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Abstract

Phosphorescent full color 2.2 inch quarter common intermediate format (QCIF) active matrix organic light emitting

diodes (AMOLED) have been developed for mobile phone application. Red and green phosphorescent emitters have

been adopted as light emitting components and the efficiency of the AMOLED as measured was enhanced up to 10.9

cd/A at a white brightness of 100 cd/m2. The power consumption of the AMOLED was reduced below 200 mW due to

high efficiency and low driving voltage.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

In recent years active matrix organic light
emitting diodes (AMOLED) have attracted great

attention due to its advantages such as light

weight, short response time, low driving voltage,

wide color gamut, wide viewing angle, high

brightness and low power consumption. Espe-

cially, the power consumption of AMOLED can

be reduced below 200 mW compared with 240 mW

for AMLCD if high efficiency organic materials
are used. Power consumption of AMOLED is

closely related with the light efficiency and oper-

ating voltage of light emitting components. Highly

efficient EL materials give low power consumption

for AMOLED because they can reach required

brightness at a low current level. It is essential to
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improve the light efficiency to fabricate a low

power consuming AMOLED.

Efficiency of the OLEDs mainly depends on the
material efficiency and device structure [1]. In

general, light emitting efficiency of OLEDs can be

expressed by the following relation:

gext ¼ gogex/pc

where gext is the external quantum efficiency of

OLEDs, go the out-coupling efficiency which is

assumed to be 20% for a glass substrate with re-

fractive index of 1.5 and organic layer with re-

fractive index of 1.7 [2,3]. gex is the fraction of total
exitons formed which result in radiative transition,

which is about 0.25 for fluorescent EL materials

and 1 for phosphorescent materials. c is the frac-

tion of opposite charges which combine to form

the exiton, which is less than 1 in most cases. /p is

the intrinsic quantum efficiency for radiative decay.

go is typically dependent on structural factors

such as refractive index, organic layer thickness
and ITO thickness, while gex, /p and c are closely
ed.
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Fig. 1. Schematic diagram of AMOLED structure. (This figure

is available in color, see the on-line version.)
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connected with material properties as well as

structural factors.

Several approaches have been pursued to maxi-

mize the device efficiency from material point of
view. Phosphorescent EL materials are very effec-

tive to increase the light emitting efficiency of

OLEDs because they use the triplet state of an

organic molecule for light emission. Phosphores-

cence is distinguished from fluorescence in that

fluorescence emits light from only singlet state,

while phosphorescence uses both singlet and triplet

state for light emission [4–7]. Therefore, theoretical
maximum internal quantum efficiency for phos-

phorescence reaches 100% compared with 25%

for fluorescence. Adachi et al. reported nearly

100% internal quantum efficiency in phosphores-

cent OLED using bis(2-phenylpyridine)iridium(III)

acetylacetonate doped into 3-phenyl-4-(10-naph-

thyl)-5-phenyl-1,2,4-triazole [8]. Maximum exter-

nal quantum efficiency of 20% and luminous
power efficiency of 60 lm/W were achieved in the

phosphorescent devices. Ikai et al. obtained maxi-

mum external quantum efficiency of 19.2% and

peak power efficiency of 70 lm/W using starburst

perfluorinated phenylenes as a hole blocking layer

[9]. However, there have been no reports about the

application of phosphorescent material to real

AMOLED panels.
In this work, the efficiency and power con-

sumption of the AMOLED fabricated using

phosphorescent light emitting materials will be

discussed. The optimization of the R, G, B struc-

ture for the high efficiency and low power con-

sumption was investigated.
2. Experimental

The AMOLED structure used in this work is
shown in Fig. 1. The organic electroluminescent

materials were deposited on low temperature

polysilicon TFTs with aperture ratio of 32%. The

EL layers were made up of a hole injection layer, a

hole transport layer, a light emitting layer, a hole

blocking layer, an electron transport layer from

ITO side. Lithim fluoride (LiF)/aluminum double

layer was adopted as a cathode for the AMOLED.
Charge transport layers including a hole injection
layer (HIL), hole transport layer (HTL), hole
blocking layer (HBL) and electron transport layer

(ETL) were introduced as common layers for RGB

and RGB light emitting layers were deposited sep-

arately using a fine metal shadowmask. A starburst

type amine material, 1,3,5-tris(N,N0-bis-(4,5-meth-

oxyphenyl)-aminophenyl)-benzol (TDAPB) was

used as a hole injection material at a thickness of 50

nm and a hole transport material was 4,40-bis[N-(1-
naphthyl)-N-phenylamino]biphenyl (NPB, 30 nm).

4,40-N,N0-dicarbazole-biphenyl (CBP, 30 nm) was a

host for the light emitting layer and bis(2-phenyl-

quinoline)iridium tetramethylheptanedione and fac

tris(2-phenylpyridine)iridium (Ir(ppy)3) were used

as dopants for red and green light emitting layers,

respectively. Biphenoxy bi(8-quinolinato)alumi-

num (Balq, 5 nm) was used as a hole blocking layer
and tris(8-quinolinato)aluminum (Alq3, 20 nm)

was used as an electron transport layer. The TFT

substrates were cleaned with deionized water in an

ultrasonic bath for 30 min and washed with boiled

isopropyl alcohol. The substrates were baked for 60

min at 180 �C after cleaning and were treated with

UV–ozone for 15 min. All organic materials and

metal cathodes were deposited in a high vacuum
chamber (10�7 Torr).

Current density (I)–voltage (V )–luminance (L)
characteristics of the OLED were measured with

PR 650 spectrometer and the lifetime results of the

RGB devices were obtained at a constant current

mode at a brightness of 600, 800 and 400 cd/m2 for

RGB, respectively.



Table 1

Specification of the 2.2 inch AMOLED

Display size 2.2 inch quarter common

intermediate format

Pixel number 176 (RGB)· 220
Pixel pitch 66 · 198 lm (128 ppi)

Aperture ratio 32%

Gray scale 64

TFT mobility (l) 88–89 cm2/V s

Color coordinates (0.31, 0.32)

Power consumption 200 mW
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3. Results and discussion

The pixel driver for the AMOLED was com-

posed of two p-type thin film transistors (TFT)
and one storage capacitor. The schematic diagram

of the pixel driver is shown in Fig. 2. The switching

TFT (T1) is employed to select a specified pixel

and transfer data through data line. The data is

stored in storage capacitor (Cst) during one pe-

riod. The currents injected to organic luminescent

emitting diode is adjusted by a driving TFT (T2).

Detailed experimental procedure for the TFT
substrates preparation will not be described here.

Detailed specification for the 2.2 inch AMOLED is

summarized in Table 1.

The optimization of the EL structure for full

color OLED was carried out using optical simu-

lation. The light emitting layer was assumed to be

a point source and the refractive index of the or-

ganic layer was assumed to be 1.7. Blue color index
is very sensitive to the thickness of the common

organic charge transport layer, especially ETL,

while red and green color index is insensitive to the

thickness. Therefore, the EL structure optimiza-

tion was focused on blue color. The optical simu-

lation results for efficiency and color index of blue

are shown in Fig. 3 according to the thickness of

ETL and HTL. The blue color area which reflects
the color coordinates gives a maximum value at
cathode
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Fig. 2. Schematic diagram of drive pixel diode.
low ETL thickness and at a thickness of 1200 �AA.

On the other hand, the luminance shows a maxi-

mum value at a thickness range between 400 and

600 �AA. Considering these two results, the thickness

of the ETL layer which includes EML, HBL and
ETL should be in the range between 400 and 600 �AA
to get a large color gamut and a luminance effi-

ciency. The thickness of the HTL layer had little

effect on the color coordinates and luminance

compared with ETL thickness.

Based on the simulation results, the thickness of

the organic layer and dopant concentration were

optimized. Common charge transport layers were
used for RGB colors. Phosphorescent dopant

concentration for the red and green was 12% and

5%, respectively, and fluorescent dopant concen-

tration for the blue was 3%. The IVL data for the

red, green and blue are summarized in Table 2.

The operating voltage for the RGB at white 100

cd/m2 was lower than 6 V for all three colors and

luminance efficiency was 10, 22.2 and 6.8 cd/A for
RGB colors, respectively. The efficiency of the red

and green was quite high compared with blue be-

cause phosphorescent dopants which use both

singlet and triplet state for light emission were

adopted as light emitting components. The color

coordinate of the white was (0.31, 0.32) and white

luminance efficiency was 10.9 cd/A, which is higher

than any other data reported in the literature
[10,11]. The power efficiency of the white was 6.8

lm/w. The introduction of the phosphorescent

material in red and green colors resulted in a high

efficiency in AMOLED and device structure opti-

mization gave low operating voltage for the de-

vices. The color gamut of the device was 60% at

white 100 cd/m2 condition.



Table 2

IVL characteristics of the RGB colors

Color Red Green Blue White

Efficiency (cd/A) 10.0 22.2 6.8 10.9

CIE (0.63, 0.37) (0.28, 0.62) (0.14, 0.16) (0.31, 0.32)

Fig. 3. Optical simulation result for luminance (a) and color index (b) of blue material according to HTL and ETL thickness. (This

figure is available in color, see the on-line version.)
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The power consumption of the phosphorescent
device was reduced considerably because the lu-

minance efficiency was higher than 10 cd/A and the

driving voltage was lower than 6 V. The power

consumption of the device at 100 cd/m2 with 30%
pixel on was less than 200 mW compared with 350
mW for fluorescent display. The relative contri-

bution of fluorescent blue color for the power

consumption in phosphorescent AMOLED was

almost 50% for the total device power consump-



Fig. 5. Picture for the 2.2 inch AMOLED. (This figure is

available in color, see the on-line version.)
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tion because of low efficiency of blue emitter.

Therefore, the power consumption of AMOLED

can be reduced significantly if high efficiency blue

phosphorescent dopant is adopted as a blue
emitter.

The lifetime curves of RGB colors were plotted

in Fig. 4. The lifetime of RGB was measured at

white 100 cd/m2 condition, which corresponds to

600, 800 and 400 cd/m2 for RGB, respectively. The

lifetime of phosphorescent materials is greatly de-

pendent on the hole and electron charge balance

and the distribution of the recombination region in
light emitting layer. Therefore, the control of the

thickness of charge transport layers is critical to the

lifetime of the phosphorescent materials. In par-

ticular, the thickness of electron transport layer

and hole blocking layer is important for the lifetime

and efficiency. Thick electron transport layer and

hole blocking layer lead to the increase of lumi-

nance efficiency, but poor lifetime. The optimum
thickness for the lifetime did not correspond to the

optimum structure for the luminance and effi-

ciency. The lifetime of red and green phosphores-

cent materials for the optimized device structure by

allowance for lifetime and efficiency is expected to

be over 10,000 h at required brightness. In addi-

tion, the lifetime of fluorescent blue is also expected

to be 10,000 h. These results indicate that the red
and green phosphorescent materials can secure

stable operation of the OLED as well as high effi-

ciency for mobile phone application. The picture

for the 2.2 inch AMOLED using red and green
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Fig. 4. Lifetime of RGB colors at required brightness. (This

figure is available in color, see the on-line version.)
phosphorescent materials is shown in Fig. 5. The
peak luminance of the device was over 300 cd/m2.
4. Conclusion

2.2 inch AMOLED was developed successfully

using phosphorescent red and green dopants in

light emitting layer. The introduction of phos-

phorescent materials gave high efficiency of 10.9

cd/A for white color and driving voltage of lower
than 6 V, which resulted in the low power con-

sumption of less than 200 mW at white 100 cd/m2.

In addition, the lifetime of the phosphorescent

materials was extended over 10,000 h at the re-

quired brightness by optimizing device structure.
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