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Introduction1. 
Organic electroluminescent (EL) devices have many 

favorable properties for application in displays, such as fast 

response, thin and lightweight appearance. They are now 

used for mobile terminals and small TV displays, and are 

expected to use as solid-state lighting.

An organic EL device consists of two flat electrodes and a 

100-nm-level organic thin film sandwiched by the electrodes. 

Its light-emitting mechanism is similar to that of an inorganic 

semiconductor LED. Holes and electrons injected from the 

electrodes move through their respective transport layers into 

the emissive layer (EML). The recombination of the holes 

and electrons in the EML causes the generation of molecular 

excited states (excitons) and light emission (Fig. 1). Due to 

random combination of spin state of the holes and electrons, 

it is estimated that 25% of the formed excitons are singlet and 

75% are triplet. A fluorescent EL device uses singlet excitons 

to emit light and thus the internal quantum efficiency is 

limited to a maximum of 25%.

On the other hands, a phosphorescent EL device, which 

emits light from triplet excitons, utilizes the 75% triplet 

excitons formed by the direct recombination of holes and 

electrons, as well as the residual 25% triplet excitons that are 

converted from the 25% singlet excitons by energy transfer. 

Theoretically, the upper limit of the internal quantum 

efficiency of a phosphorescent EL device is 100%. However, 

ordinary organic materials that contain no heavy atoms do 

not emit phosphorescent light at room temperature. Recently, 

phosphorescent EL devices have been developed, using room-

temperature-phosphorescent complexes of heavy metals, such 

as iridium or platinum, as emitters 1-2). The device structures 

are designed to provide the internal quantum efficiency close 

to 100%, which have been verified in principle3-4).
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Fig. 1   Structure of a typical organic EL device.

The phosphorescent EL devices are intensively 

investigated for practical applications by many institutes. 

Their properties need improvement for practical devices in 

all the three primary colors: red, green and blue; which are 

required for displays and white light sources. Especially, for 

blue phosphorescent EL devices, it is essential to increase the 

efficiency and durability. We have worked on development 

of phosphorescent materials and phosphorescent EL devices, 
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utilizing our molecular design and synthesis technology 

for functional materials, as well as our film forming and 

analysis technology. This report provides our two methods 

effective for development of EML materials and EL devices: 

(1) Evaluation of stability of EML materials under ultraviolet 

(UV) irradiation and (2) Estimation of the distribution of 

excitons formed in the EML.

Development of EML Materials with High 2. 
Stability under UV Irradiation

Degradation and Decomposition of EML 2.1 
Materials by UV Light

One of the biggest drawbacks of organic EL devices to 

practical use is a fall in the EL luminance efficiency during 

the operation. Degradation of the EML is considered as 

the major factor of the operational degradation of organic 

EL devices, since the fall in the EL luminance efficiency 

correlates closely with the fall in photoluminescence (PL) 

efficiency of the EML5-6). Chemical analysis before and 

after the degradation of organic EL devices shows that the 

faster decomposition of EML materials than the other layers. 

Furthermore, it is indicated that the holes or electrons alone 

have little effect to the  decomposition, meanwhile, the 

excitons facilitate the decomposition seriously7). In order 

to increase the durability of an organic EL device, it is 

important to develop EML materials stable against excitons. 

We evaluated stability of EML materials against excitons 

by irradiating the EML film with UV light and comparing 

a decrease in PL efficiency with the irradiation dose. At the 

same time, we measured the UV-visible absorption spectrum 

of the EML film and checked the change in absorption 

intensity to determine the degree of decomposition of the 

EML materials.

Each sample was prepared by depositing a layer of a host 

containing a phosphorescent emitter as a dopant (50 nm), 

followed by an Al layer (100 nm) on a quartz substrate, and 

then encapsulating it with a desiccant in N2 atmosphere. 

The Al layer was introduced to make the environment of the 

organic layer in each sample close to that of the layer in a 

usual organic EL device. A typical emitting layer consists of 

a host material, i.e., the chief ingredient, and a luminescent 

material (guest), i.e., the minor ingredient. In this study, 

we used N,N-dicarbazolyl-3,5-benzene (mCP) widely 

used as the host material and bis[2-(4,6-dif luorophenyl) 

pyridinato-N,C2’] iridium picolinate (Firpic), a typical blue 

phosphorescent material, as the reference materials. A film 

of mCP doped with 10% Firpic was irradiated by UV light 

with a wavelength of 365 nm at 220 mW/cm2. Fig. 2 shows 

the PL spectra of the film at various UV irradiation time. 

The PL intensity falls in proportion to the irradiation dose. 

It is reduced to 75% of the initial intensity after 120-minute 

irradiation. Fig. 3 (A) shows the absorption spectra of the 

mCP (host)/Firpic (guest) film, and the neat films of Firpic 

and mCP before UV irradiation. The absorption peaks of the 

mCP/Firpic film at shorter wavelengths than the absorption 

edge of the host (360 nm) show the absorption of the host, 

on the other hands, those at longer wavelengths show the 

absorption of the guest. The irradiated UV light is mostly 

absorbed by the guest. Fig. 3 (B) shows the differential 

absorption spectrum (result of deducting the spectrum after 

irradiation from that before irradiation) of the mCP/Firpic 

film before and after 120-minute irradiation. The differential 

absorption spectrum shows that the absorbance of both 

host and guest has fallen. The decrease is considered to 

indicate decomposition of each material by UV irradiation.  

Fig. 2 PL spectra of mCP-10% FIrpic film at various UV irradiation 
times (0, 10, 30, 60, 120 min). (Inset ; structures of mCP 
and FIrpic).

Fig. 3 (A) Absorption spectra of films (50 nm-thick) of 10% FIrpic 
in mCP before UV irradiation (black), FIrpic (blue), and 
mCP (red). The arrow indicates the wavelength of UV light 
(365 nm). (B) Differential absorption spectrum of 10% 
FIrpic in mCP film between the spectra of before and after 
UV irradiation (120 min).
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The decomposition percentage of each material can be 

estimated by comparing the amount of decrease in absorbance 

with the initial absorbance. Fig. 4 shows changes in PL 

intensity by the UV irradiation dose and the decomposition 

percentages of the host and guest. The UV irradiation dose is 

calculated from the irradiation time and intensity corrected 

with the absorbance of the film at the UV wavelength. When 

the PL intensity is reduced to 75%, the decomposition rates 

of the host and guest are 0.12% and 2.3%, respectively. 

Considering the number of molecules of the host in the film 

is approximately 10 times of that of the guest, it is deduced 

that the nearly same number of molecules have decomposed 

in both materials.

Fig. 4 Plot of PL intensities (blue diamond), decomposition 
percentages of host (red square) and guest (green 
triangle) vs. UV irradiance of films of 10% FIrpic in mCP.

PL Properties of Developed Materials2.2 
To develop materials highly stable against UV light, we 

made molecular design using theoretical chemical calculation. 

As for the candidates for the gust, we designed organic metal 

complexes with strengthened bonds between the central 

metal and the ligands to prevent their dissociation. We also 

eliminated the structurally weak part of ligands in complexes. 

We have then come up with a new blue phosphorescent gust 

material BG-1. As for the host, we have developed a material 

BH-1, which has a structure with weak bond eliminated.

Fig. 5 shows the PL spectra of the BH-1/BG-1 film and 

the mCP/Firpic film (guest content 10%). Table 1 shows 

the PL properties. Compared with the mCP/FIrpc film, the 

emission spectrum of the BH-1/BG-01 film has peaks in 

a short wavelength range and shows small spectral width. 

That indicates the color purity for blue light emission is 

improved. The PL quantum yield of this film is also high. 

These results indicate that BH-1 and BG-01 are a promising 

candidate for materials for high-efficiency high-color-purity 

blue phosphorescent EL devices.

Table 1   PL properties of FIrpic in mCP and BG-1 in BH-1.

Film
PL peak 

wavelength 
(nm)

Full width at 
 half maximum 

(nm)

PL quantum 
yield 
(%)

10% FIrpic in mCP 470 51 88

10% BG-1 in BH-1 467 46 93

Fig. 5 PL spectra of films of 10% BG-1 in BH-1 and 10% FIrpic in 
mCP.

UV Stability Evaluation of a Film Made of 2.3 
the Newly Developed Material

Using the mCP/Firpic film as a reference, we examined 

the rate of decrease in PL intensity of films made of different 

materials compared with the UV dose. The content of the 

gust was 10%. As shown in Fig. 6, the mCP/BG-1 film is 

three times more resistant to UV light than the mCP/Firpic 

film, when the UV doses at the same PL decrease rate are 

compared. The BH-1/BG-1 film has double the resistance 

of the mCP/BG-1 film. The combination of BH-1 as the 

host and BG-1 as the guest will form an EML highly stable 

against excitons. Organic EL devices using this combination 

of materials are expected to give high operational stability.

Fig. 6 Plot of PL intensities vs. UV irradiance for films of 10% 
FIrpic in mCP (blue diamond), 10% BG-1 in mCP (red 
square) and 10% BG-1 in BH-1 (green triangle).
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EL Device Structure Design Based on 3. 
Estimation of Site Distribution of Exciton 
Formation in EML

Comparing the Properties of EL Devices Made 3.1 
of the New Material and the Reference Material

We have made an EL device using the BH-1/BG-1 for its 

EML. We compared the properties of the device with those of 

an EL device with mCP/Firpic EML. Fig. 7 shows the structure 

of fabricated devices. The two devices have a same structure 

except for the EML materials. We call this structure of a device 

Structure 1. Table 2 shows the properties of the two devices 

(Devices A and B). The operational time to half luminance 

of Device B (BH-1/BG-1 EML) at a constant current is more 

than 30 times longer than that of Device A (mCP/Firpic EML). 

This result indicates that the durability of an EL device during 

operation will be drastically increased by using materials 

enhanced in stability against excitons for the EML. [This 

increase (more than 30 times) is larger than the increase in 

resistance against UV light (about 6 times) by using the same 

material in Section 2.3 above. One of the possible reasons is 

that there is combined degradation due to combinations of 

excitons with holes or with electrons.] However, the external 

quantum efficiency [= internal quantum efficiency multiplied 

by extraction efficiency (approx. 20%)] of Device B is lower 

than that of Device A. It is much lower than a theoretical limit 

[= 93% × 20% ≈ 18%] projected from the PL quantum yield. 

Next section will discuss our development for enhancing the 

external quantum efficiency.

Improvement in Device Structure Based on 3.2 
the Distribution of Exciton Formation

In an organic EL device, excitons are formed by the 

recombination of the holes and electrons in the EML. The 

excitons formed in the EML often dissipate into the hole 

transport layer and the electron transport layer adjacent to the 

EML. That is considered one of the causes to lower the EL 

luminance efficiency. It will be desirable that more excitons 

form in the center of the EML and that less form near the 

interfaces with the adjacent layers. To improve the device 

structure in this regard, we need to know the distribution 

of excitons formed in the EML. For this purpose, we have 

devised a method to estimate the distribution of the sites where 

excitons are formed by extra fluorophore doping in the EML.

We will explain the method in detail while referring to 

Fig. 8. Assume the EML is 30 nm thick and the distribution 

is determined in four parts of the layer. 

(A)  A regular EL device (Device 0) and test devices 

(Devices 1-4) were fabricated with the same structure 

except that a small amount of fluorophore (rubrene) 

was doped in the EMLs of Devices 1-4 with variation 

of the doping position, 

(B)  The EL spectra of Devices 1-4 were measured and 

compared with that of Device 0.

(C)  The site distribution of exciton formation in the 

EML of Device 0 was estimated on the basis of the 

fluorescence intensities of Devices 1-4. 

We estimated the distribution in Device B as shown in 

Table 2. Many excitons have been formed near the interfaces, 

Emissive layer (EML) : 30 nm
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Fig. 7   Structure of a fabricated device.

Table 2   EL characteristics of fabricated devices (@360 cd/m2).

Device Host/Guest Structure Driving voltage(V) External quantum 
efficiency (%)

Operational time to 
half luminance (h) CIE (x, y)

A mCP/FIrpic Structure 1 7.2 7.2    110 （0.15, 0.29）
B BH-1/BG-1 Structure 1 7.9 6.8  4,000 （0.17, 0.27）
C BH-2/BG-1 Structure 2 5.3 7.9 10,000 （0.20, 0.28）

Fig. 8 Concept of estimation of exciton formation distribution in emissive layer by fluorophore doping.
 (A) Emissive layer structure of test devices.  (B) EL spectra of the test devices when 

driven.  (C) Estimated exciton formation distribution of Device 0 by fluorescence 
intensities of the test devices.
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especially near the hole transport layer. That suggests a 

decline in efficiency is attributed to moving of excitons into 

the adjacent layers (curve with blue circles in Fig. 9).

While estimating the exciton distributions of devices with 

various structures, we sought ways of enhancing the EL 

properties of Device B.

(1)  To reduce the driving voltage, we increased the carrier 

density and enhanced the charge mobility by doping a 

charge generating material to the hole injection layer 

and the electron transport layer (Structure 1).

(2)  We modif ied BH-1 and made an improved host 

material BH-2 to enhance the hole mobility in the EML 

and thereby concentrating the distribution of excitons 

in the center of the EML, which was near the hole 

transport layer in Structure 1. In the BH-2/BG-1 device 

in Structure 2 (Device C), it is likely that exciton 

formation is decreased near the interfaces of the EML, 

especially one with the hole transport layer, and that 

excitons are evenly distributed in the EML (curve with 

red squares in Fig. 9).

Looking at the EL properties of Device C (Table 2), the 

external quantum efficiency has been improved from Device 

B and the dissipation of excitons through the both interfaces 

of the EML has been reduced. Furthermore, the durability has 

been also improved. It is considered that the even distribution 

of excitons prevents local degradation of the EML. We 

have finally come up with a blue phosphorescent organic 

EL device that attains the time to half luminance of 10,000 

hours at a practical brightness (360 cd/m2). As for external 

quantum efficiency, there is still room for improvement. We 

are studying for further improving the distribution of exciton 

formation.

Device B

Device C

Fig. 9 Change in exciton formation distribution by improvement 
of HIL, ETL and host. 

Conclusion4. 
We have developed a high-efficiency, high-durability blue 

phosphorescent organic EL device and its materials. We used 

two methods during the development: stability evaluation 

of EML materials under UV irradiation and estimation of 

the distribution of exciton formation in the EML of newly 

developed EL devices. Finally, we have achieved good 

efficiency and durability by improving the distribution of 

exciton formation and finding the host and guest materials 

that exhibit high stability against UV light.

We have been also carrying out development of red 

and green phosphorescent EL devices and their materials 

using the same methods. Table 3 shows the properties of 

our latest phosphorescent EL devices in those three colors. 

Not only blue but green and red EL devices are almost 

achieving high efficiency and durability. We will continue 

our efforts in development of materials and devices to launch 

phosphorescent organic EL devices as soon as possible.

Table 3    EL characteristics of blue-, green-, and red-emitting devices.

Device Driving 
voltage (V)

External 
quantum 

efficiency (%)

Operational 
time to half 

luminance (h)

Blue (@360cd/m2) 5.3  7.9 10,000

Green (@1,000cd/m2) 4.1 15.0 >50,000

Red (@300cd/m2) 3.5 14.1 >100,000
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