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revolutionary manufacturing method that upends the 

conventional understanding of EL device manufactur-

ing, where coating and filming are conducted in an at-

mosphere like a home inkjet printer.

Our company’s development of OLED materials4), 

derived from research on conductive polymers that 

started in 1981, has reached the level of actualizing 

practical characteristics while promoting joint develop-

ment with various companies, including display manu-

facturers. And it was achieved that the first display 

products using our materials were shipped in 2017. 

This is the world’s first EL device product that employs 

the inkjet printing method to form the active layer 

(emission layer)5).

Solution-processed OLEDs were an unexplored area 

of science and technology, but our company has paved 

the way for their practical application by elucidating the 

driving principle and degradation mechanism. Current-

ly, we are vigorously continuing material development 

in order to meet the demand for advanced display per-

formance. In this paper, we introduce the features and 

technologies of the polymer-type OLED materials de-

veloped and manufactured by our company while pro-

viding an overview of the material technology and 

device technology of solution-processed OLEDs.

Introduction

There are many luminescent materials and optical 

devices worldwide but only a few electro-luminescence 

(EL) device technologies exist that emit light from the 

materials through which an electric current flows1). 

Among these technologies, organic electro-lumines-

cence (also known as “organic light-emitting diode”, 

OLED), which made it possible to pass an electric cur-

rent through organic material, thought to be an insula-

tor, and make it emit light in the three primary colors 

of RGB, is truly an exceptional and epoch-making tech-

nology2), 3).

OLEDs have undergone active research and develop-

ment as a next-generation display technology with fea-

tures such as high-speed response, thinness, and 

lightweight, and today, they are widely used in the mar-

ket as a display for T Vs and smartphones. Current 

products of OLED displays are similar to conventional 

EL device products, such as compound semiconductor 

LEDs, from the perspective that they are manufactured 

by depositing luminescent materials in vacuum cham-

bers (the evaporation method is often used for OLEDs). 

Meanwhile, Sumitomo Chemical Co., Ltd. has devel-

oped solution-processable OLED materials. These ma-

terials enable printed optoelectronics, which is a 
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Material requirements for solution-processed 
OLEDs:

1. OLED driving principle and physical property 
requirements

First, we provide an overview of the OLED’s driving 

principle and physical property requirements. The op-

erating mechanism of the OLED can be understood by 

referencing an inorganic semiconductor LED, where 

electrons and holes are supplied from the cathode and 

anode, respectively, into the film; when the two meet 

on the molecule, an excited state is generated, which 

leads to luminescence (Fig. 1)6). T he emission effi-

ciency (external quantum efficiency (EQE)) of an 

OLED is expressed by the following Eq. (1):

(1)EQE = γ ∙ ηeh ∙ φph ∙(1−Q)∙ ηoc

where γ is the balance factor between the electron cur-

rent and hole current, ηeh is the excited state genera-

tion probability due to charge recombination, φph is the 

emission quantum yield from the excited state, Q is the 

quenching factor (electrode quenching, etc.) that de-

pends on the device structure, and ηoc is the extraction 

efficiency of the light that is generated inside the de-

vice to the outside of the device (external optical out-

coupling efficiency).

Functions required in a material are the functions of 

(1) receiving charges (electrons, holes) from the elec-

trodes, (2) passing electric charge as current, (3) re-

combining electrons and holes to generate excited 

states, and (4) converting the generated excited state 

into light (luminescence); with (1) and (2) related to γ, 
(3) related to ηeh, and (4) related to φph. Q and ηoc are 

the main factors related to device design, but ηoc, in 

particular, depends greatly on the position of light gen-

eration within the device due to the microcavity effect 

described later, so the functional requirements of (1), 

(2), and (3) are closely related to ηoc. Thus, OLED ma-

terials are subject to various requirements for active 

device operation, which are interrelated and directly 

impact device performance.

2. Material requirements for device structures 
and manufacturing methods

Next, we provide an overview of the material require-

ments associated with device structures and manufactur-

ing methods. The organic layer in OLEDs is composed 

of several layers, and its total thickness is several dozens 

to several hundreds of nanometers, with the thickness of 

one layer being extremely thin at 20 nm or less in some 

cases. Fig. 2(a) shows a schematic diagram of the layer 

structure and the energy bands of a typical evapora-

tion-processed OLED. Evaporation-processed OLEDs, 

in which low-molecular-weight materials are deposited 

by the vacuum evaporation method, have been devel-

oped by dividing the above-mentioned functions (1)–

(4) that are required for the OLED into respective 

functional layers and developing functionally special-

ized materials. For example, white OLEDs (WOLEDs), 

which are currently commercially available as display 

panels for TVs, consist of multilayer films composed of 

a dozen or so layers7).

Difficulties emerge when forming such a multilayer 

Fig. 1 Schematic of OLED operation mechanism: i) electrons are injected from the cathode and transported; ii) 
holes are injected from the anode and transported to the inside of the layer; iii) recombination of electrons 
and holes in a molecule generates excited states that emit light. HOMO: Highest Occupied Molecular Or-
bital, LUMO: Lowest Unoccupied Molecular Orbital
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film with a coating process. This is because there is a 

need to incorporate a function to prevent the lower 

layer from being dissolved when the solution of the 

upper layer is dropped onto the lower layer. One method 

to prevent the dissolution of the lower layer f ilm is to 

crosslink and cure the lower layer film; another method 

involves using a solvent that does not dissolve the 

lower layer film in the solution for the upper layer 

film8). With the former method, a curing process is 

added each time the number of layers increases, and 

the lower layer material is required to withstand multi-

ple curing processes. With the latter method, the 

higher the layer, the fewer the solvent options, and the 

more layers there are, the greater the difficulty.

In our company’s development of solution-process-

able OLED materials, we solved this problem by using 

the features of polymers to create functionally inte-

grated materials. In other words, as shown in Fig. 2(b), 

we put into practical application a solution-processed 

OLED by developing a material that can satisfy the re-

quired functions (1)–(4) even in a device structure with 

a very small number of layers.

Here, we would also like to touch on the cost advan-

tages for the structure of devices with a small number 

of layers and the inkjet printing method. Table 1 shows 

a comparison of manufacturing technologies for vari-

ous OLED displays. Currently, there are three types of 

vacuum evaporation methods. The evaporation method 

C
athode

Fig. 2 Comparison of the OLED structure and energy band diagram (a) Device made by vacuum evaporation 
(small molecule) (b) Device made by solution process (polymer)
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Table 1

(a) RGB side-by-side (b) White + Color filter (c) QD-OLED RGB printing
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Selection of the solvent used for the ink is imperative 

in the inkjet printing method, and not all solvents can 

be used without limitation10). Stabilizing ink ejection re-

quires selecting a solvent with the appropriate viscosity 

and boiling point; solvents that damage the inkjet head 

must be avoided. Furthermore, as mentioned above, 

the f ilm thickness of the functional f ilm in OLEDs is 

extremely thin, and obtaining a flat film in the pixel 

with the ejected ink requires precise control of the film 

formation behavior during drying. For these problems 

with inkjet printing methods, the polymer OLED mate-

rials developed by our company have the advantage of 

the ink viscosity and film formation properties being 

easy to control, as described later. Therefore, we ac-

complished commercialization by systematically ad-

dressing the issues associated with inkjet printing 

processes one at a time.

3. Polymer OLED materials of Sumitomo 
Chemical Co., Ltd. 

As mentioned above, we have developed function-in-

tegrated OLED materials that can be applied to the ink-

jet printing method and its device structure. Fig. 3 

illustrates an overview of the material developed by our 

company. Our company has developed, manufactured, 

and sold fluorescent blue light-emitting layer materials, 

phosphorescent green light-emitting layer materials, 

phosphorescent red light-emitting layer materials, and 

interlayer materials.

Our company’s OLED material is a copolymer that 

introduces multiple functional units based on f luorene. 

The diagram on the right in Fig. 3 shows an overview 

of the compound as an example of the blue light-emitting 

(a) that is used for manufacturing small displays such 

as smartphones requires a large number of vacuum 

evaporation equipment and high-definition shadow 

masks for each color (referred to as fine metal masks 

(FMMs)) and has problems such as difficulties in in-

creasing the size of FMM and low material usage effi-

ciency. The evaporation method (b) is used for 

manufacturing large displays and does not require 

FMMs but has a very large number of layers and re-

quires even more vacuum chambers. In addition to the 

fact that pixels are white light-emitting structures and 

require color filters, there is also the problem of high 

power consumption due to low external optical outcou-

pling efficiency due to device structure requirements. 

Using the recently developed evaporation method (c) 

to form only the blue OLEDs should be done to resolve 

this problem, but it is said that there are still problems 

with the quantum dot color conversion film. In contrast 

to these evaporation-processed OLEDs, the inkjet print-

ing method for solution-processed OLEDs eliminates 

material waste because each RGB color is applied only 

where necessary. T he inkjet printing display has a 

three-primary-color emittable pixel, so it is possible to 

design a display that does not use a color filter. Fur-

thermore, FMMs are not required, so it is easy to in-

crease the screen size, and there is a high degree of 

freedom in terms of size, such as the ability to build 

displays of different sizes on the same substrate. Given 

these features of the manufacturing method, the inkjet 

printing method has many opportunities for reducing 

display manufacturing costs, and it is a technology that 

enables the inexpensive manufacturing of large-screen 

and high-performance displays9).

Fig. 3 Portfolio of Sumitomo’s solution-processable polymer OLED materials
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mizing changes in each element (material functions 

(1)–(4)) in Eq. (1). For many years, we have continued 

to analyze the controlling factors that cause the de-

crease in emission intensity; here, we introduce some 

of the technical details.

The physical properties listed in Eq. (1) can be 

broadly classif ied into (i) components related to the 

emission probability of the excited state (φph) and (ii) 

other components mainly related to the f low of current 

(γ, ηeh, Q, ηoc). We have developed a unique measure-

ment method to enable an analysis that distinguishes 

between factors (i) and (ii). Extracting and evaluating 

only factor (i) requires removing the ef fect of current, 

so the stability of light emission due to photoexcitation 

(photo-luminescence, PL) rather than due to current 

excitation should be measured. We have developed a 

measurement system that combines a light source that 

can excite an emission material and a photometer to 

monitor the PL intensity from a measurement sample 

over time while continuously applying excitation light. 

Fig. 4(a) shows the evaluation results of PL stability. 

The horizontal axis is the photoexcitation time t, and 

the vertical axis is the PL intensity normalized at t = 0. 

It can be seen that a longer photoexcitation time re-

sulted in a decreased PL intensity, and a higher exci-

tation density (initial emission intensity) resulted in a 

faster decrease in PL intensity. Such a decrease in PL 

intensity does not occur when the electron current or 

hole current is applied alone11). Additionally, the order 

of EL stability and PL stability was consistent among 

different materials11). Based on the above, we clarified 

that the dominant degradation factor in polymer OLEDs 

is the decrease in the emission quantum yield φph, 

which occurs through the excited state of the material.

layer material. Here, f luorene is the major building 

block of the backbone and is responsible for electron 

transport, and the copolymerized amine units are re-

sponsible for hole transport, charge recombination, and 

luminescence. As shown in the figure, the fluorene unit 

chain forms a conjugated system, thus forming an ex-

cited state with the amine unit. A solubilizing group is 

introduced into the substituent R to impart solubility in 

the inkjet solvent. The interlayer material (IL) is used 

between the hole injection layer (HiL) and emission 

layer (EML), simultaneously is a hole transport layer 

(HTL), and has an electron-blocking function. The IL is 

positioned below the EML, so the unit with the ther-

mally cross-linkable substituent is copolymerized to im-

part resistance to the device manufacturing process so 

that dissolution does not occur when the upper layer 

ink is applied. Thus, our company’s polymer OLED ma-

terial is an extremely advanced function-integrated ma-

terial that integrates various functions into a single 

polymer chain, and all these technologies, including 

the synthesis and purification methods, are unique to 

our company.

From the next section onwards, we will introduce 

our OLED material’s technologies for long operational 

lifetimes, high efficiency, and ink commercialization.

Technologies for long operational lifetimes on 
polymer OLEDs

1. Analysis of lifetime-controlling factors
One of the biggest problems with OLEDs is its life-

time. When considering the lifetime, that is, the stability 

of light emission intensity when the device is continu-

ously driven (EL lifetime), a long lifetime means mini-

Fig. 4 (a) PL stability and (b) EL stability with different initial luminances (i.e., excitation densities) 
(c) Dependence of PL and EL lifetime on initial luminance
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Next, we consider the elementary process where the 

excited state causes degradation. Fig. 4(b) shows the 

EL stability evaluation results for the EL device using 

the same material as depicted in Fig. 4(a). Here, “life-

time” is defined as the time until the emission intensity 

decreases to a certain percentage when the excitation 

is continued with the same excitation density (exci-

tation light density for PL, injection current density for 

EL). For example, the time for the emission intensity to 

drop to 80% of the initial value is expressed as the T80 

lifetime. Fig. 4(c) plots the PL lifetime (T85) and EL 

lifetime (T60) against initial emission intensity (exci-

tation density) based on Fig. 4(a) and (b). As shown in 

Fig. 4(c), both PL and EL lifetimes are proportional to 

the square of the excitation density. This result indi-

cates that EL degradation and PL degradation are the 

same degradation mode, and as mentioned above, we 

can also see that PL degradation is the primary cause 

of EL degradation. A more important fact is that degra-

dation does not arise from a single excited state (first 

power of excitation density) but from a process involv-

ing multiple excited states (approximately the square 

of the excitation density).

As shown in Fig. 5, we built the degradation hypoth-

esis from the results of Fig. 4(c). As shown in Fig. 5(a), 

in the organic layer there is the transport diffusion of 

the excited state (exciton) due to intermolecular en-

ergy transfer (e.g., Förster energy transfer, FRET) and 

the generation of a higher-order excited state due to 

the meeting of two excited states (e.g., singlet-singlet 

annihilation, SSA)12). Of these, the extremely high en-

ergy of the higher-order excited state generated by the 

participation of multiple excited states cuts the chemi-

cal bond of the compound, and the generated degrada-

tion product acts as a quencher for the excited state, 

causing a decrease in emission intensity (Fig. 5(b)). In 

fact, this hypothesis was confirmed by the following 

model experiments. If SSA arising from FRET is the 

cause, then if the intermolecular distance in the f ilm 

can be increased to suppress FRET and reduce the 

probability of SSA, the durability of the film should be 

improved. Fig. 6 shows the results of comparing a film 

(model film with intermolecular separation) in which 

the model emission material was diluted to 5% with an 

optically inactive material (i.e., has no absorption at the 

excitation wavelength) with a 100% neat film. As shown 

in Fig. 6(a), the PL stability was significantly improved 

with the 5% diluted film. When evaluating the exciton 

diffusion in this film from the analysis of exciton dy-

namics by transient absorption spectroscopy, it was 

shown that exciton diffusion was greatly suppressed in 

the 5% diluted film (diffusion constant D is below the 

observation limit) compared to the 100% neat f ilm (D = 

1.5 × 10-3 [cm2s-1]). Furthermore, as shown in Fig. 6(c), 

the dependence of the PL lifetime on the excitation 

density is equivalent (dependent on the square of exci-

tation density). This shows that the durability was im-

proved by decreasing the degradation probability 

(suppression of SSA) while keeping the degradation 

mode the same; thus, the degradation hypothesis in 

Fig. 5(b) was proven.

From these studies, we can further derive a model 

Fig. 5 Schematic of (a) Photo-physical dynamics for the generation of a higher excited state via singlet-singlet anni-
hilation(SSA) (b) Degradation products formation mechanism resulting from the generation of a higher excit-
ed state via SSA
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As shown by the above results, our company has de-

veloped evaluation methods, elucidated the main fac-

tors, and conducted detailed analyses such as the 

formulation of these methods and factors. We continue 

to develop materials based on the understanding of the 

mechanism of EL-driven degradation to this day.

2. Material design technologies for long lifetimes
This section introduces recent development exam-

ples based on the above-mentioned analysis results. As 

mentioned above, increasing the distance between the 

molecules of the luminescent material to suppress the 

diffusion of the excited state is a powerful method for 

equation for the EL degradation behavior (Fig. 7). The 

basis of the formulation is the assumption that the 

“amount of quenching degradation product generated 

per unit time is proportional to the square of the ex-

cited state” based on the above analysis results (Eq. (2) 

in Fig. 7). When calculating the time variation of the 

emission intensity (Eq. (3)) based on Eq. (2), then the 

degradation curve is obtained as shown in Fig. 7(a). 

Plotting the excitation density dependence of the T90 

lifetime from this calculation result is shown in Fig. 
7(b), and it can be seen that the model equation repro-

duces the experimental results like those in Fig. 4(c) 

and Fig. 6(c) well.

Fig. 6 (a) Comparison of PL stability (b) Time transience of singlet exciton density measured by transient absorp-
tion spectroscopy (c) Dependence of the PL lifetime on the initial PL intensity
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achieving longer lifetimes. Fig. 8 shows a design exam-

ple based on this policy and its results. Fig. 8(a) is an 

example of calculating the density of a model compound 

(9,9-Dioctylfluorene (F8) decamer) by the molecular 

dynamics calculation method. As mentioned above, our 

company’s material is a fluorene-based polymer with 

soluble substituents, and the optically active sites that 

form excited state orbitals are fluorene unit chains. 

Therefore, if the density of the fluorene unit chain por-

tion in the film is calculated, it can be used as an index 

of the intermolecular distance of the luminescent mate-

rial. The table in Fig. 8(a) shows the calculation results 

(relative values) of the film density of the fluorene unit 

chains. Compared to the model compound, the conven-

tional fluorescent blue material had a relative density of 

about 0.9, but the newly designed material, designed to 

increase the distance between molecular chains, suc-

cessfully reduced the density to 0.65. Fig. 8(b) shows 

the EL characteristics of a top-emission OLED13) using 

this material. The new material has achieved a signifi-

cantly longer lifetime while maintaining the same driv-

ing voltage and emission ef ficiency (EQE ) as the 

conventional material.

Technologies for high-efficiency in polymer 
OLEDs

1.	 Analysis	of	efficiency	controlling	factors
Next, we discuss high-efficiency technologies. First, 

we review the principle that determines emission 

efficiency. As mentioned above, the efficiency of the 

OLED is described by the physical property factor of 

Eq. (1). Of these, φph is broadly classified into fluores-

cence emission and phosphorescence emission. The 

excited state that is produced by the recombination of 

electrons and holes has the two states of singlets and 

triplets; the ratio based on electron spin statistics is 1:3. 

In phosphorescence, the triplet excited state, which oc-

cupies 75% of the excited state, can be converted into 

light, so the efficiency of using the excited state is high 

(100% in principle if the deactivation process is ig-

nored)14). Our company’s materials already use phos-

phorescent materials for the green and red materials, 

and they have achieved high-efficiency luminescence. 

Our company’s blue material is a fluorescent material 

that emits light from the singlet excited state (25% of 

the excited state), but we achieved high efficiency by 

developing triplet control technologies, which exceed 

the normal efficiency from singlet emission, and we 

have published several reports on the topic15). Mean-

while, blue phosphorescent materials and thermally ac-

tivated delayed fluorescence (TADF ) materials are 

being developed as technologies for using up to 100% of 

the excited state of blue materials14). However, these 

materials have not been put to practical use as a display 

due to the problem of durability due to the high energy 

and the broad luminescence spectrum.

Now, when considering the terms other than φph in 

Eq. (1), γ and ηeh are not a problem in current OLEDs, 

and it is thought that there is almost no waste of 

Fig. 8 (a) Figure on the left: molecular configuration of a 9,9-dioctylfluorene decamer (40 molecules) calculated 
using the molecular dynamics (MD) calculation method. Table on the right: calculation results of the rela-
tive spatial density of the optically active structure of the developed material. (b) Comparison of EL device 
lifetime between the existing and the developed materials. These results confirm the improved lifetime 
performance provided by our design strategy.

(a) (b)

80%

85%

90%

95%

100%

0 50 100 150 200 250 300 350

no
rm

. E
L

 L
um

in
an

ce

EL  operation time [hr]

Calculation result of 
the developed material

Material Normalized
density

Ref :
F8 decamer
Existing
material

Developed
material

1.00

0.90

0.65

C8H17 C8H17 C8H17 C8H17C8H17 C8H17 8

Calculation example
40 molecules of F8 decamer

Spatial density calculation of the optically active 
structure using the MD method

EL device performance of the designed 
material

Material

Existing material

Developed material

0.130, 0.061

0.131, 0.060

4.1

4.1

10.7

11.3

Color
[CIE-x,y]

Driving Vol
[V]

EQE
[%]



Development of Printable Materials for Organic Light-Emitting Diode

9Copyright © 2023 Sumitomo Chemical Co., Ltd.SUMITOMO KAGAKU (English Edition) 2023, Report 1

injected charges in properly designed materials and de-

vices. On the other hand, the loss in ηoc (external optical 

outcoupling efficiency) is large, which is a problem, 

particularly in displays that require color purity. In this 

paper, we would like to introduce an analysis of this ex-

ternal optical outcoupling efficiency and an example of 

material development.

The external optical outcoupling efficiency discussed 

includes the microcavity effect, waveguide mode loss, 

surface plasmon loss, and molecular orientation (light 

emission direction of molecules)14), but here, we con-

sider the microcavity effect. Fig. 9 shows a schematic 

diagram of the microcavity effect (device structure is a 

bottom-emission-type). As mentioned above, the OLED 

is very thin, and the total film thickness is less than the 

emission wavelength, so this causes optical interference 

inside the device (Fig. 9(a)). As shown schematically in 

Fig. 9(b-1), the light (electromagnetic wave) generated 

in the EL is reflected by a reflective cathode such as Al 

or an interface with a large refractive index difference 

(e.g., ITO/HiL interface in the f igure), and the combi-

nation of multiple traveling waves and returning waves 

creates a standing wave, as shown in Fig. 9(b-2). Here, 

the distance between the reflecting interfaces (cavity 

length) is crucial, and the cavity length needs to be an 

integral multiple of λ/4 of the emission wavelength to 

generate a standing wave. When the cavity length dif-

fers from the integral multiple of λ/4, the interference 

results will cancel each other out without becoming a 

standing wave. Additionally, if the position where the 

electromagnetic wave is generated in devices deviates 

from the position of the antinode of the standing wave, 

the phases of the electromagnetic wave do not match at 

the reflection interface, which causes the interference re-

sults to cancel out. Fig. 10 shows the result of analyzing 

this situation by optical calculations. Fig. 10(a) shows 

the light transmission spectrum from the inside of the 

device to the outside of the device when light is 

Fig. 9 (a) Illustration of multiple light reflections in an OLED and of (b-1) electromagnetic waves and (b-2) stand-
ing wave formation in a device; HiL: hole injection layer; iL: interlayer; EML: emission layer
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generated at each position d1–d4 (vertical axis is a rela-

tive value). In this model calculation, the most trans-

missible wavelength is 530 nm because the cavity length 

is designed to resonate at 530 nm. Therefore, it is diffi-

cult for transmission to occur at wavelength regions 

away from this resonant wavelength.

Additionally, emission from positions d1 and d2, which 

are close to the antinode of the standing wave, is easily 

transmitted. However, transmission becomes more dif-

ficult moving away from the antinode, as shown in d3 

and d4, showing also that the wavelength dependence 

of transmission is modulated. According to the emis-

sion position dependence Tr(d, λ) of the optical trans-

mission spectrum, the luminescence spectrum of the 

material itself also has a wavelength dependence PL(λ), 

as shown in Fig. 10(b). Therefore, the external optical 

outcoupling efficiency Ext(d) at each emission position 

d is the product of Tr(d, λ) and PL(λ), and if integrating 

over the wavelength range, then this is expressed as a 

function of d, as shown below:

(4)Ext(d)=∑Tr(d , λ) ∙ PL(λ) 
λ

Ext(d) has an efficiency distribution in the EML, as 

shown in Fig. 10(c). It can be seen that the generation 

of light cannot just occur anywhere in the EML, and 

emission must occur at positions where the external 

outcoupling efficiency is high. In other words, if the 

light generation distribution (exciton distribution) in 

the EML is Nex(d), then the final external optical out-

coupling efficiency is integrated over d and becomes:

(5)OutEf f =∑Ext(d) ∙ Nex(d)
d

As shown above, to improve the efficiency of OLEDs, 

the three factors of Tr(d, λ), which is determined by the 

device structure design, Nex(d), which is determined 

by the current flow (depending on both device structure 

and material design), and PL(λ), which is determined 

by the material design, need to be controlled as counter-

measures for the impact of the microcavity effect.

2.	 Material	design	technologies	for	high	efficiency	
Here, among the countermeasures for the impact of 

the microcavity effect, we would like to introduce an 

example of the development of PL(λ) control. The 

above Eq. (5) is transformed into the following Eq. (6), 

and the cavity effect spectrum CAVS(λ), represented 

by Eq. (7), is introduced:

OutEf f =∑PL(λ) ∙ CAVS(λ)
λ

(6)

(7)CAVS(λ)=∑Tr(d , λ) ∙ Nex(d)
d

The significance of Eq. (6) is to consider how to match 

the luminescence spectrum of the material with the 

spectrum CAVS(λ) determined by the device design and 

exciton distribution. Therefore, we considered improving 

the external optical outcoupling efficiency by narrowing 

the line width of the luminescence spectrum of the 

material. An example is shown in Fig. 11. Fig. 11(a) 

shows the optical simulation result of the cavity effect 

spectrum CAVS(λ) for the model of the top-emission 

device structure (2nd-cavity). Optical interference works 

more strongly in the top-emission device13), so it can be 

seen that almost no light is emitted in the wavelength 

region other than the vicinity of the designed resonance 

wavelength, because they cancel each other out. For such 

Fig. 11 (a)Simulation result of cavity effect spectrum CAVS(λ) (b)(c) Comparison between the PL spectrum of EML 
(black line) and the spectrum calculated by multiplying the PL spectrum by CAVS(λ) (green line) FWHM: 
Full width at half maximum
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a CAVS(λ), the spectrum of our conventional luminescent 

material was shown by the black line in Fig. 11(b). 

Multiplying this by CAVS(λ) gives the spectrum, shown 

by the green line, and the area ratio of the light that can 

be extracted is reduced to 39%. This means that most 

of the light generated in the device was wasted with 

conventional materials. Conversely, we have newly 

developed a luminescent material with the spectrum 

shown by the black line in Fig. 11(c). With the new 

material, the emission half-width (FWHM) was narrowed 

to 37 nm, and the area ratio of the extracted light was 

improved to 53%. This is a 35% improvement compared 

to the conventional material. Fig. 12 shows the results 

when manufacturing an EL device using this material 

in practice. The efficiency of the EL device was also 

improved by about 1.4 times when compared to the 

conventional material, and this demonstrated the effect 

of the material design policy of a narrow line width 

spectrum based on the analysis results.

Commercialization technologies for polymer 
OLED materials

1. Analysis of elements required for ink products
Just dissolving the synthesized compound in a 

solvent by itself does not immediately result in an ink 

product. As mentioned above, there is a need to de-

sign the ink so that it is stably ejected from the inkjet 

device and a flat film is formed on the substrate. Be-

sides this, a wide variety of technologies is required 

for commercialization, such as storage stability of the 

ink. In this paper, we introduce the ink design tech-

nology for obtaining a flat film.

First, we provide an overview of the display man-

ufacturing process using the inkjet printing method 

(Fig. 13). In the inkjet printing manufacturing method, 

partition walls of pixels called banks are formed on 

a substrate on which anodes are arranged, and each 

functional layer of an OLED is formed in these banks. 

Fig. 12 Comparison of EL efficiency between the 
existing and the developed materials on 
Top-emission devices (2nd-cavity)
T hese results confirm the improved effi-
ciency performance provided by our design 
strategy.
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The HiL, HTL, and EML are formed by repeatedly 

dropping ink from an inkjet device, drying, and bak-

ing, where HiL and HTL are cured in the baking pro-

cess and the thickness of each layer differs for each 

RGB color. Afterward, an electron injection layer, 

ETL, and cathode are formed on the EML by an evap-

oration process. Finally, the entire substrate is sealed 

to complete a display panel.

Technical elements in such a printing manufactur-

ing method require accurate and stable ejection of 

ink droplets from inkjet devices (uniformity of drop-

let volume, straightness of ejected droplets), eradica-

tion of impurities eluting from the bank, and precise 

control film flatness of each organic layer (HiL, HTL, 

EML). Above all, the f latness of the organic layers 

is crucial. This is because differences in the film 

thickness inside the bank will result in the current 

concentrating only in the parts where the film is thin, 

which causes problems such as changes in emission 

intensity compared to other pixels and a shorter life-

time, which results in poor image quality.

Next, we discuss the principle that determines 

film f latness. T he f ilm shape formed by the drying of 

droplets is often discussed as the coffee ring effect, 

and Marangoni convection generated in the droplets 

during drying is thought to be one of the main mech-

anisms16). In the analysis of Marangoni convection, 

the dimensionless Marangoni number Ma expressed 

by the following equation is used:

Ma = ΔTL
μ�

∂σ
∂T

− ΔCL
μ�

∂σ
∂C

−

where σ is the surface tension, μ is the viscosity, k is 

the thermal diffusivity, T is the temperature, L is the 

length (droplet size here), and C is the concentration. 

Marangoni convection is a phenomenon in which a 

gradient of surface tension generated in a droplet due 

to changes in temperature, solvent composition, and 

solute concentration is the driving force, which causes 

convection in the droplet from areas of low surface 

tension to areas of high surface tension. As shown in 

Fig. 14(a), the edge of the droplet that is dropped on 

the substrate dries faster because the drying rate of 

the solvent differs between the apex and edge of the 

droplet due to differences in the specific surface area. 

In other words, the polymer concentration on the drop-

let surface during drying is more likely to increase at 

the edges and is less likely to increase at the apex. At 

this time, if the relationship of [solute surface free 

energy] > [solvent surface tension] holds, then this 

means that the surface tension at the edge is higher, 

so convection from the apex to the edge occurs, and 

the solute is transported in that direction, resulting in 

a concave film shape. Conversely, if the relationship of 

Fig. 14 Schematic of film formation based on the Marangoni convection mechanism
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[solute surface free energy] < [solvent surface tension] 

holds, then this means that the surface tension at the 

edge is lower than that at the apex, so convection from 

the edge to the apex occurs, and the solute is trans-

ported in that direction, resulting in a convex film 

shape (Fig. 14(b))17), 18).

Our company’s OLED materials generally have the 

relationship of [solute surface free energy] > [solvent 

surface tension]. Therefore, concave film shapes are 

more likely to form within the banks, and there is a 

need to introduce some form of film shape control 

technology. As described in the next section, our com-

pany solved this problem by discovering new factors 

that determine the f ilm shape in banks, introducing a 

new analysis method, and establishing a methodology 

to control it.

2. Design technologies for the commercialization 
of ink 

As described above, if Marangoni convection oc-

curs, then solute slant will occur. Therefore, we con-

sidered suppressing the convection itself. Convection 

can be reduced by increasing the viscosity of the ink, 

but an appropriate viscosity is required for stable 

ejection from the inkjet head, and the viscosity of the 

ink cannot be excessively increased. Therefore, we 

focused on the ink-drying process. Even if the viscos-

ity of the ink is low at the time of the ejection, if the 

viscosity increases accompanied by the increment of 

solute concentration during the drying process in the 

bank, then the Marangoni convection should be sup-

pressed. A model experiment shown in Fig. 15 was 

conducted to confirm this hypothesis. First, as shown 

in Fig. 15(a), we prepared three types of model 

polymers A–C with different ink viscosity dependenc-

es with respect to solid content concentration. Inks 

using such polymers are expected to show differenc-

es in the thickening of viscosity behavior in the pro-

cess of drying the solvent in the bank. The actual 

shapes of the films formed by the inkjet deposition of 

these materials are shown in Fig. 15(b). Polymer C, 

which has a small thickening in viscosity, has a con-

cave shape; polymer B, which has a moderate thick-

ening in viscosity, has a f lat shape; and polymer A, 

which has a large thickening in viscosity, has a con-

vex shape. These results showed that we successfully 

found a new controlling factor of “thickened viscosity 

behavior during drying” that determines the film 

shape.

The dif ference in thickened viscosity behavior 

seen in Fig. 15 is thought to be caused by the differ-

ence in interaction between polymer chains in the 

ink, and it is speculated that a stronger interaction 

results in easier increases in viscosity. Therefore, in 

ink design, it is necessary to quantitatively evaluate 

the strength of interaction (aggregation) between 

polymer chains and establish a methodology for ob-

taining material design guidelines.

T he light scattering method is known as a method 

for evaluating aggregation between polymers19). A 

greater molar mass of the aggregated particles in the 

solvent results in greater light scattering, so compar-

ing the scattering in the THF solution, in which the 

polymer is thought to be completely dispersed, and 

the scattering in the inkjet solution, in which the 

polymer is thought to be aggregated, enables the ac-

quisition of an index (molar mass ratio) of how many 

polymer chains are associated with each other (this 

Fig. 15 (a) Dependence of viscosity on solution concentration for three different polymers (b) Film thickness pro-
files formed by IJP in a bank
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is defined as an “aggregation factor” in this paper). 

The light scattering method can estimate the extent 

of aggregation. However, it is difficult to know the 

mechanism of aggregation, and it is difficult to obtain 

direct information for molecular design. Therefore, 

we newly introduced a spin-echo method using NMR 

as an analysis method to directly elucidate the aggre-

gation mechanism20). The spin-echo method can di-

rectly observe which chemical structure in a polymer 

chain has what degree of molecular mobility by mea-

suring the phase relaxation time (T2 relaxation time) 

of spin precession. In other words, if the mobility of a 

specific chemical substructure is reduced in the ink 

solution, then it can be judged that aggregation has 

occurred at that site, so the observation results could 

be directly ref lected in molecular design. For the 

above-mentioned polymer A–C inks, we show the re-

sults of observing the T2 relaxation time in Fig. 16(a), 

where we focused on a specific common structure. 

The horizontal axis is time, and the vertical axis is 

the NMR echo signal intensity of the common struc-

ture in each polymer. As is clear from the figure, the 

T2 relaxation time decreased in the order of polymers 

C, B, and A, and it was observed that the molecular 

mobility of this common structure decreased in this 

order. The table in Fig. 16(b) shows a comparison 

with the aggregation factor that was separately evalu-

ated by the light scattering method. The aggregation 

factor increased as the molecular mobility decreased, 

and we found out that aggregation occurred at a spe-

cific partial structure in the polymer chain.

Adjusting the molecular structure and copolymer-

ization ratio of the specified polymer aggregation sites 

enables the control of the molecular mobility as well as 

the thickening in viscosity properties. Fig. 17 shows the 

device characteristics of the material designed based on 

these findings. Fig. 17(a) is the film profile in the bank 

that was inkjet printed. It can be seen that each layer 

(a) T2 relaxation time of the spin-echo signal for polymer A–C inks. (b) Relationship between the film thick-
ness profile, T2 relaxation time, and aggregation factor for the three ink samples
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is stacked extremely f latly. Fig. 17(b) and (c) compare 

the characteristics of EL devices fabricated by inkjet 

deposition and spin-coated deposition ((b) emission 

efficiency, (c) lifetime). We successfully developed a 

material that can exhibit device characteristics equiv-

alent to spin-coated film formation, even in inkjet film 

formation.

As described above, we discovered a new control 

factor of “thickened viscosity behavior during drying” 

that determines the shape of the inner film of the bank. 

Also, we introduced a spin-echo method as a new meth-

od for analyzing thickened viscosity behavior and clar-

ified its mechanism in order to establish a film shape 

control technology that is essential for the commercial-

ization of ink. These results demonstrate the superior-

ity of the polymer OLED materials developed by our 

company in printing-type mass production processes in 

the sense that material design factors that govern film 

flatness can be controlled over a wide range.

In place of a conclusion

In the above sections, we have provided an overview 

of solution-processed OLEDs, the features of our com-

pany’s products, and its development technologies. Fi-

nally, we would like to briefly touch on trends in the 

display market. Currently, the demand for higher per-

formance continues to increase in the display market 

year by year. In terms of image quality, the trend has 

been to widen the color gamut of color reproduction 

and increase brightness. In particular, the standard 

BT.2020, which was established in 2012 by the Inter-

national Telecommunication Union Radiocommunica-

tion Sector (ITU–R), has an extremely wide color 

gamut compared to conventional sRGB (BT.709) and 

DCI–P3, so there is a demand for further improvement 

in color purity of the three primary colors of RGB. Ad-

ditionally, with respect to higher luminance, there has 

been a demand for an average display luminance ex-

ceeding 1000 cd/m2 depending on the display applica-

tions, so there is a need for improvements in emission 

efficiency and lifetime. Furthermore, there is always a 

demand for higher resolution, so it is important to de-

velop inks that can be used to form films on smaller 

pixels. Of course, there is also demand for reduced 

power consumption, so there is a need for improved 

emission efficiency as well as lower voltage. Our compa-

ny is vigorously continuing to develop materials that 

meet these demands for advanced display performance. 

The high-efficiency, long-lifetime, and ink commercial-

ization technologies described in this paper are part of 

these ef for ts, and we are confident that the solu-

tion-processed OLED becomes a de facto standard tech-

nology that can provide high-quality displays at a low 

cost.

Scientific elucidation and manufacturing technology 

development have progressed in parallel for OLEDs. 

Our company’s material development is also based on 

many new scientific findings, as described in this paper. 

We would like to continue to develop new scientific 

horizons, share the world of solution-processed OLEDs 

with society, and contribute to the development of a 

prosperous society.
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