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15-in. RGBW panel using two-stacked white OLED and color filters for large-sized
display applications

Chang-Wook Han
Yoon-Heung Tak
Byung-Chul Ahn

Abstract — A 15-in. HD panel employing two-stacked WOLEDs and color filters for which the color
gamut can be as high as 101.2% (CIE1976) and the power consumption is 5.22 W. The WOLEDs
exhibit a current efficiency of 61.3 cd/A and a power efficiency of 30 lm/W at 1000 nits and their CIE
coordinate is (0.340, 0.334). A 15-in. RGBW panel was investigated to verify the electrical and optical
performance compared to that of a 15-in. RGB TV made by using FMM technology. The characteristics
of the 15-in. RGBW panel are comparable to those of the 15-in. RGB panel. Color filters combined
with WOLEDs is a possible patterning technology for large-sized OLED TV, which surpasses the limits
of fine-metal-mask technology.
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1 Introduction
White organic light-emitting diodes (WOLEDs) have attracted
great interest by researchers as eco-friendly lighting sources
as an alternative to a mercury containing fluorescent lamp
and is a strong candidate as a large-scale process for OLED
TV.1,2 The elimination of the fine metal mask (FMM) is a
big advantage of WOLEDs with a color filter (CF) in the
manufacturing process. However, it has been challenged
due to low efficiency and lifetime.3 The low efficiency of
WOLEDs with a CF is due to the down-averaging efficiency
of each RGB monochromatic OLED and the absorption loss
of the CF layer. To overcome these issues, two methods have
been proposed. One method includes the four-subpixel con-
figuration for RGBW, having an extra white light-emitting
subpixel,2 and the other is a two-stacked tandem structure
with the use of a charge-generation layer (CGL) connecting
the fluorescent blue stack and the phosphorescent red and
green stack.4,5 In this paper, we have employed a bottom-
emissive and two-stacked WOLED structure.6 Previously,
there have been two unsolved issues: the low efficiency of
fluorescent blue and the low lifetime of the phosphorescent
red and green stack in the tandem WOLEDs.

We report the high-performance of WOLEDs by
enhancing the efficiency and the lifetime of the fluorescent
blue stack and the lifetime of the phosphorescent red and
green stack. In a fluorescent blue stack, a new hole-trans-
porting layer of non-carbazole compound which has a high
triplet energy level, is used. This can result in more singlet
excitons through triplet–triplet annihilations in an emitting
layer. A detailed analysis has been performed in a previous
report.7 In addition, a new greenish-yellow dopant with a
long lifetime is used to enhance the lifetime of the phospho-
rescent stack. The WOLEDs showed a high current effi-
ciency of 61.3 cd/A and a long lifetime of over 130,000 hours

at an initial luminance of 1000 nits. A prototype 15-in.
RGBW OLED panel,  which  employed  two-stacked
WOLEDs and a CF was fabricated in order to show its pos-
sibility as a large-sized patterning technology.

2 TFT backplane
We have found that excimer-laser crystallization (ELC) is
acceptable for mass production due to voltage-compensa-
tion technology and an improvement in the laser crystal-
lization process and equipment. The uniformity of thin-film
transistors (TFTs) has been improved, which results in
higher yield to meet the requirement of screen perform-
ance. However, a large laser overlapping ratio increases the
cost of the laser-crystallization process. Therefore, non-laser
crystallization has been developed to provide uniform per-
formance of TFTs and to lower the fabrication cost. A field-
enhanced rapid-thermal-annealing (FERTA) system has
been installed to crystallize amorphous-silicon (a-Si) pre-
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FIGURE 1 — Schematic diagram of TERTA system.
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cursor films. We call this technology advanced solid-phase
crystallization (ASPC). The basic concept of ASPC is to util-
ize a uniform heating and cooling system for the substrate
in combination with rapid thermal annealing and a magnetic
field to accelerate the crystallization.8 Figure 1 shows the
schematic diagram of the FERTA system, which consists of
a multiple radio-frequency heating module and a central
rapid-heating module. Since the temperature within a glass
substrate is very uniform and the glass substrate passes
through the rapid thermal annealing zone in a short time,
the crystallization can occur without glass deformation.

Figure 2 shows the transfer characteristics between
the TFTs fabricated by ASPC and ELC. The electrical prop-
erties of the two TFTs were compared as shown in Table 1.
Mobility, subthreshold slope, and leakage current of ELC
TFTs are 80 cm2/V-sec, 0.3 V/dec, and 10–13 A, respectively.
The mobility, subthreshold slope, and leakage current of
ASPC TFTs are 20 cm2/V-sec, 0.4 V/dec, and 10–12 A,
respectively. The electrical characteristics of a TFT, which
was made by using ASPC, showed higher uniformity com-
pared to that of TFTs made by using ELC. The ASPC TFTs
showed a good uniformity of 0.87%.

3 Characteristics of two-stacked WOLEDs
Figure 3 shows the schematic structures of the fluorescent
blue device, the phosphorescent red and green device, and
the hybrid two-stacked WOLEDs. Device W can be fabri-
cated by connecting the first stack (device B) and the second
stack (device Y) by using a charge-generation layer com-
prised of an organic layer and a metal-doped layer. The
organic layers were prepared on an ITO anode in two-
stacked WOLED structures: hole-injection layer (HIL1),
hole-transport layer (HTL1/HTL2), fluorescent blue-emit-
ting layer (B_EML), electron-transport layer (ETL1), n-
type charge-generat ion layer (ETL2:Li) , p-type
charge-generation layer (HIL2), hole-transport layer
(HTL2) with high triplet energy, phosphorescent red and
greenish-yellow emitting layer (R + G EML), electron-
transport layer (ETL3), and electron-injection layer next to
the metal electrode. As the thickness of the total organic
layers in two-stacked WOLEDs was varied, we considered the
microcavity effect coming from the interference among
original light and light reflected by interfaces such as be-
tween OLEDs and the Al cathode. In designing the layered
structure in WOLEDs of the bottom-emission type, it is
critical to position it where light is emitting, as well as to
satisfy the total thickness between the anode and cathode
into the microcavity condition.9 All organic and metal layers
were deposited by using the thermal evaporation method
under vacuum atmosphere at approximately 2 × 10–7 torr.
The emitting area was 0.3 × 0.3 cm2, and the optical and
electrical characteristics were measured with a Keithely 238
source meter and PR655 spectrometer at room tempera-
ture. The external quantum efficiency (EQE) was calcu-
lated, assuming that device emission is Lambertian and
angle independent.

3.1 Fluorescent blue stack
First, fluorescent blue devices were fabricated and tested.
Table 2 shows the optical and electrical characteristics and
color coordinate for each device. In order to enhance the

FIGURE 2 — Transfer characteristics between the TFTs fabricated by
ASPC and ELC.

FIGURE 3 — Schematic structures of (a) blue, (b) R + G, and (c) two-
stacked WOLED.

TABLE 1 — Comparison of electrical properties of TFTs
fabricated by ASPC and ELC.
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lifetime and electroluminescent (EL) performance of the
blue device, the hole-transport layer with a high triplet
energy (HTL2) was used at three different structures to ver-
ify the triplet exciton confinement effect. Three blue
devices had Li-doped ETLs for better electron injection.
Devices B2 and B3 were optimized for a second optical cav-
ity thickness for implementation in the tandem WOLEDs.
Device B2 with long cavity shows a maximum external quan-
tum efficiency (EQE) of ~9.2%, higher than that of Device
B1 by enhanced out-coupling efficiency from the micro-
cavity effect. However, Device B2 with a thicker HTL shows
poor lifetime and high operating voltage resulting from the
imbalance of hole–electrons shown Fig. 4(a). Device B3, by
replacing some portion of the HTL2 with HTL1, shows a
longer lifetime due to well-balanced charge injection.

3.2 Phosphorescent red and green stack
We have studied how to maximize efficiency and tune colors
of the phosphorescent stack with one host and two doped
red- and green-emitting layers, by changing the concentra-
tion of the dopants in previous report.6 We focused on
improving the lifetime of the phosphorescent-emitting por-
tion of the OLED stack, which was lower compared to the
fluorescent blue-emitting portion. We employed a new
greenish-yellow dopant (GYD) instead of a green dopant
(GD) in order to enhance the efficiency and the lifetime of
the phosphorescent stack. To examine the influence of the
greenish-yellow dopant, we fabricated a phosphorescent device
with the structure of “ITO/HIL/HTL/Host1: GYD, 0.2 or
0.3 vol. % red dopant/ETL3/LiF/Al as shown in Fig. 3(b).
We used common host material, i.e., Host1, for the light-
emitting layer in the phosphorescent red and green devices.
The electrical and optical data and color coordinates for

each device are summarized in Table 2. The device employ-
ing the greenish-yellow dopant results in the shift of the
peak wavelength from 524 to 552 nm. Inset of Fig. 4(b)
illustrates the EL spectra when changing the red dopant
ratio with the GY dopant kept at 10% concentration. The
intensity in the red region is slightly changed, compared
with the devices of 0.2 and 0.3% red dopants. The intensity
in the green region is drastically increased as the red dopant

FIGURE 4 — (a) Operational lifetime and  EL spectra (inset) of  the
fluorescent blue devices and (b) the phosphorescent R + G devices at
50 mA/cm2.

TABLE 2 — Device characteristics of blue fluorescent devices with three different HTLs (B-1, 2, 3), red/green phosphorescent devices with
two different green dopants (Y-1, 2, 3), and WOLED. @ 10 mA/cm2.
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decreased to 0.2%. Even though device Y2 shows a better
efficiency than device Y3, device Y3 demonstrated the best
lifetime with reasonable efficiency and operating voltage
compared to that of device Y2 as shown in Fig. 4(b). It is
anticipated that device Y3 would contribute to the white
emission in the two-stacked WOLEDs.

3.3 Two-stacked WOLEDs

The performance of WOLEDs at 10 mA/cm2 without any
light out-coupling structure is summarized in Table 2. As
shown in Fig. 5(a), the EL spectra of WOLEDs adopting the
optimum microcavity condition has distinctive emission
peaks in the red, green, and blue range suitable for display.
The EL spectrum of the two-stacked WOLEDs is compara-
ble to the sum of the EL spectra of the blue stack and R +
GY stack. We obtained high current efficiency, and a cooler
white color with a small increase in voltage. It was found
that the intensity of both the blue and R + GY stacks is
drastically increased in the two-stacked WOLEDs. Such a
result can be explained by two aspects of the optical and
electrical effect. First, the organic layered structure in
WOLEDs may have an advantage in extracting the blue and
R + GY light due to the microcavity effect. Second, the
charge-generation layer comprising an organic layer and a
Li-doped layer may result in enhancement of the charge
balance in both the blue and R + GY stacks. In particular,
the enhancement of exciton confinement in the blue-emit-
ting layer through improved injection and transport may be
expected to enhance triplet–triplet annihilation. Conse-
quently, the blue intensity of WOLEDs is higher than one
of the blue stacks. Figure 5(b) shows the current efficiency
of WOLEDs compared with that of the blue and R + GY
stacks. The efficiency and EQE of WOLEDs are 61.3 cd/A
and 32.5% at 1000 nits, respectively. Regarding the driving
voltage, the sum of the driving voltage of each stack is com-
parable to that of two-stacked WOLEDs, as shown in the
inset of Fig. 5(c). Figure 5(c) shows the lifetime charac-
teristics of the blue-, R + G-, and two-stacked WOLEDs.
The half-lifetime (LT50) of the WOLEDs at 1000 nits is
estimated over 130,000 hours based on the empirical accel-
eration factor of the 1.6th power. The reason why the high
efficiency and longer lifetime in a fluorescent blue stack was
to adopt Li-doped double ETL and a new hole-transport
layer of non-carbazole compound with a high triplet energy
level. The new greenish-yellow dopant could improve the
lifetime and efficiency of the phosphorescent (R + GY)
stack.

The high efficiency and color stability can be ex-
plained by two reasons. First, the doping ratio between a
phosphorescent greenish-yellow and a red dopant was opti-
mized within one light-emitting layer. Second, an HTL with
a high triplet energy level and non-carbazole compound was
employed at both the fluorescent blue and phosphorescent
(R + GY) stack.

4 15-in. RGBW panel

4.1 Fabrication of 15-in. RGBW panel
The 15-in. RGBW panel was fabricated to demonstrate the
performance of the two-stacked WOLEDs combined with a
color filter as shown Fig. 6. We adopted an RGBW pixel
format in order to use the efficient white emission from the
white subpixel. It reduces the power consumption by half
compared to an RGB pixel format. The color filter was
coated onto a low-temperature polycrystalline-Si TFT back-
plane. We have developed new color materials which opti-
mized the emission of the WOLED’s spectrum. RGB
subpixels were defined by color filters, while the white sub-
pixel had no color material on it. The polymer was over-
coated on the color filter in order to create planarization and
prevent solvents in the CF from outgassing. ITO was sput-

FIGURE 5 — Comparison of operational characteristics of three devices
W, B-3, and Y-3: (a) EL spectra, (b) current density vs. current efficiency,
(c) lifetime at a constant current density of 50 mA/cm2 (the inset shows
a driving voltage vs. current density).
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tered on the polymer layer. Afterward, each subpixel was
defined by polyimide material. Finally, the two-stacked
WOLEDs were fabricated on the backplane without the use
of a fine metal mask. Figure 7 shows the image from the
prototype 15-in. RGBW panel, employing two-stacked
WOLEDs and a CF. The performance for a 15-in. RGBW
panel is shown in Table 3. A 101.2% NTSC color gamut was
achieved in the RGBW panel by improving the properties of
the color filter. The aperture ratio of the 15-in. RGBW panel
was 34%. The wide aperture ratio decreases the current
density, leading to a longer lifetime.

4.2 15-in. RGBW vs. RGB panel
A 15-in. RGBW panel was investigated to verify the electri-
cal and optical performance compared to that for a 15-in.

FIGURE 6 — Schematic diagram of WOLED, CF and TFT.

FIGURE 7 — The display image of a prototype 15-in. RGBW panel.

TABLE 3 — 15-in. RGBW panel specifications.

FIGURE 8 — Power consumption between the WRGB panel and RGB panel with the same image set.
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RGB TV which was fabricated by using FMM technology.
The power consumption between the RGBW and RGB
panel was compared for the same image set as shown in Fig. 8.
Most of the images have nearly the same power consump-
tion, except for some images such as pure-color or full-white
images. For pure-color images of the RGBW panel, the red,
green, and blue subpixel emits light through the color filter
so that the efficiency of the RGBW panel decreased. On the
contrary, to display a full-white window, we utilized the most
efficient WOLEDs. If we use the text or Web images, which
more frequently come from a computer monitor, the RGBW
panel is more advantageous in terms of power consumption.
The characteristics of the RGBW and RGB panels are sum-
marized in Table 4. Most of all the properties of the RGBW
panel, such as color gamut and uniformity, are comparable
to those of the RGB panel.

5 Conclusion
We have developed a 15-in. HD panel employing the two-
stacked WOLEDs and color filters. By adopting optimized
color filters for the WOLEDs and high-efficient two-
stacked WOLEDs for which the efficiency and color coor-
dinate are 61.3 cd/A and (0.340, 0.334) at 1000 nits,
respectively. We could obtain 9000K and a color gamut up
to 101.2%. These results are comparable to those for 15-in.
RGB TV, which was fabricated by using FMM technology.
Therefore, we suggest that the WOLEDs combined with
color filters are a strong candidate for large-sized OLED TV,
which surpasses the limit of fine-metal-mask technology.
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