that the short distance 

between the interfacial exciplex and the dopant position in EML favored rapid DET. Efficient energy 

transfer was confirmed in PhOLEDs that had a high FIrpic concentration of 11 wt% and a short 

distance between the interface of TAPC/BTPS and FIrpic-doped region. 

A PE has been greatly increased in yellow-emitting SOLEDs that used 5-trifluoromethyl-2-

(9,9-diethylfluoren-2-yl)pyridine ligand (Ir(Flpy-CF3)3) as a dopant and an exciplex host composed of 

4, 4′ , 4″ -tris[3-methylphenyl(phenyl)amino]triphenylamine (m-MTDATA) and 1,3,5-tri(m-pyrid-3-yl-

phenyl) benzene (TmPyPB).[292] The device configuration facilitates effective charge injection and 

transport, and forms a negligible injection barrier at the EML interface because of the direct 

recombination of exciplex at m-MTDATA/TmPyPB interface (i.e., a barrier-free process), followed by 

energy transfer to the yellow dopant. Energy transfer from the interfacial exciplex can eliminate the 

direct charge trapping at dopants that have shallow energy levels, so VOP can be decreased. The 

higher T1 level of interfacial exciplex host (2.49 eV), m-MTDATA/TmPyPB, than that of Ir(Flpy-CF3)3 

(2.24 eV) enables effective harvest of triplet excitons, and thereby minimizes the triplet exciton 

quenching. Moreover, the EQE was maintained > 20% at a luminance of 100 cd m–2 when the 

distance between m-MTDATA/TmPyPB interface and dopant was increased to 5 nm; this result 

indicates efficient energy transfer (Figure 7g). These results indicate that the concentration of 

phosphorescent dopants and the distance for energy transfer are essential considerations in OLEDs 

that exploit interfacial exciplexes. 
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Bulk exciplexes that are formed by a mixture of donor and acceptor provide a promising 

approach 1) to improve charge balance by the bipolar charge-transporting characteristic of mixed-

host EML in SOLEDs, 2) to reduce the efficiency roll-off at high luminance by a broad emission zone 

that reduces the populations of triplet excitons and polarons at local interfaces, and 3) to utilize 

efficient singlet and triplet energy transfers to dopants distributed in the EML regardless of the 

distance between exciplex host and dopant or from the interfaces.[274,284] When HTL and ETL 

materials compose the exciplex-forming mixed host, charge-injection barriers at both sides of EML 

interfaces become negligible, so VTO and VOP of OLEDs can be reduced. No overshoot occurred after 

voltage turn-off in transient EL characterization using a device (ITO/TAPC/TCTA/TCTA:B3PYMPM 

(1:1):8% Ir(ppy)2(acac)/B3PYMPM/LiF/ Al);[274] this trait can be attributed to the energy-transfer 

mechanism in OLEDs that exploit exciplexes. Therefore, the dominant emission mechanism of the 

OLEDs that use bulk exciplexes is not by direct charge trapping at dopants (Figure 7a), but by energy 

transfer to the dopant from the exciplex-forming mixed host (Figure 7b); this process can be 

observed by measuring the overshoot of transient EL and the reduced VOP.[274]  

The miscibility of electron donor and acceptor, and the morphological property of bulk 

exciplex-forming mixed host film should be considered as factors that determine the efficiency of 

SOLEDs that use bulk exciplexes.[293] Solution-processed mixed-host film can form the bulk exciplex 

and has bipolar charge transport characteristics, but phase separation of an EML such as m-

MTDATA:TmPyPB can reduce exciton diffusion and decrease energy transfer compared to use of 

SOLEDs that use interfacial exciplexes, and thereby degrade device efficiency.[292] SOLEDs and 

EOLEDs that exploit a mixed host that forms bulk exciplexes may show different efficiencies 

depending on ETH.[293] When OLEDs used m-MTDATA:TmPyPB films, the VTO and VOP were much 

smaller in EOLEDs than in SOLEDs, although the efficiencies of OLEDs that use m-MTDATA: 1,3-bis[(p-

tert-butyl)phenyl-1,3,4-oxadiazoyl]benzene (OXD-7) were almost identical in both thermal 

evaporation and solution process.[293] In particular, the hole-transporting property of m-
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MTDATA:TmPyPB film was greatly degraded in solution-processed films, whereas that of m-

MTDATA:OXD-7 film was maintained. The different effects of deposition processes on electrical 

properties of m-MTDATA:TmPyPB film originate from poor film quality caused by severe phase 

separation, and not from the intrinsic characteristics of the mixed host. Therefore, fabrication of 

SOLEDs that use this film requires selection of the ideal host material that can guarantee good 

mutual miscibility of constituting hosts, and thus avoid phase separation.  

Use of a bulk-exciplex host in fluorescent OLEDs requires minimization of direct exciton 

trapping at fluorescent dopants, and of DET from the T1 level of exciplex to T1 of fluorescent 

dopant.[281] Moreover, the spectral overlap between PL emission from the exciplex and absorption 

spectra by fluorescent dopant facilitates efficient FRET (Figure 7h), which can be identified by 

extended PL lifetime by delayed fluorescence decay of exciplex host compared to that of a single 

dopant.[291] To fulfil these requirements, exciton trapping should be minimized by engineering small 

differences in HOMO and LUMO energy levels between the exciplex-forming hosts and fluorescent 

dopant, and DET should be minimized by using a suitably low fluorescent dopant concentration in 

the exciplex host to facilitate efficient long-range energy transfer (FRET) between S1 levels.[291] To 

fabricate efficient fluorescent OLEDs that use exciplexes, the FRET should be dominated by direct 

FRET from S1 of the exciplex host to S1 of the fluorescent dopant, and by the RISC process, followed 

by subsequent FRET to the dopant; the latter process causes delayed fluorescence in the fluorescent 

dopant (Figure 7b).[294] Therefore, nearly 100% triplet harvesting in the conventional green 

fluorescent dopant, 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-

benzo[1]pyrano[6,7,8-ij]quinolizin-11-one (C545T), was achieved by using 0.2% doping concentration 

in a bulk exciplex host composed of TAPC and 3-(4,6-diphenyl-1,3,5-triazin-2-yl)-9-phenyl-9H-carba-

zole (DPTPCz) (EQEmax = 3.9% (DPTPCz:1% C545T), 7.5% (DPTPCz:1% C545T), 14.5% (DPTPCz:0.2% 

C545T).[281] Other work has determined that the concentration of conventional red fluorescent 

dopant, 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) 
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affects the energy transfer efficiency.[294] As the DCJTB concentration increased from 1.0 to 1.5% in 

the exciplex host of TCTA:2,4,6-tris(3-(1H-pyrazol-1-yl)phenyl)-1,3,5-triazine (3P-T2T), maximum 

EQEs of devices were decreased from 21.5% to 10.1% by high charge trapping, dopant aggregation, 

and increased short-range DET process between triplet states. 

To develop high-efficiency SOLEDs that use host-dopant EML, the strategy of using hosts that 

form interfacial and bulk exciplexes has been investigated because it is regarded as an effective way 

to decrease efficiency roll-off, VTO, and VOP of devices, and to increase their luminous efficiencies. In 

particular, the high T1 level and efficient triplet harvesting by RISC of exciplex hosts can help to 

achieve 100% IQE with either fluorescent or phosphorescent dopants. Despite these possible 

advantages to achieve high-efficiency SOLEDs, fulfillment of industrial standards requires 

overcoming the operational instability caused by phase separation of mixed hosts that form bulk 

exciplexes. 

 

4.2. Delayed Fluorescence for SOLEDs 

SOLEDs that exploit TADF were invoked as the 3rd generation in the evolution of OLEDs, 

following fluorescent OLEDs (1st generation) and phosphorescent OLEDs (2nd generation).[193] Use of 

TADF has been studied for development of future mass-producible OLED devices, because TADF can 

achieve 100% IQE without using expensive rare-earth heavy metals such as Ir and Pt.[15] In OLEDs, 

injected charge carriers form singlet excitons and triplet excitons in a ratio of 1:3 according to the 

spin statistics; singlet excitons emit fluorescence, and triplet excitons generate phosphorescence.[295] 

In 1st generation OLEDs, conventional organics consisted of light elements such as carbon and 

nitrogen, and the energy level of singlet states was > 0.5 eV higher than that of triplet excited states, 

so only pure florescence (by 25% of all possible excitons) was possible. [295] In 2nd generation OLEDs, 

organics that include heavy metals such as Ir and Pt and singlet excited excitons (25% of total 
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excitation) were converted to triplet excited excitons by ISC, then radiatively decayed to the ground 

state S0 (100% of all possible excitons).[296,297] In 3rd generation OLEDs, TADF organics have spatially-

separated donor and acceptor moieties and have very small     ; this small energy difference 

induces RISC by which electrons in triplet excited states are converted to single excited states and 

produce delayed fluorescence (100% of all possible excitons).[193]  TADF emitters are also attractive 

due to low material price because they do not require expensive heavy-metal complexes. [193]  

Several strategies can be used to harvest TADF in OLEDs: 1) use of TADF dopants to convert 

the excitons on triplet excited states to singlet excited states of TADF emitters, and then to emit 

delayed fluorescence from the dopant (Subsection 4.2.1) (Figure 8a); 2) use of TADF host sensitizer 

with normal fluorescent dopant emitters (Subsection 4.2.2) (Figure 8b); and 3) use of both host and 

TADF sensitizing host with normal fluorescent dopant emitters (Subsection 4.2.3) (Figure 8c).  

 

4.2.1. Thermally-activated Delayed Fluorescence Solution-processed OLEDs 

The first TADF SOLEDs used TADF-emitting dopants (Figure 8a).[193] EMLs that incorporated 

4CzIPN dopant and bis-4-(N-carbazolyl)phenyl)phenylphosphine oxide (BCPO) host material were 

printed using a roll-to-roll process. An HTL, N,N’-bis(4-diphenylamino-40-biphenyl)-N,N’-

diphenyl(1,10-biphenyl)-4,4’-diamine (TPT1), was fabricated using a dry transfer method; this layer 

facilitated hole injection into the BCPO:4CzIPN EML, improved charge balance in the devices, and 

achieved EQE of 19.1% in SOLEDs.[298]  A different host material, (9-carbazolyl)phenyl)silane (SiCz), 

has higher  T1 (3 eV) than that of TADF dopant materials (T1 = 2.39 eV), and therefore induced 

efficient energy transfer to the dopants and achieved efficient carrier confinement, and achieved 

high EQE of 18.3% in SOLEDs that used 4CzIPN.[299]  
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Subsequently, researchers have tried to optimize device structures and find optimal host 

materials to increase the device efficiency in SOLEDs that use TADF dopant molecules. One major 

research stream in device engineering is to find host materials that have high T1 and that efficiently 

confine excitons in the TADF dopants. Compounds that have been used to demonstrate high-

efficiency TADF SOLEDs include 1,3-bis{3-[3-(9-carbazolyl)phenyl]-9-carbazolyl}benzene (CPCB) with 

high T1 = 2.79 eV (maximum EQE of SOLEDs: 10%),[194] (2’-(9H-carbazol-9-yl)-*1,1’-biphenyl]-2-

yl)diphenylphosphine oxide (POBPCz) with high T1 = 3.01 eV (maximum EQE of SOLEDs: 12.9%),[300] 

9,10-dihydro-9,9-dimethyl-10-(3-(6-(3-(9,9-dimethylacridin-10(9H)-l)phenyl)pyridin-2-yl)phenyl 

acridin (DDMACPy) with T1 = 2.8 eV (maximum EQE of SOLEDs: 21.0%) and N-(3-(6-(3-(diphenyl 

amino)phenyl)-pyridin-2-yl)phenyl)-N-phenylbenzenamine (DTPAPy) with T1 = 2.7 eV (maximum EQE 

of SOLEDs: 8.7%),[301] 10-(4-(4-(9H-carbazol-9-yl)phenylsulfonyl)phenyl)-9,9-dimethyl-9,10-

dihydroacridine (CzAcSF) (maximum EQE of SOLEDs: 20.1%),[302] new styrene-derived copolymers 

(ABP73) composed of diphenyl acridine (DPAc) and 2,12-di-tert-butyl-7-phenyl-5,9-dioxa-

13bboranaphtho[3,2,1-de]anthracene (TDBA) (maximum EQE of SOLEDs: 22.2%), [195] and BCzTC, a 

bipolar host molecule composed of two 9-phenyl-9H-3,9’-bicarbazole (PBCz) moieties and two 2,12-

di-tertbutyl-7-phenyl-5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracene (PDBNA) moieties with triplet 

states of 2.92 eV (maximum EQE of SOLEDs: 30.1%).[303] Electron transport material, (oxybis(3-(tert-

butyl)-6,1-phenylene))bis(diphenylphosphine oxide) (DPOBBPE), has also been used in the EML as a 

host material and has achieved EQE of 25.8% in blue-emitting TADF SOLEDs.[304] 

Researchers have also made efforts to optimize electron transport layers to improve charge 

balance, facilitate electron injection and confine excitons in the EML in TADF SOLEDs. A simple 

modification of conventional TPBi electron transport materials by introduction of a cyano moiety 

increased Tg to 139 °C, deepened the LUMO level to 2.79 eV, and increased CE to 37.7 cd A-1 in 

SOLEDs compared to those of conventional electron transporting TPBi (Tg = 124 °C, LUMO level = 

2.38 eV, CE = 26.1 cd A-1).[305]  
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Double ETL (dETL) composed of 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T) and 2,7-bis(2,20-

bipyridine-5-yl)triphenylene (Bpy-TP2) was used in TADF SOLEDs instead of the conventional single 

ETL. A T2T has a high T1 (~2.8 eV) and therefore confines excitons inside the EML[306] and a Bpy-TP2 

has high electron mobility and therefore increases electron injection to the EML.[307] New electron 

transport materials, 3,3'',5,5''-tetra(3-pyridyl)-1,10;3',100-terphenyl (B3PyPB) and bis-4,6-(3,5-di-4-

pyridylphenyl)-2-methylpyrimidine (B4PyMPM), were also developed because they have high triplet 

excited state > 2.7 eV and can efficiently confine excitons in the TADF-emitting dopants, and 

achieved EQE = 16% in TADF SOLEDs.[308]  

Similar studies have been performed on hole injection/transport layers to prevent exciton 

quenching and facilitate hole injection at the interface between conventional PEDOT:PSS and TADF 

EML. A major strategy to achieve such a goal is to insert additional hole transporting interlayers 

between the PEDOT:PSS and the EML. A mixture of PVK and TFB layer on top of PEDOT:PSS formed a 

uniform EML, facilitated hole injection, improved charge carrier balance and increased the resistance 

against other solution process; these various effects of PVK:TFB interlayer achieved EQE = 18.19% in 

SOLEDs.[160]  

A buffer HIL in which PEDOT:PSS and PFI self-organized to yield a PFI-enriched top surface 

has been used in TADF SOLEDs. The PFI-enriched top surface has an increased WF = 5.95 eV 

compared to PEDOT:PSS (WF = 5.20 eV), and therefore improves hole injection to the EML and 

prevents exciton quenching at the interface.[15] These strategies in TADF SOLEDs achieved EQE = 24% 

in green emission, EQE = 13.3% in red emission and EQE = 8.1% in blue emission (Figure 8d-f).[15] 

Crosslinked HTLs have been used on top of PEDOT:PSS in TADF SOLEDs because crosslinked 

HTLs endure subsequent solution processes of overlying TADF EMLs. Crosslinked X-TPACz consists of 

N-(4-(9H-carbazol-3-yl)phenyl)-N-([1,1'-biphenyl]-4-yl)bicyclo[4.2.0]octa-1(6),2,4-trien-3-amine as a 

thermally-crosslinkable pendant, and bicyclo[4.2.0]octa-1,3,5-trien-3-yl group as a thermally-
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crosslinkable unit. X-TPACz has high    = 2.01 × 10-4 cm2 V-1 s-1, which exceeds that of conventional 

PVK (   = 1.32 × 10-5 cm2 V-1 s-1), uniform surface, and resistivity against common organic solvents 

and thus achieved high EQE = 19.18% in TADF SOLEDs.[309]  

The resistivity of crosslinked HTLs to solution processing allows formation of multiple HTLs in 

which the first crosslinked HTL, N,N'-bis(4-(6-((3-ethyloxetan-3-yl)methoxy))-hexylphenyl)-N,N'-

diphenyl-4,4'-diamine (OTPD), has high    and facilitates hole injection, whereas the second 

crosslinked HTL, N,N-bis(4-(6-((3-ethyloxetan-3-yl)methoxy)hexyloxy)phenyl)-3,5-di(9H-carbazol-9-

yl)benzenamine (Oxe-DCDPA), has high T1 states and confines the exciton in the dopants by 

suppressing triplet energy transfer from dopant to HTL (backward energy transfer).[310] This double 

multiply-crosslinked HTL improves the charge balance and increases the radiative recombination of 

excitons in SOLEDs, and thereby achieved high EQE = 30.8% in green emission and EQE = 27.2% in 

bluish-green emission.[310] 

Interfacial exciplexes have also been used in TADF SOLEDs because formation of exciplexes 

can yield negligible barriers to both electron injection and hole injection, and therefore can 

efficiently reduce VOP (Subsection 4.1.1). Device engineering to exploit exciplexes has been 

performed in TADF SOLEDs. For example, 4,4'-bis(9-carbazolyl)-2,2'-dimethylbiphenyl (CDBP) has 

been used with 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) as an exciplex-

forming mixed host to suppress TPA and facilitate charge injection to the TADF emitters; this method 

achieved EQE = 21% in blue emission and 20.8% in white emission from TADF SOLEDs, and also 

suppressed efficiency roll-off (EQE = 20.2% at 100 cd m-2 in both blue-emitting and white-emitting 

TADF SOLEDs).[311] The EQE in TADF SOLEDs that use exciplexes was further improved to 31.2% by 

using poly(9,9-diphenyl-10-(4-vinylbenzyl)-9,10-dihydroacridine) (P(Bn-DPAc)) as a polymer donor 

and 2-(4’-(tertbutyl)-[1,1’-biphenyl]-4-yl)-4,6-diphenyl-1,3,5-triazine (tPTRZ) as a small-molecule 

acceptor mixed host.[56] 
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4.2.2. Host-sensitized TADF for Solution-processed OLEDs 

Although TADF emitting dopants open a new era in both SOLEDs and evaporated OLEDs by 

achieving 100% IQE without using expensive rare-earth heavy elements, they still have serious 

problems: a very delicate molecular design is needed to obtain small      while maintaining high 

luminescent efficiency; the limited number of configurations of the TADF emitters limits the color 

purity of their emit light (i.e., increases the FWHM); and a long exciton lifetime (> μs) induces severe 

efficiency roll-off in a device.[312,313] A new TADF emitting mechanism, called “host sensitized TADF” 

(hsTADF), was proposed to solve such problems in TADF emitters (Figure 8b).[312,313] Excitons are 

electrically generated in triplet excited states, then transferred to the singlet excited states by RISC 

in host materials, not in a TADF dopant; excited excitons are then transferred from singlet excited 

states in the host to singlet excited states in normal fluorescent emitters, which can theoretically 

harvest 100% of excitons without phosphorescent dopants or TADF-emitting dopants. In this 

mechanism, FRET occurs rapidly from TADF-sensitizing host to fluorescent dopants, and thus 

decreases efficiency roll-off and increases operating stability in SOLEDs. Furthermore, hsTADF can 

utilize normal fluorescence dopants, which have narrower FWHM than that of TADF emitter, and 

that can achieve 100% IQE in fluorescence with relatively high color purity.[312] 

To achieve hsTADF, a fluorescent emitter should have large spectral overlap with host 

materials so that it can rapidly accept the energy from TADF by the FRET.[312] 2,8-

bis(diphenylphosphine oxide)dibenzofuran (DBFPO) has a high T1 of 3.2 eV, and therefore can 

convert 75% of excitons from triplet states to singlet states by RISC; the excitons are then 

transferred to the singlet states of N,N’-bis-dibenzofuran-4-yl-N,N’-bis-(2,5-dimethyl-phenyl)-pyrene-

1,6-diamine (BPPyA). SOLEDs that used hsTADF in the configuration 

(ITO/HATCN/TAPC/DCDPA/DBFPO:DMAC-DMT/TsPO1/TPBi/LiF/Al) showed EQE = 22.5% and 
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operating stability of 2.8 h, which is four times longer than that of normal TADF SOLEDs that have 

the configuration (ITO/HATCN/TAPC/3,5-di(9H-carbazol-9-yl)-N,N-diphenylaniline 

(DCDPA)/MADN:BPPyA/diphenyl-4-triphenylsilylphenyl-phosphine oxide (TSPO1)/LiF/Al).[312] TADF 

SOLEDs that used DPOBBPE TADF-sensitizing host 2,5,8,11-tetra-tertbutylperylene (TBPe) achieved 

EQE = 25.8% in blue emission.[304] 

The exciplex system has also been used in hsTADF SOLEDs.[314] An electron-donating 

material, TCTA, and an electron-accepting material 2,4,6-tris(3’-(pyridin-3-eyl)biphenyl-3-yl)-1,3,5-

triazine (Tm3PyBPZ), form an exciplex in the EML. A TCTA:Tm3PyBPZ mixed host has a small      = 

27 meV, so RISC can rapidly convert triplet excitons to single excitons.[314] Then theoretically, 100% 

of excitons can be transferred from the S1 of the hosts to the S1 of the normal fluorescence dopants 

by fast FRET, and achieve decent EQEs in SOLEDs (11.9% for C545T dopant, 13% for 5,6,11,12-

tetraphenyltetracene (rubrene) dopant).[314] 

hsTADF in which TADF-sensitizing hosts are co-deposited with normal fluorescence dopant in 

EML can prevent efficiency roll-off in TADF SOLEDs by sensitizing RISC in host materials but not in 

dopant materials, but high concentration of TADF-sensitizing host materials could induce exciton 

quenching due to their high population in SOLEDs. Beyond hsTADF, additional host matrices can be 

co-deposited with TADF sensitized hosts and normal fluorescence dopants (i.e., triple components in 

EML); these triple-materials system is called hyperfluorescence. 

 

4.2.3. Hyperfluorescence for Solution-processed OLEDs 

Hyperfluorescence is a proposed phenomenon in which TADF molecules work in the organic 

host as assistant dopants that facilitate energy transfer from triplet excited states to singlet excited 

states, then convert the singlet exciton to normal fluorescence dopant (Figure 8c).[315] In the three 
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components (normal host, TADF sensitizers, fluorescent emitters), the carriers are electrically 

injected into the host materials then transported to the TADF sensitizer molecules (TADF assistant 

dopants) due to their smaller bandgap than that of host, then RISC converts triplet excitons to their 

singlet states due to the small      of TADF sensitizers. Then FRET transfers excitons on the singlet 

excited states in TADF sensitizer molecules to the singlet excited states of fluorescence dopants 

(Figure 9c). An optimal concentration of TADF sensitizer molecules in host materials can facilitate 

carrier recombination and prevent concentration quenching and unnecessary DET from TADF 

sensitizers to triplet excited states in the fluorescent emitter. The first hyperfluorescence OLEDs 

(maximum EQE = 17.2%) used mCBP hosts, 2,4,6-tri(4-(10Hphenoxazin-10H-yl)phenyl)-1,3,5-triazine 

(tri-PXZ-TRZ) TADF sensitizer molecules and 2,8-ditert-butyl-5,11-bis(4-tert-butylphenyl)-6,12-

diphenyltetracene (TBRP)  fluorescent dopants, and an EML fabricated by thermal deposition.[315] In 

SOLEDs that used hyperfluorescence TADF, 4CzIPN with adhered tert-butyl group sensitized RISC and 

favored energy transfer to the fluorescent emitter, cibalackrot, in the CBP host materials, and 

yielded EQE = 7.7%.[316] In addition to the hyperfluorescence system based on small organic 

molecules, SOLEDs  that use hyperfluorescence TADF polymers have been developed; 

hyperfluorescent polymers have both a sensitizer group and fluorescent chromophore group and 

induce both RISC and FRET (EQE = 10.3% for red emission, 19.2% for green emission, and 14.6% for 

blue emission).[317]   

Subsection 4.2 introduces several research strategies to harvest TADF in SOLEDs: TADF 

dopant system (subsection 4.2.1), TADF host sensitizer:normal fluorescence dopant system 

(subsection 4.2.2), hyperfluorescence system (subsection 4.2.3). Research efforts in SOLEDs that use 

delayed fluorescence have greatly increased device efficiency and operating lifetime, but LT95 of 

SOLEDs that use delayed fluorescence is still far below the requirement of OLEDs for industrial 

applications[21]. Therefore, to enable commercialization of SOLED that exploit delayed fluorescence, 

methods must be found to improve charge balance and radiative recombination of excitons. These 
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goals require research to improve methods of materials synthesis to increase the stability of organic 

molecules. 

 

4.3. Operational Stability of Solution-processed OLEDs 

The biggest obstacle to commercialization of SOLEDs is that they are less operationally stable 

than EOLEDs (Tables 1 and 2). The first challenge to solve is to increase the operational instability of 

SOLEDs.  

One of the main differences between solution-processed and vacuum-evaporated organic 

film is the film morphology, which can be affected by the choice of organic solvent.[16] Organic thin 

films produced by a solution process are usually less dense than those fabricated by thermal 

evaporation, because during the solution process, organic molecules can aggregate, and phases can 

segregate (Figure 9a). The morphological and photophysical characteristics of organic thin films and 

their OLED devices have been systematically compared according to fabrication methods.[16] SOLEDs 

showed higher luminance and current density at the same voltage compared to those of EOLEDs 

that had with same device architecture; the difference is a result of an increased    in solution-

processed EML film.[16] Local aggregation of molecules that causes altered film morphology increases 

   of the organic film by shortening the charge-transport pathways in the film, but solvent residues 

in thin film provide easy paths for oxygen diffusion into the film.[16] The resulting oxygen impurities 

in the film act as the electron traps during OLED operation, so altered charge balance within the EML 

results in accumulation of excess charges at the interface between the EML and the charge-

transporting layer; this accumulation decreases operational stability of SOLEDs compared to their 

vacuum-deposited counterparts (Figure 9b).  
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The different molecular structures of guest molecules within the EML of SOLEDs also affect 

the initial film morphology due to different intermolecular interactions, which can cause molecular 

aggregation and phase separation.[59] Therefore, solution-processed EML may develop a strong new 

emission band in the photoluminescence spectrum, as a result of greater molecular aggregation of 

guest molecules than in the vacuum-deposited EML (Figure 9 c-e).  

The electrical stress applied to the EML during OLED operation also aggravates molecular 

aggregation of guest molecules, and coexistence of polarons and excitons accelerates guest 

aggregation due to the polaron-exciton interaction, which greatly shorten device operational 

lifetime.[59]  

The choice of solvent can affect film morphology, because the low solubility of guest 

materials in organic solvent makes them prone to aggregate by exciton-polaron interaction.[59] 

Therefore, the molecular structure of guest molecules must also be considered when attempting to 

engineer the morphological characteristics of films and their stability during OLED operation. 

The formula of OLED lifetime used to estimate LT50 for OLEDs is   
      = constant (Section 

2), where acceleration factor n differs for each OLED. [318]  The formula indicates that high initial 

luminance of OLEDs accelerates their degradation because of high electrical current density in the 

device.[319] For practical display and lighting application of OLEDs, high luminance is essentially 

required (e.g., ~500 cd m-2 for general displays, ~1,000 cd m-2 for indoor lighting, ~5,000 cd m-2 for 

outdoor displays or lighting), so OLEDs must have good operational stability at high luminance.[320]  

Application of high bias to OLEDs to induce high luminance causes severe excessive charge 

accumulation at the interfaces of each functional layer in the device;[321] this accumulation leads to 

severe exciton-exciton annihilation (e.g., TTA) and exciton-charge interaction (e.g., TPA). Especially in 

SOLEDs, the aggregation of molecules in solution-processed organic film increases the population of 

triplet excitons and the frequency at which they are annihilated.[20] By these processes, such as TTA 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207454 by Seoul N
ational U

niversity, W
iley O

nline L
ibrary on [28/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

57 

and a TPA, carrier accumulation leads to non-radiative recombination at the interface, and thereby 

reduces luminous efficiency at high luminance,[20] and can also cause chemical degradation of 

organic conjugated molecules by undesirable photochemical pathways rather than the radiative 

channel.[322] Therefore, for both EOLEDs and SOLEDs, controlling charge balance is a main strategy to 

increase device efficiency and stability, and decrease efficiency roll-off.  

SOLED devices usually have a simple device structure because solution processing can cause 

intermixing or redissolution; both processes can impede deposition of multilayers. Therefore, charge 

balance within SOLEDs is not easily achieved;[12,20] many strategies to improve it have been tried, 

such as use of charge-transporting materials that have high charge-carrier mobility,[323] modification 

of energy levels,[324] and use of a mixed-host system.[318] 

The operational stabilities of phosphorescent and TADF SOLEDs have been increased by 

synthesizing novel hole-transporting phenothiazine and phenoxazine-substituted materials that have 

a fluorene core; both materials have higher    > 5.7   10-3 cm2 V s-1 than the conventional hole 

transporting NPB,[325] (    2.6   10-4 cm2 V s-1).[323]To verify the improved device characteristics 

with high    of HTMs, SOLEDs that incorporate these newly-synthesized HTMs were compared with 

those with conventionally-used NPB that uses a phosphorescent yellow emitter, Bis(4-

phenylthieno[3,2-c]pyridinato-N,C2') (acetylacetonate) iridium(III) (PO-01), 

(ITO/PEDOT:PSS/HTMs/CBP:PO-01/TPBi/Al) and also a device that uses a TADF green emitter, 

4CzIPN (ITO/PEDOT:PSS/HTMs/CBP:4CzIPN/TPBi/Al). In both phosphorescent and TADF SOLEDs, 

operational lifetime LT50 was obviously increased improvements (to 11.7 h from 3.8 h for 

phosphorescent SOLEDs and to 14.9 h from 4.9 h for TADF SOLEDs at L0 = 10,000 cd m-2). 

Use of a mixed-host in the EML is another way to increase operational stability without using 

multilayers. The mixed-host system prevents charge carrier accumulation at the interface; this 

accumulation degrades OLED stability.[12,20,61,318] The mixed-host EML improved electron-hole charge 
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carrier balance with thickness-controlled blade coating of functional layers in SOLEDs.[318] Use of the 

mixed host in SOLED devices simplifies their structure and thereby reduced the number of interfaces 

that contribute to the degradation of OLEDs.  

In one case, a TFB was used as an HTL to improve hole injection by reducing the energy 

barrier to hole injection between HIL and EML, and to protect the EML from the acidic PEDOT:PSS 

HIL.[318] Also, hole transporting NPB and electron transporting 2-methyl-9,10-di-2naphthylanthracene 

(MADN) were adopted in a mixed-host EML that used 3% N, N'-(4,4'-(1E, 1′E)-2,2'-(1,4-phenylene) 

bis(ethene-2,1-diyl)bis (4,1-phenyl-ene))-bis(2-ethyl-6-methyl-N-phenylaniline) BUBD-1 (in the 

structure ITO/PEDOT: PSS/TFB/10%NPB: 87%MADN: 3% (BUBD-1)/97%MADN: 3%BUBD-

1/Alq3/LiF/Al); in blue fluorescent SOLEDs, the device showed extended lifetime of 117.7 h at initial 

luminance of 500 cd m-2.[318]  

The charge-transport behavior of materials can also control the location of the 

recombination zone in EML. The intermixed interface between layers is where exciton-polaron 

quenching and successive chemical degradation of molecules occur. A shift of the recombination 

zone away from this interface can contribute to increase in device operational lifetime.[324] 7,7-

dimethyl-5-phenyl-2-(9-phenyl-9H-carbazol-3-yl)-5,7-dihydroindeno [2,1-b] Carbazole (PCIC) and 

2,4‐diphenyl‐6‐bis(12‐phenylindolo)[2,3‐a] carbazole‐11‐yl)‐1,3,5‐triazine (DIC-TRZ) 

were used to verify that the charge transporting ability of host molecules and the location of 

recombination zone affect the operational lifetime. PCIC has a shallow HOMO level (~5.5 eV), which 

facilitates hole injection to the EML (HOMO: ~6 eV). In contrast, DIC-TRZ has a deep LUMO level 

(~2.8 eV), which favors electron injection over hole injection. By using two different EML 

compositions, the location of the recombination zone was controlled to be different locations. To 

verify the influences on device lifetime, two SOLEDs were fabricated [device I: 

ITO/PEDOT:PSS/crosslinked HTM/PCIC:Ir(mppy)3 /DIC-TRZ/2-[4-(9,10-dinaphthalen-2-yl-anthracen-2-
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yl)-phenyl]-1-phenyl-1H-benzoimidazole(dNAPPBi):Liq/Liq/Al; device II: ITO/PEDOT:PSS/ crosslinked 

HTM/DIC-TRZ:Ir(mppy)3 /DIC-TRZ/dNAPPBi:Liq/Liq/Al]. Device I that uses PCIC had longer LT50 = 42 h 

than device II (14 h) because the recombination zone in Device I formed far from the interface 

between HTL and EML (Figure 9f).[324] To prevent intermixing of layers in SOLEDs, which causes low 

stability, a solvent additive 1,8-diiodooctane (DIO), was added to amino-functionalized polyfluorene 

(PFN) to crosslink polyelectrolyte used as an electron-injection layer.[326] After thermal annealing of 

PFN film at low temperature, DIO residues in the film bind the amino-side groups of PFN, so the 

crosslinked PFN layer is not dissolved by non-polar solvents. This use of the crosslinked PFN layer 

increased the LT70 to 4 h for the polymer LED (in the structure ITO/PEDOT:PSS/Super yellow/PFN/Ag)  

compared to 2 h in the device that used non-crosslinked PFN.[326] 

High operational temperature induced by Joule heating can also cause degradation of 

SOLEDs.[327] The lifetime of an OLED is generally one or two orders of magnitude lower at 60 to 70 °C 

than at room temperature.[328] At 33 V, surface temperature of operating OLEDs (Al/Alq3/TPD/ITO) 

can be increased to 86 °C,[293] which is higher than Tg = 65 °C of TPD. [198]  The high temperature 

causes severe breakdown because temperature > Tg induces recrystallization of organic materials. 

This phenomenon emphasizes the importance of operational temperature and Tg of the materials of 

SOLEDs. Molecular vibrations are inevitable in organic materials that have low Tg, and may cause 

them to migrate from their initial positions inside the device layers. This movement can affect 

nearby layers and lead to destruction of the display.[329] Increased electron injection and transport of 

ETL as well as high Tg of host material can increase the operational stability of SOLED devices. [194] 

CPCB was adopted as a host material due to high T1 (2.79 eV) and high Tg = 165 °C, which is higher 

than Tg of conventionally used CBP (62 °C); this difference implies that the morphological stability 

will increase when CPCB is used in SOLEDs.[194] TADF SOLEDs with CPCB (structure 

ITO/PEDOT:PSS/4CzIPN:CPCB/T2T/Bpy-TP2)/LiF/Al) showed improved T50 ~184 h at initial luminance 

of 1,000 cd m-2 (Figure 9g).  
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Other device components such as the conducting electrodes,[330] substrates,[331] and 

encapsulation[332] can also effect the operational stability of SOLEDs. The WF and electrical 

conductivity (inversely, sheet resistance) of transparent conducting electrodes effect the charge-

carrier injection and concomitant charge-carrier balance inside the LED devices, and thereby 

determine luminous efficiency and operational stability of devices.[64,67,154,330,333] The surface 

roughness also has a crucial influence on operational stability because the protruding regions on the 

electrode cause local path shortening, which can cause leakage current and degrade device 

efficiencies significantly.[63,64] Also, good surface topography of substrates can contribute to reducing 

the number of dark spots in OLED devices, and thus increasing device stability.[331] Also, realization of 

SOLED displays that have lifetime that is sufficient to make commercialization feasible requires 

development of a device-passivation technique that does not cause pinholes, and that has low-

water-vapor-transmission-rate.[332] 

 

5. Inkjet processing 

IJP is a process in which inks are ejected by piezoelectricity and the droplets land on the 

intended pixels. IJP greatly reduces material consumption compared to conventional thermal 

evaporation. Also, the substrate lies on a plate during IJP, so the method is suitable for large area-

manufacturing, especially on mother glasses over 10.5G (2,940 mm   3,370 mm).[29,71]  

The display industry has used IJP to manufacture SOLED panels. For proprietary reasons, 

most panel makers do not disclose their recent luminous characteristics of SOLED panels. However, 

we can infer these characteristics from the data of material suppliers (Table 1). Only one panel 

maker (JOLED Inc., Japan), mass-produces SOLED panels.[50] The size of mass-produced panels is 22, 

27, or 32 inch, with 204, 163, and 139 ppi, respectively. LG Display Co., LTD (South Korea) has been 

reported to test the inkjet printer for 8G mother glasses (2,200 mm     2,500 mm) mother in pilot 
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production.[330] Juhua Co. Ltd. (China) demonstrated a 31-inch rollable FHD OLED TV manufactured 

by IJP in 2020.[331]  

Most solid materials introduced in this review were evaluated using devices that had been 

prepared using spin-coating, not by IJP. Their processability in IJP must also be evaluated. For a 

solution process to deposit multilayer stacked structures, it must use IJP, vacuum drying, and baking 

process (Figure 10a). To achieve uniform and flat films, the physical properties of inks, including 

solution orthogonality[26,38,71], viscosity[40,74,332], boiling point[162,333], and surface tension[53,334,335], must 

be finely controlled. Here, we review the required physical properties of inks to make uniform and 

well-defined multilayer stacked structures by using IJP and vacuum drying. 

 

5.1. Solution orthogonality 

For IJP, the underlying organic layers must have a resistance to the solvents that are used for 

the upper layers, i.e., two adjacent layers must have high solution orthogonality.[71] High molecular 

weight of polymers or crosslinkable molecules can guarantee solution orthogonality, and these 

approaches, which were introduced in earlier sections, have successfully produced HILs and HTLs. 

However, small molecules, especially for EMLs and ETLs, have required use of a different strategy to 

introduce orthogonal solvents. 

The HSPs describe solute-solvent and solvent-solvent miscibility, and can be used to identify 

orthogonal solvents.[336] The HSP domain can be determined by the following equations: 

  

(  )
   (  )

  (  )
  (  )

 ,                                        (1) 

(  )
    (       )

  (       )
  (       )

 ,               (2) 
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where    is the total HSP,   ,   , and    are HSPs of atomic (D), dipolar (P), and hydrogen bonding 

(H) interactions, respectively, and    is the geometric distance, within the HSP domain, between 

two molecules in the mixture. To achieve solution orthogonality, the solutions for two adjacent 

organic layers must be as far apart as possible in the HSP domain. A single-solvent system cannot 

easily meet HSP for orthogonality concurrent with solubility for solid contents. Therefore, most inks 

use a multi-solvent system in which a primary solvent provides good solubility for solutes, and a 

secondary or third solvent maintains the HSP distance with the solution that was used for the 

underlying layers.[26] 

A solvent-resistance test can be used to test the orthogonality of inks.[38] In the test, the thin 

film sample is rinsed by the solvents of desirable inks for the overlying layer, then the PL of the 

sample is measured. By comparing the integrated intensities of the rinsed film and an untreated the 

film, the thickness remaining after the test can be calculated. This test has revealed that solvent 

resistance can be improved by increasing the molecular weight of small molecules in EMLs (Figure 

10b).[26,38] 

The solvent wash-out test can also assess the solution orthogonality of EMLs.[26] This test is 

performed by spin-coating with solvent-only ink over the EML film on anode/HIL/HTL, then thermally 

annealing the resulting film. Then tested sample is transferred to a thermal evaporation chamber to 

finalize the device fabrication process. Devices in which the EML dissolves show lower luminance, 

compared with EMLs that do not dissolve (Figure 10c). 

 

5.2. Inkjet jettability 
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During IJP, each ink droplet must be precisely dropped on the desired pixel. This goal is 

complicated by the process in which ejected droplets are consolidated (Figure 10d).[332,337] At the 

break-off point, the ejected droplet first forms a head with an attached tail, which quickly merges 

with the head at a point that is separated from the nozzle by a ‘consolidation gap’. A suitable 

consolidation gap between each pairs of drops is ~500 m.[162] However, the ink tail can 

disconnected from its head, to yield small ‘satellite’ droplets.[39]  They can disturb accurate drop 

placement, because they can be misdirected by aerodynamic and electrostatic forces. Use of 

polymer inks, in which polymer chains have a viscoelastic coil-stretch transition, can reduce the 

formation of satellite droplets.[40]  

The rheological properties of solution during IJP can be described using three non-

dimensional parameters: the Reynolds (Re), Weber (We), and Ohnesorge (Oh) numbers:[338]  

 

    
   

 
,                                                         (3) 

    
    

 
,                                                       (4) 

    
 

√   
  

√  

  
,                                                (5) 

 

where   is the density of the fluid,  is the velocity,   is the drop diameter, and   is the dynamic 

viscosity.  

The Z constant is the inverse of Oh, and has been widely used to predict whether the ink is 

printable (Figure 11e).[72–74] Z < 1 means that the ink is too viscous to be ejected from the IJP head, 

whereas Z > 10 indicates the viscosity is too low, so the tail of the droplet does not recombine with 
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the main head, and as a result satellites form. Also, if an ink is composed of only solvents with low 

boiling points, it is unstable, because it tends to evaporate in transit during the IJP process.[162]  

The viscosity can be controlled by using a co-solvent system.[74,333] A  solvent mixture with 

high boiling point and surface tension enables drops of small-molecule EMLs to travel straight down 

to the pixels.[333] 

For high-resolution panels, accuracy for drop-placement and drop size are very important. 

The minimum pixel pitch is determined by the sum of drop size and two times the drop-placement 

inaccuracy (Figure 10f). For panels that have 300-ppi resolution, the drop size must be < 4 pL and the 

drop must be placed with an error < 10 μm.[28] Therefore, IJP of high-resolution SOLED panels 

requires strictly-controlled ink properties and accurate equipment. 

 

5.3. Film flatness 

IJP uses droplets, and the dye is suspended in residual solvent after they land on substrate. 

These solvents can degrade device characteristics, including device efficiency and lifetime, and can 

damage the thermal evaporator during vacuum evaporation of overlying layers, so vacuum drying 

must be applied to remove solvents.[53] Uniform film flatness is very important to avoid uneven 

electrical current and non-uniform luminance in pixel.[28] While  most organic films from thermal 

evaporation are uniform without any additional treatment, in the case of  IJP, film flatness depends 

on the Marangoni effect caused by the surface-tension gradient within ink drops during vacuum 

drying (Figure 10g).[53,75–77] The convection flow by the Marangoni effect occurs from areas of low 

surface tension to areas of high surface tension.[53,334] When surface tension is higher in the outer 

area than in the inner area, the flow gives the film a concave shape, whereas when surface tension is 

higher in the inner area in than the outer area, the film becomes convex.  
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The viscosity of the ink increases during the drying process, and this change can help to 

prevent Marangoni flow and yield a flat film.[53] One strategy to control the viscosity during the 

drying process is to use a multi-solvent system.[335,339,340] When solvents have different vapor 

pressures, they dry at different speeds, so the overall viscosity changes during vacuum drying. 

Viscosity can also be changed by adjusting the amounts of aggregate parts in polymer chains (Figure 

10h).[27,53] This control of viscosity by both the solvent system and by solid content can yield flat 

films.  

Hydrophilicity and hydrophobicity of substrates can also cause pile-up at the edges of banks 

that are required to separate pixels.[341,342] Control of these characteristics can minimize this pile-up. 

Ink droplets assume a low contact angle on a hydrophilic surface, and a high contact angle on 

hydrophobic surface. The bank material is usually composed of acrylic molecules, so droplets can 

become pinned at the edge of a bank and pile up over it.[76] Different hydrophilic and hydrophobic 

treatments on the substrate and bank can alleviate the pile-up phenomenon.[343,344] Use of a 

hydrophobic top interface on a bank can prevent ink overflow and lower the pinning point to avoid 

pile-up.[345] 

The solvent formulation of inks also affects its wetting capability and the uniformity of 

films.[333,335] An ink that has high surface tension usually recedes from contact with the bank, and 

thus dewets it.[346] Therefore, to obtain a flat film, the surface-energy mismatch and the dewetting 

phenomenon must be avoided. Addition of a surfactant can lower the contact angle of ink droplets 

on substrates.[77,335]  The best range of surface tension for uniform PEDOT:PSS films is 28 to 40 mN m-

1, but the optimal surface tension can be different depending on the characteristics of the underlying 

layer. 

For high-resolution (> 200 ppi) panels, viscosity control is most important. The inks for high-

require resolution panels require a higher solid concentration of inks than low-resolution panels, to 
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achieve the same thickness.[27,53] In this case, as the concentration increases, the viscosity of ink 

increases, so production of flat films becomes difficult. Therefore, fabrication of high ppi-panels by 

IJP requires deep understanding of the relationship between ink properties and film flatness.[76,347] 

 

6. Conclusion 

This review presented the advantages and disadvantages of the SOLEDs compared to those 

of the EOLEDs, and has considered the industrial needs for OLED display applications. SOLEDs have 

several advantages for industrial display applications, such as low consumption of materials, easy 

processing, and large area-manufacturing with 10.5G (2,940 mm   3,370 mm) mother glasses.[29] 

The manufacturing cost of SOLEDs produced by IJP is estimated to be ~25% lower than those of 

currently-used white EOLEDs produced by LG Display Co..[30] However, SOLEDs still have big 

challenges that must be solved before they are suitable for industrial uses. The most important 

considerations are regarding solution processing, such as liquid-state processability of materials,[24–

26,32,35,39,40] intermixing of layers or redissolution of underlying layers in OLEDs,[41,42] limited 

efficiencies and their severe roll-off[20] and operational instability caused by less-densely packed 

solution-processed organic film and their SOLEDs[16] compared to the thermally-evaporated 

counterparts. EOLED devices have been developed to have multiple functional layers including 

charge injection, transporting, and blocking layers for better charge balance, and therefore have 

high luminous efficiency and high operational stability.[11] However, SOLEDs have several processing 

limitations that result from solution processing of the layers, so a simplified device architecture is 

more suitable rather than a multilayered structure.[12]  

Therefore, materials that compose the common charge-injection/transporting layers must 

be developed toward multifunction in simplified OLEDs. Basically, the interfacial common layers 

must have appropriate energy levels to reduce the charge-injection energy barrier into the EML, and 
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must have charge-carrier mobilities that balance the numbers of charge carriers and prevent charge 

accumulation within the device. Furthermore, the injection/transporting layer must be able to block 

opposite charge carriers and to act as a buffer layer near the EML to prevent exciton dissociation in a 

simple-structured device.[11,12,60,63,152] Also, common layers such as HILs and HTLs are usually located  

under the solution-processed EML, so the materials must have solvent resistivity to minimize 

redissolution and intermixing between them. Fabrication of highly-efficient and operationally stable  

SOLEDs with simple device structure requires development of methods to crosslink organic 

transporting materials[148,166,167] or to modify the interface between polymeric materials.[169–171]  

The dimerization, trimerization or dendrimerization of host or self-host materials for EML is 

a promising approach to simultaneously render good solvent resistance, high solubility, and wide 

and easily tunable physical and optoelectronic properties.[129] Also, development of highly-tunable 

polymeric materials for self-host EML is a suitable research direction. One approach is to incorporate 

100%-emissive triplet-harvesting emitters such as phosphorescent and TADF emitters into carefully-

designed polymer chains[252,260,261] to achieve solution processability, film formability, solvent 

resistance, high luminous efficiency and high device stability. 

Practically-usable SOLEDs must have high efficiency, low efficiency roll-off, and long-term 

operational stability. To achieve these traits, the characteristics of the devise must be understood, 

and their attributes must be characterized in depth. The emission and energy-transfer mechanisms, 

and influences of host compositions in the device must be further studied for each phosphorescent, 

TADF, and hyperfluorescence emitter and host system. Specific subjects include direct charge 

trapping[12,20] and exciplex-forming mixed host EML structure.[293] Also, characterization tools must 

be developed and used in studies of the interfaces of SOLEDs fabricated by the solution process. 

Targets for study include the intermixing zone, inter-diffusion, and partial dissolution.  
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The tandem SOLED structure composed of two-or more stacked EL units is another efficient 

method to increase operational lifetime and decrease the efficiency roll-off characteristics compared 

to single-EL structure.[348,349] Development of tandem SOLEDs requires a method to fabricate the 

charge-generation layer between two EL units. Furthermore, tandem OLEDs include more layers 

than a single device, so the solvent orthogonality or crosslinking of materials in each layer must be 

carefully designed. 

This review has suggested important development directions of materials, devices and 

processing techniques to reduce the gap between industrial standards of commercial EOLEDs and 

SOLEDs, as well as the gap between SOLEDs fabricated in industry and in academia. Academic 

researchers should work to develop novel materials and characterization tools for in-depth 

understanding the phenomena that occur only in solution-processed devices. The research 

directions of materials, devices, and solution-processing technologies for SOLEDs reviewed and 

suggested in this review will guide for both academia and industry toward practically usable, mass-

produced SOLEDs displays. 
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Figure 1. Schematics of structure and light-emission by mass-produced large area panels. 

(a) Evaporated RGB OLED, (b) Evaporated tandem white-emitting OLED, (c) Evaporated quantum dot 

tandem blue-emitting OLED, (d) RGB SOLED.  
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Figure 2. Schematic diagram of advantages and disadvantages of SOLEDs: Advantages of (a) low 

material consumption and (b) simple and top-emission structure. Disadvantages of difficulty in 

making well-defined multi-layers in the respect of (c) film shapes after IJP and vacuum drying and (d) 

various phenomena between adjacent layers during solution processes. 
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Figure 3. Optical image of (a) commercial inkjet-printed 4K OLED monitor produced by JOLED  (j-

oled.com), and (b) prototype of 18.2-inch 202-ppi inkjet-printed OLED panel demonstrated by 

Samsung Display Co., Ltd. Reproduced with permission.[28] Copyright 2020, Wiley. 
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Figure 4. Literature survey of (a) maximum current efficiency, (b) maximum external quantum 

efficiency and (c) operational lifetime (LT50 at 1,000 nit) according to emission wavelength of SOLEDs 

fabricated in academic laboratories. 
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Figure 5. (a) Spin statistics of the generated singlet and triplet excitons, and energy diagram of 

fluorescent organic emitters, phosphorescent heavy metal complex, and thermally-activated delayed 

fluorescence (TADF) organic emitters (ISC: intersystem crossing, IQE: internal quantum efficiency, S0: 

singlet ground state, S1: singlet excited state, T1: triplet excited state). (b) Molecular structures of N-

phenylcarbazole core (H0) and 1st-generation (H1) and 2nd-generation (H2) carbazole-derived 
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dendrimers. Reproduced with permission.[220] Copyright 2009, WILEY-VCH. (c) Thermal stability of 

carbazole dendrimer measured by differential scanning calorimetry (DSC) with a heating rate of 10 

°C min–1. Reproduced with permission.[218] Copyright 2013, WILEY-VCH. (d) The features of 

phosphorescent dendrimers with iridium cores. Reproduced with permission.[226] Copyright 2009, 

WILEY-VCH. (e) UV-vis absorption spectra measurement for anti-solvent resistance test by 

isobutanol for 1 to 3 cycles. Reproduced with permission.[129] Copyright 2019, WILEY-VCH. 
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Figure 6. (a) Glass-transition temperature of polymeric light emitter, super yellow (SY, PDY-132) 

measured by thermogravimetric analysis (TGA). Reproduced with permission.[236] Copyright 2017, 

Springer Nature. (b) Schematic crosslinking mechanism of SY with azide crosslinker. Reproduced with 

permission.[241] Copyright 2022, WILEY. (c) Schematic chemical structure of self-host polymers. (d) 

Molecular structure of ambipolar self-host polymer with a phosphorescent emitter, and hole-

transporting and electron-transporting side groups. Reproduced with permission. [252] Copyright 

2005, AIP Publishing. (e) Chemical and polymer structures of main-chain-type TADF polymer 

containing a high-triplet energy level backbone (B) monomer, donor (D) and acceptor (A) units. 

Reproduced with permission.[254] Copyright 2015, WILEY-VCH. (f) Synthesis route and chemical 
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structure of the side-chain-type TADF copolymer. Reproduced with permission.[259] Copyright 2016, 

American Chemical Society. 

 

 

Figure 7. Schematic diagram of two emission mechanisms: (a) direct charge trapping at dopant in 

mixed host system and (b) energy transfer from exciplex-forming host to fluorescent or 

phosphorescent dopants by Förster resonance energy transfer (FRET) and Dexter energy transfer 

(DET). (c) Electron-transport mechanism for improved charge balance in solution processed PhOLEDs 

with a charge-balance-assistant CBP molecule in mixed host EML. Reproduced with permission.[20] 

Copyright 2020, WILEY-VCH. (d) External quantum efficiencies of orange-red solution processed 

PhOLEDs (inset: angular EL intensity profile (left) and photograph of the operating device). 

Reproduced with permission.[12] Copyright 2016 American Association for the Advancement of 
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Science. (e) Efficiency roll-off characteristics of solution processed PhOLEDs with TCTA:2PTPS:Ir(ppy)3 

and TCTA:2PTPS:Ir(ppy)2(acac):CBP EMLs. Reproduced with permission.[20] Copyright 2020, WILEY-

VCH. (f) Demonstration of large-area flexible white solution processed PhOLED lighting device. 

Reproduced with permission.[12] Copyright 2016, American Association for the Advancement of 

Science. (g) Current efficiency-luminance characteristics depending on the distance between 

interfacial exciplex and dopant. Reproduced with permission.[292] Copyright 2015 Springer Nature. (h) 

PL spectra of exciplex-forming TAPC and 5′,5′′′′-sulfonyl-di-1,1′:3′,1′′-terphenyl (BTPS) hosts and UV-

vis absorption spectrum of Firpic dopant. Reproduced with permission.[291] Copyright 2014, WILEY-

VCH.  
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Figure 8. Delayed fluorescence mechanisms based on (a) delayed fluorescence dopant system, (b) 

host sensitizer system and (c) hyperfluorescence system. Device efficiencies of TADF-SOLEDs that 

use delayed fluorescence dopants emitting (d) green, (e) red and (f) blue. Reproduced with 

permission.[15] Copyright 2016, WILEY-VCH. (g) Energy level diagram, (h) electroluminescence 

spectrum and (i) external quantum efficiencies of TADF-SOLEDs based on hyperfluorescence system. 

Reproduced with permission.[316]  Copyright 2022, The Royal Society of Chemistry. 
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Figure 9. (a) Refractive index of solution-processed and vacuum-deposited TBADN films, 

(b) luminance versus time characteristics of solution-processed and vacuum-deposited OLEDs. 

Reproduced with permission.[16] Copyright 2009, WILEY-VCH. Normalized EL spectra of TED guest 

device with (c) vacuum-deposited EML, (d) solution-processed EML and (e) luminance versus time 

characteristics of vacuum-deposited and solution-processed film with different TEG wt%. 

Reproduced with permission.[59] Copyright 2022, American Chemical Society. (f) Scheme of Exciton-

polaron quenching according to the location of recombination zone. Reproduced with 

permission.[324] Copyright 2022, Elsevier (g) luminance versus time characteristics between device 
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that has low-Tg material host (CBP), and device that has high-Tg material host (CPCB). Reproduced 

with permission.[194] Copyright 2015, Royal Society of Chemistry. 
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Figure 10. Physical properties of materials required for solution-processes: (a) Schematic fabrication 

processes of SOLEDs. (b) Solvent resistance[38] and (c) wash-out test for solution orthogonality[26]. (d) 

Schematics of droplet ejected from inkjet head.[332] (e) Printable region of inks described by Z 

constant.[40] (f) Required ink-drop-placement accuracy depending on pixel pitch.[28] Film shape 

depending on (g) Marangoni flow[53] and (h) ink viscosity[53]. (b) Reproduced with permission.[38] 

Copyright McMillan Publishers Limited, 2014. (c) Reproduced with permission.[26] Copyright 2021, 

WILEY. (d) Reproduced with permission. [332] Copyright 2018, WILEY. (e) Reproduced with 

permission.[40] 2018 Elsevier B.V.  (f) Reproduced with permission.[194]  Copyright 2020, WILEY. (g, h)  

Reproduced with permission.[53] Copyright 2021, WILEY. 
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Table 1. Recent luminous characteristics of EOLEDs and SOLEDs from various material suppliers 

Material 

supplier 

OLED 

type 

Emission 

type 

Red  Green  Blue 

Ref. 

CE a) 

[cd A-1] 

 

(at 

1,000 

cd m-2) 

CIE-x,y 

LT95
b)  

[h] 

 

(at 

1,000 

cd m-2) 

 CE 

[cd A-1] 

 

(at 

1,000 

cd m-2) 

CIE-x,y 

LT95 

[h] 

 

(at 

1,000 

cd m-2) 

 CE 

[cd A-1] 

 

(at 

1,000 

cd m-2) 

CIE-x,y 

LT95  

[h] 

 

(at 

1,000 

cd m-2) 

Kyulux 

(Japan) 

EOLED BEc) 50 
0.70, 

0.29 
20,000 

 

224 
0.17, 

0.78 
59,000 

 

20.25 
0.11, 

0.09 
450 [52] 

Sumitomo 

Chemical 

(Japan) 

SOLED 

BE 

(SCe)) 

18.0 
0.68, 

0.32 
11,000 

 

76.1 
0.32, 

0.63 
26,000 

 

6.4 
0.13, 

0.10 
1,050 

[53] 

TEd) 

(SC) 

43.6 
0.68, 

0.32 
38,000 

 

102.8 
0.24, 

0.72 
10,000 

 

5.8 
0.13, 

0.06 
390 

Mitsubishi 

Chemical 

(Japan) 

SOLED 

BE 

(SC) 

24 
0.67, 

0.33 
4,000 

 

82 
0.31, 

0.64 
11,000 

 

7.4 
0.13, 

0.12 
300 [27] 

Merck KGaA 

(Germany) 

SOLED 

BE 

(IJP) 

17.1 
0.69, 

0.31 
4,700 

 

86.7 
0.33, 

0.64 
6,800 

 

9.5 
0.14, 

0.13 
600 

[35] 

TE 

(IJP) 

22.1 
0.70, 

0.30 
8,300 

 

108.7 
0.28, 

0.70 
6,000 

 

3.5 
0.14, 

0.06 
200 

a)CE measured at 1,000 cd m-2; b)LT95 measured at 1,000 cd m-2; c)Bottom emission; d)Top emission; 
e)spin-coating 
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Table 2. State-of-the-art SOLEDs fabricated in academic laboratories 

Year Emitter type 
Emission 

type 
Device structure 

Maximum 

CEa) 

[cd A-1] 

Maximum 

PE 

[lm W-1] 

Maximum 

EQE 

[%] 

Peak 

wavelength 

[nm] 

CIE-x,y 

LT50
b) 

[h] 

 

(at 1,000 

cd m-2) 

Ref. 

2019 Fluorescence 

BEc) 

(SCd)) 

ITO / PEDOT:PSS / CBP : 

2DPATrxSO2 / TPBI / LiF / Al 
11 4.5 10.6 ~488 (0.16,0.34) - [350] 

2018 Fluorescence 

BE 

(SC) 

ITO / PEDOT:PSS / TFB / F8BT / 

poly(DDA)TFSI / Al 
30.1 32.4 9 ~540 - - [351] 

2021 Fluorescence 

BE 

(SC) 

ITO/ PEDOT:PSS/ TCTA:H-DPPN/ 

TPBI/ LiF/ Al 
11.8 8.3 4 570 (0.50,0.48) - [352] 

2020 Fluorescence 

BE 

(SC) 

ITO/ PEDOT:PSS/  mCP: Pt2a/ 

DPEPO/TmPyPB/ Liq/ Al 
14.3 4.1 8.7 614 (0.56,0.43) - [353] 

2020 Fluorescence 

BE 

(SC) 

ITO/ PEDOT:PSS / BTZ2 / TPBI / LiF 

/Al 
- - 4.15 648 (0.65,0.36) - [354] 

2022 Phosphorescence 

BE 

(SC) 

ITO / PEDOT:PSS / TSPO1 : mer-

Ir(CF3pbp)3 / TSPO1 / TPBI / LiF / Al 
7.7 4.1 21.2 423 (0.161,0.054) - [355] 

2016 Phosphorescence 

BE 

(SC) 

ITO / GraHIL / TCTA : 2PTPS :  
Ir(ppy)3 / TPBI / LiF / Al 

101.5  29 ~514 - - [12] 

2020 Phosphorescence 

BE 

(SC) 

ITO / m-PEDOT:PSS / TCTA : TPBi : 

Ir3 / TPBI / LiF / Al 
91.98 48.16 24.08 523 (0.335,0.612) - [213] 

2016 Phosphorescence 

BE 

(SC) 

ITO / GraHIL / TCTA : 3PTPS : 

Bt2Ir(acac) / TPBI / LiF / Al 
97.5  35.5 563 - - 

[12]
 

2017 Phosphorescence 

BE 

(SC) 

ITO / GraHIL / TCTA : TPBI : Ir(Th-

PQ)2 / TPBI / LiF / Al 
26 - 21 ~612 (0.64,0.34) - [356] 

2015 Phosphorescence 

BE 

(SC) 

ITO / PEDOT:PSS / P-R-3 / TPBI / LiF 

/ Al  
8.31 2.95 16.07 640 (0.68,0.31) - [58] 

2021 TADF 

BE 

(SC) 

ITO / PEDOT:PSS / PVK / mCP : BO-

tCzPhICz / TPBI / LiF / Al 
10.5 7.36 17.8 436 (0.15,0.077) - [57] 
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Year Emitter type 
Emission 

type 
Device structure 

Maximum 

CEa) 

[cd A-1] 

Maximum 

PE 

[lm W-1] 

Maximum 

EQE 

[%] 

Peak 

wavelength 

[nm] 

CIE-x,y 

LT50
b) 

[h] 

 

(at 1,000 

cd m-2) 

Ref. 

2021 TADF 

BE 

(SC) 

ITO / PEDOT:PSS / PVK / 

DMeCzIPN: mCP / DPEPO / TmPyPB 

/ LiF / Al 

44.3 23.7 21.6 478 (0.16,0.30) - [357] 

2016 TADF 

BE 

(SC) 

ITO / Buf-HIL / CBP : 4CzIPN / TPBI / 

LiF / Al 
73 58 24 ~511 - - [15] 

2022 TADF 

BE 

(SC) 

ITO / PEDOT:PSS / PVK/ P(Bn-

DPAc) : tPTRZ : t4CzIPN / TPBI / LiF / 

Al 

107.3 84.3 31.2 ~528 (0.33,0.60) - [358] 

2022 TADF 

BE 

(SC) 

ITO/ PEDOT:PSS/ 2SPAC-DBP-

2tBuCz : TCTA : 26DCzPPy /  

B4PyPPM / LiF / Al 

38.6 48.8 23.7 583 (0.54,0.45) - 
[359]

 

2020 TADF 

BEb) 

(SC d)) 

ITO / PEDOT:PSS / TCTA : oDTBPZ-

DPXZ / TmPyPB / LiF / Al 
31.0 27.1 18.5 612 (0.60,0.40) - [360] 

2018 hyperfluorescence 

BE 

(SC) 

ITO / MoO3 / Poly-TPD / PVK /  

DPOBBPE : 5CzCN : TBPe /  TSPO1 / 

TPBI / LiF / Al 

31.1 16.3 19.5 470 (0.15,0.23) - [361] 

2021 hyperfluorescence 

BE 

(SC) 

ITO / PEDOT:PSS / GP-10 : TBPAD / 

TSPO1 / TmPyPB / LiF / Al 
66.5 - 19.2 529 (0.34,0.59) - [317] 

2021 hyperfluorescence 

BE 

(SC) 

ITO / PEDOT:PSS / RP-05 : NTTPA / 

TSPO1 / TmPyPB / LiF / Al 
20.7 - 8.8 ~590 (0.50,0.48) - 

[317]
 

2022 hyperfluorescence 

BE 

(SC) 

ITO / PEDOT:PSS / CBP : 4CzIPN-
tBU : Cibalackrot / TPBI / Liq / Al 

- - 15.3 ~610 - - [316] 

2021 hyperfluorescence 

BE 

(SC) 

ITO / PEDOT:PSS / RP-15 : NTTPA / 

TSPO1 / TmPyPB / LiF / Al 
10.6 - 10.3 640 (0.60,0.38) - [317] 

2017 Fluorescence 

BE 

(BCe)) 

ITO / PEDOT:PSS / TFB / NPB : 

MADN : BUBD-1 / MADN : BUBD-1 

/ Alq3 / LiF / Al 

5.68 1.75 2.57 464 - 36 [318] 

2015 TADF 

BE 

(SC) 

ITO / PEDOT:PSS / CPCB : 4CzIPN /  

T2T / Bpy-TP2 / LiF / Al 
- - 9.9 510 - 184 [194] 

2022 TADF BE 

ITO / PEDOT:PSS / DDPPFPh / CBP : 
71.6 53.2 25 ~510 (0.29,0.58) 590 [323] 
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Year Emitter type 
Emission 

type 
Device structure 

Maximum 

CEa) 

[cd A-1] 

Maximum 

PE 

[lm W-1] 

Maximum 

EQE 

[%] 

Peak 

wavelength 

[nm] 

CIE-x,y 

LT50
b) 

[h] 

 

(at 1,000 

cd m-2) 

Ref. 

(SC) 4CzIPN / TPBI / LiF / Al 

2017 Fluorescence 

BE 

(BC) 

ITO / PEDOT:PSS / TFB / NPB :  

MADN : BUBD-1 : Rubrene / Alq3 / 

LiF / Al 

10.87 2.44 3.35 ~560 (0.41,0.48) 369.3 [318] 

2022 Phosphorescence 

BE 

(SC) 

ITO / PEDOT:PSS / DDPPFPh / CBP : 

PO-01 / TPBI / LiF / Al 
50.6 45.4 19.6 565 (0.51,0.48) 465 [323] 

2017 phosphorescence 

BE 

(BC) 

ITO / PEDOT:PSS / TFB : EPH409 : Ir 

(mppy)3 / LiF / Al 
14.14 6.4 3.98 520 - 95.4 [318] 

2017 phosphorescence 

BE 

(BC) 

ITO / PEDOT:PSS / TFB /TFB : 

EPH409 : Ir(mppy)3 : PER54 / CsF / 

Al 

10.93 5.28 7.15 610 - 48.6 [318] 

a)CE measured at its maximum,  b)T50 measured at 1,000 cd m-2; c)Bottom emission; d)Spin-coating; 
e)Blade-coating  
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The review outlines industrial demands for commercial solution-processed organic light-emitting 

diode (SOLED) displays and current status of SOLEDs in industries and academia. For their practical 

use in displays, technical challenges and directions of research and development in SOLEDs to 

achieve high efficiency, long lifetime, and good processability are reviewed in this article. 
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