
26-2 / S. Lee

• IMID/IDMC/ASIA DISPLAY ‘08 DIGEST

Abstract 
A very high current efficiency of 28 cd/A for three-mode 

microcavity tandem WOLED was successfully demonstrated. 
The 101 % of NTSCu’v’ ratio of this white OLED with LCD 
color filter was achieved. In addition to wide color gamut, 
the highest delta (u’v’) of respective RGB colors among the 
viewing angles 0 and 60 degree is just 0.042 and that of 
white color is less than 0.02. 

1. Introduction

For the application of the large size AM-OLED 
display such as OLED TVs and monitors, WOLEDs 
are required to have high efficiency, long life, a wide 
color gamut, and wide viewing angle color stability. 
The high efficiency and long life could be achievable 
by using tandem structure and RGBW color system. 
[1, 2] However, it is very difficult to increase the color 
gamut and the viewing angle dependent color stability 
of a tandem WOLED display coupled with a 
conventional liquid crystal display (LCD) color filter 
[1] because the emission spectrum of a conventional 
WOLED is not sharp and well-separated, and because 
conventional LCD color filters do not match the 
emission spectrum of WOLEDs. Especially, in the 
view point of viewing angle dependent color stability, 
the tandem WOLEDs have poor properties due to 
quite thick thickness.  

In SID 2007, Kodak demonstrated the 102% 
NTSCx,y ratio full color display with a bottom 
emission type tandem WOLED and new color filters. 
[1] Because Kodak did not use microcavity structures, 
the primary color purity was improved by the narrow 
bandwidth of the B and G color filters, and a sharper 

cutting edge of the R filter without any improvement 
of the WOLED emission spectrum. This significantly 
reduces display current efficiency and device lifetime 
because of the low transmittance of the color filters. 
The viewing angle dependent color stability is not 
shown. Generally, the viewing angle dependent color 
stability is not good in the case of tandem WOLEDs 
because the thickness of tandem WOLEDs is 
inherently thick which degrades color stability by 
varying viewing angle.  
In SID 2004, Sony demonstrated a full color display 

with vivid images that employed a “super top 
emission” scheme which was combined with a 
WOLED, microcavity structures, and a color filter 
array without a circular polarizer.[3] Three peaks 
white was adjusted by tuning the optical path lengths 
in the microcavity for the respective RGB pixels. 
Although Sony used microcavity structures with top 
emission type single stacked WOLED, this 
microcavity can be applicable to bottom emission type 
tandem WOLED. However, the process of creating 
different Indium-tin oxide (ITO) thicknesses is 
complicated and costly to mass produce. Generally, 
the viewing angle dependent color stability is not 
good in the case of higher mode microcavity because 
the thickness of tandem WOLEDs is inherently thick 
which degrades color stability by varying viewing 
angle. In addition, due to a lack of white pixels, this 
microcavity display cannot be used for RGBW color 
system displays, which have low power consumption 
and long lifetimes.[4]  
Multimode microcavity structures have been applied 

to OLEDs by several groups to produce a multi-peak 
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spectrum emission from a broad-spectrum emitting 
layer such as aluminum triss8-hydroxyquinolined 
(Alq3). Multimode microcavity structures consisting 
of a thick filler layer and a dielectric quarter-wave 
stack were pioneered for WOLEDs by Dodabalapur et. 
al..[5] However, they used only Alq3 as a single 
emitting layer, and the emitted three-peak spectrum 
was not pure white in color, and could therefore not 
produce a high quality white emission spectrum. A 
multiplex cavity structured OLED was reported by 
Nakayama et. al.[6] in which an optical length control 
layer and a strong dielectric half-mirror was 
introduced to produce multi-component emission 
spectra in the visible region. Nevertheless, the 
multiplex cavity structure has more than 10 standing 
waves in the visible region, which is not appropriate 
for displays, but is potentially applicable to new 
functional devices such as optical switches. 

In SID 2008, we reported the high color 
reproducibility, 96%, by introducing Optical path 
control layer (OPCL) laid over the top emission type 
single stacked white organic light-emitting diode 
structure, which results in a “three-mode microcavity”. 
However, for OLED TV application bottom emission 
type WOLEDs are strongly recommended. To 
enhance uniformity of display, very low resistant 
common cathode such as thick Al should be used. 

In this work, to get high efficiency, long lifetime, 
wide color gamut and low color change by varying 
viewing angle, the tandem white OLED with “three-
mode microcavity” structure has been demonstrated. 
Even if only one optical path length was used for the 
respective RGBW pixels, which is a productive and 
cost-effective way to fabricate practical AM OLED 
displays, the color gamut is comparable to the typical 
microcavity OLED with three different optical path 
lengths for the respective RGB pixels.  

2. Design  

We have demonstrated bottom emission type tandem 
WOLEDs architecture with a “three-mode 
microcavity”, which specifies a microcavity having 
only three predominant standing waves in the visible 
wavelength region of the WOLED, that improves the 
white emission spectrum. The principal of the “three-
mode microcavity” is to redistribute photons to the 
wavelengths corresponding to the RGB primary colors 
in the visible region.  

The new tandem WOLED-based active-matrix (AM) 
OLED display architecture coupled with conventional 
LCD color filters demonstrates a wide color 

reproduction ratio of 101 % to NTSC standard 
chromaticity based on CIE 1976, and the highest delta 
(u’v’) of respective RGB colors among the viewing 
angles 0 and 60 degree is 0.042 and that of white color 
is less than 0.02. 
The modes of a resonator constructed of two parallel, 

reflective, flat mirrors, separated by a specific 
distance, can be examined using a simple one-
dimensional resonator known as a Fabry-Perot filter. 
This is very similar to the microcavity in an OLED, 
and should satisfy the following equation [3]: 
                                   

 (1) 

where λj is the peak wavelength of the jth resonator 
mode in the visible wavelength region, L is the optical 
path length between both mirrors, δ is the sum of the 
phase shift resulting from the reflection at both 
mirrors, and q is an integer. From Equation (1), the 
optical path length can be calculated for a certain 
microcavity mode. 
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Fig. 1 Three standing wave modes of the three-
mode microcavity without considering any phase 
shift resulting from the microcavity (red, green, 
and blue lines show standing wave intensity of the 
wavelength at 600, 535, and 480 nm, respectively)

Figure 1 shows a multimode microcavity with three 
standing-wave modes (480, 535, 600 nm) without 
considering any phase shift resulting from the 
microcavity. The optical path length was 1200 nm in 
this case. A very large optical path length is needed to 
achieve the three modes of the microcavity in the 
visible wavelength region, but the optical length, L, of 
tandem WOLEDs is in the range of 500-700 nm. 
Therefore, an optically transparent layer, called OPCL, 
should be introduced to the microcavity of a tandem 
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WOLED. When the refractive index (n) of the OPCL 
(n=1.8 at 550 nm) is very similar to that of the organic 
materials and transparent conducting oxide such as 
ITO and IZO used in the WOLED, and 
semitransparent mirror such as dielectric mirror or 
thin metal mirror should be used for three-mode 
microcavity structure.  

Figure 2 shows the cross-sectional views of normal 
bottom emission type tandem white OLED structure 
consisting of glass substrate, IZO anode, white/white 
tandem white OLED, and Al cathode and proposed 
bottom emission type tandem white OLED structure 
consisting of glass substrate, dielectric mirror, OPCL, 
IZO anode, white/white tandem White OLED, and Al 
cathode.  

W/W Tandem WOLED

IZO

Al

Glass

W/W Tandem WOLED

IZO

Al

Glass

OPCL (Si3N4)

Dielectric mirror 
(SiO2/Si3N4) 

Fig. 1. Cross-sectional view of bottom emission 
type tandem white OLED a) normal tandem white 
OLED (Device A), b) proposed three-mode 
microcavity tandem white OLED (Device B) 

The three-mode microcavity device with emission 
peaks corresponding to the RGB primary colors is 
optimized using different OPCL and dielectric mirror 
thicknesses. At an optimized OPCL and dielectric 
mirror thickness, the simulated output spectrum of the 
microcavity matches the RGB emission spectra used 
in white emitting layers. The peak-centers of the 
three-mode microcavity are located at 458, 531, and 
622 nm. respectively, 

3. Results and discussion 

Two tandem all fluorescence white OLED devices 
were fabricated. One is normal bottom emission type 
tandem white OLED and the other is three-mode 
microcavity tandem white OLED. Table 1 shows the 
performance of two devices. Device A and B are of 
the same structures with different thicknesses of the 
constituent layers in tandem white OLED. The 
junction part between W/W OLED of Device B is 

modified to reduce operating voltage which slightly 
reduces current efficiency but power efficiency is 
improved. Two devices show quite high current 
efficiency even if RGB emitting materials are 
fluorescence one. 

TABLE 1. Performances of normal tandem white 
OLED and proposed three-mode microcavity 
tandem white OLED 

Device CIE
Efficiency 

(cd/A) 

EQE 
1) (%)

Efficiency 

(lm/W)

NTSC u’, v’ 

ratio with LCD 

color filters (%)

Device A 0.28 0.295 29 @ 11 V 15.13 8.22 92 %

Device B 0.28 0.29 28 @ 10 V 14.4 8.58 101 %

1) Lambertian approximation, Device A, B @ 4000 nit

The transmittance of a typical color filter set used 
in a liquid crystal display (LCD) is shown in Figure 3 
(solid lines). The source white and corresponding 
RGB spectra emitted by the device and transmitted 
through the LCD color filters are also shown in Figure 
3 (lines with symbols). 
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Fig. 3. Transmittance spectra (solid lines) of LCD 
color filters, source white and corresponding RGB 
emission spectra (lines with symbols) from the 
three-mode microcavity WOLED operated at 4000 
cd/m2; the CIE coordinates of RGBW are (0.67, 
0.32), (0.20, 0.67), (0.13, 0.075), and (0.28, 0.29) 
respectively,

The sharp and well-separated RGB spectra 
transmitted through conventional LCD color filters in 
the three-mode microcavity tandem WOLED device 
can increase the color gamut of the display to 101 % 
of the NTSC u’v’ ratio, which is a much higher value 
than 92 % seen in normal tandem WOLED. Figure 4 
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shows the CIE 1931 and 1976 coordinates of RGBW 
primary color as varying angle from 0 to 60 degree, 
which shows very wide color gamut with wide range 
of viewing angle. 
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Fig. 4. CIE coordinates of RGBW as varying 
viewing angle from 0 to 60 degree, a) CIE 1931, b) 
CIE 1976 

Delta (u’v’) is calculated at the angle comparing to 0 
degree, these are shown in figure 5. Lower delta (u’v’) 
means viewing angle dependent color stability is quite 
good. The highest delta (u’v’) of respective RGB 
colors among the viewing angles 0 and 60 degree is 
0.042 and that of white color is less than 0.02. These 
values are very low and it can be applicable to TV 
application.

Fig. 5. Del (u’v’) of RGBW Primary colors as 
varying viewing angle from 0 to 60 degree 

The white luminance changes of three-mode 
microcavity WOLED by varying viewing angle were 
measured and compared to top emission type RGB 
OLED fabricated by RMM method, these are shown 
in figure 5. Very high brightness of three-mode 
microcavity WOLED could be remained all around 
viewing angle comparing to TE type RGB. Low color 
change and high brightness all around viewing angle 
means three-mode microcavity WOLED based AM-

OLED TV will have very strong point of visibility 
with all around viewing angle. 

Fig. 6. % luminance of FFM TE type RGB OLED 
and BE type three-mode microcavity tandem 
WOLED by varying viewing angle from 0 to 60 
degree

4. Summary

In order to get into large size TV market with 
AMOLED, white OLEDs coupled with CFs are one of 
candidates. For the WOLED based AMOLED 
technology, WOLEDs with high efficiency, long 
lifetime, wide color gamut and wide viewing angle 
stability are necessary. For these reasons, we have 
developed highly efficient three-mode microcavity 
tandem white OLEDs. A very high current efficiency 
of 28 cd/A for three-mode microcavity tandem 
WOLED was successfully demonstrated. The 101 % 
of NTSCu’v’ ratio with LCD color filter was achieved.
In addition to wide color gamut, the highest delta 
(u’v’) of respective RGB colors among the viewing 
angles 0 and 60 degree is just 0.042 and that of white 
color is less than 0.02.  With these outstanding 
results, we believe this three-mode microcavity 
tandem WOLED architecture may provide a method 
of manufacture for the next generation of large-size 
full color AMOLED displays through the use of 
higher-generation mother glasses. 
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