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Abstract
White top-emitting organic light-emitting diodes (TEOLEDs) composed of one doped emissive layer which emits two-wavelength light though
the radiative recombination were fabricated. As the emissive layer, 4,4-bis(2,2-diphenylethen-1-yl)biphenyl (DPVBi) was used as the host material
and 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) was added as the dopant material. By
optimizing the DCJTB concentration (1.2%) and the thickness of the DPVBi layer (30 nm), the intensity ratio of the two wavelengths could
be adjusted for balanced white light emission. By using the device composed of glass/Ag (100 nm)/ITO (90 nm)/2-TNATA (60 nm)/NPB (15 nm)/
DPVBi:DCJTB (1.2%, 30 nm)/Alq3 (20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm)/ITO (63 nm)/SiO2 (42 nm), the Commission Internationale
d'Eclairage (CIE) chromaticity coordinate of (0.32, 0.34) close to the ideal white color CIE coordinate could be obtained at 100 cd/m2.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Since Tang and Vanslyke developed high efficiency organic
light-emitting diodes (OLEDs) using tris-(8-hydroxyquinoline)
aluminium (Alq3), the OLED devices have been actively investigated as one of the next generation flat panel display
devices owing to the advantages such as low driving voltage,
high emission efficiency, self-emission, etc. [1]. In addition,
these days, white organic light-emitting diodes (WOLED) are
also intensively studied as the application to liquid crystal
display (LCD) backlight, full color active matrix OLED panel,
room lightening, etc. To obtain white light emission, a lightemitting material composed of two/three monochromatic lightemitting layers, a material composed of one/two emitting layers
doped with dopants for multi-wavelength emission in the each
layer, etc. are generally used to have the balanced color relation
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for white light emission. Some of the problems in the application of these WOLEDs to flat panel displays are the change
of Commission Internationale d'Eclairage (CIE) chromaticity
coordinate with the change of operating current density and the
change of CIE coordinate due to the difference in the lifetime of
the each light-emitting material [2,3].
For the large area active matrix OLED (AMOLED), because
of the difficulty in the fabrication of large area shadow mask, the
use of WOLED is being considered and, for large area LCD
backlight, due to the difficulty in the current control of the
WOLED devices, the use of AMOLED instead of passive
matrix OLED (PMOLED) is also considered. In addition, in the
application of WOLED devices to LCD backlight, AMOLED,
etc. the top-emitting OLED (TEOLED) structure tends to show
superior light output efficiency compared to the conventional
bottom-emitting OLED (BEOLED) structure because of the
higher aperture ratio especially when a thin film transistor (TFT)
substrate based on amorphous silicon is used for the operation
of the OLED devices. Also, to reduce the CIE color coordinate
change due to the differences in the lifetime of each emissive
layer during the operation of the devices, a TEOLED device
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composed of one emissive layer emitting two-wavelength light
is preferred.
Therefore, in this study, a TEOLED device composed of one
emissive layer emitting two-wavelength light has been studied
and the effects of material parameters such as anode indium tin
oxide (ITO) thickness, the emissive layer thickness and dopant
concentration, and multilayer capping layer on the variation of
emitting wavelength, relative emission intensity of the twowavelengths, and the light output efficiency were investigated
to obtain a balanced white light emission.
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2. Experimental
The white TEOLED structure used in this study is glass/Ag
(100 nm)/ITO (x nm)/2-TNATA (60 nm)/NPB (15 nm)/DPVBi:
DCJTB (y%, 30 − z nm)/Alq3 (20 + z nm)/Li (1.0 nm)/Al
(2.0 nm)/Ag (20 nm)/refractive index matching capping layer
and its schematic diagram of the device is shown in Fig. 1(a).
Fig. 1(b) shows the molecular structure of the organic materials
and, among these materials, 2-TNATA was used for a hole
injection layer (HIL), NPB for hole transporting layer (HTL),

Fig. 1. (a) Schematic diagram of the TEOLED device configuration. (b) Molecular structures of the organic materials in the device.
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DPVBi for blue host, DCJTB for red dopant to DPVBi, Alq3 for
electron transporting layer (ETL), Li for electron injecting layer
(EIL), and Al/Ag for cathode metal. In this structure, for the
emission layer, red dopant DCJTB was doped in blue host
DPVBi to obtain two-wavelength based white color emission.
To obtain balanced two-wavelength emission from the emission
layer by varying the microcavity length (L) of the device, the
thickness of anode ITO was varied from 50 nm to 110 nm while
keeping the thickness of the remaining organic materials at
110 nm. Also, to change the intensity ratio of the two balanced
wavelengths, the thickness and dopant concentration of DCJTB
doped DPVBi were varied while keeping the thickness of
DPVBi:DCJTB/Alq3 at 50 nm. Finally, the effect of different
refractive index matching capping layer such as Alq3, ITO, and
ITO/SiO2 on the balanced white light emission and light output
efficiency was investigated.
As the sample, 0.7 mm thick glass substrate was cleaned with
acetone, alcohol, and deionized water in sequence and, on the
cleaned glass substrate, 100 nm thick Ag was deposited by ebeam evaporation followed by anode ITO deposition by DC
magnetron sputtering at 2.6 nm/s of deposition rate with 400 W
of DC power. The Ag/ITO deposited glass substrate was annealed at 350 °C for 3 min in a furnace at the nitrogen atmosphere. The sheet resistance of the annealed Ag/ITO deposited
glass substrate was 30 Ω/square. The organic materials and Li
were deposited in a thermal evaporator with the deposition rate
of 0.05–0.2 nm/s at the pressure of 1 × 10− 6 Torr in sequence.
The Al and Ag layer composing the cathode metal were also
deposited in the evaporator at 0.5 nm/s without breaking vacuum. The emitting area of the device was 1.6 × 1.6 mm2.
The spectrum of the fabricated white TEOLED was observed
by optical emission spectroscopy (OES; PCM-420, SC Tech.
Inc.) and the CIE chromaticity coordinates were estimated using
a chroma meter (CS100, Minolta Camera Co., Ltd.) The current
(I)–voltage (V) characteristics of the devices were measured by
a source-measure unit (236, Keithley Instrument Inc.) and the
electroluminescence (EL) was measured by a silicon photodiode and a picoammeter (485, Keithley Instrument Inc.).

device, the wavelengths emitting from the TEOLD are changed
[7,8] and, for the same material thickness, the optical distance is
larger for the material with a higher refractive index (refractive
index: nITO = 1.9–2.2, norganic = 1.6–1.7). Therefore, the thickness of anode ITO was varied to obtain complementary color
relation for the white light emission and the change of the light
output spectra was observed. The results are shown in Fig. 2 for
the anode ITO thickness range from 50 nm to 110 nm. The device
structure was composed of glass/Ag (100 nm)/ITO (x nm)/2TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB (30 nm, 0.1%)/
Alq3 (20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm). As shown in
Fig. 2, the variation of the ITO thickness changed λmax of the
emitted spectrum by observing λmax at 507 nm and 555 nm for
110 nm thick ITO, λmax at 477 nm and 545 nm for 90 nm thick
ITO, λmax at 452 nm for 70 nm thick ITO, and λmax at 430 nm and
742 nm for 50 nm thick ITO. Among these anode ITO thickness, a
complementary color relation such as blue/yellow, cyan/red,
green/magenta, etc. for white light emission could be obtained for
90 nm thick ITO by showing sky blue (477 nm)/orange (545 nm)
colors. However, as shown in the figure, the intensity of the
orange color wavelength portion was not high enough to form a
balanced white light. Therefore, to increase the intensity of the
orange wavelength portion, the dopant concentration of red dye
DCJTB in DPVBi and the thickness of the emission layer were
varied while keeping the total thickness of DPVBi:DCJTB and
Alq3 at 50 nm.
Fig. 3(a) shows the effect of DCJTB dopant concentration
in the DPVBi on the change of the EL spectrum for 90 nm
thick ITO thickness in the TEOLED device shown in Fig. 2.
Therefore, the device was composed of glass/Ag (100 nm)/ITO
(90 nm)/2-TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB
(30 nm, x%)/Alq3 (20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag
(20 nm) (x = 0.8, 0.6, 0.4, and 0.2). As shown in the figure,

3. Results and discussions
The two-wavelength TEOLED device shown in Fig. 1(a) has
a microcavity structure having a Fabry–Perot filter in the device, where, two mirrors having partial reflectivity are located in
parallel with an optical distance of L [4–6]. In this filter, when a
light is incident to the filter, only the light with certain wavelengths (λmax) satisfying the following relationship can be extracted out of the filter.
2L
U
¼ m ðm ¼ integerÞ:
þ
kmax 2k
In our devices, as the mirrors, the bottom reflector is Ag/ITO
(anode) and the top reflector is Li/Al/Ag (cathode) and L is the
calibrated optical distance between the reflective anode and the
semitransparent cathode. Also, Φ is the phase shift between
anode and cathode. By changing the optical distance of the

Fig. 2. Normalized electroluminescent spectra of the devices composed of glass/Ag
(100 nm)/ITO (x nm)/2-TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB (30 nm,
0.1%)/Alq3 (20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm). (x=50, 70, 90, 110
respectively) device at the luminance of 100 cd/m2.
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Fig. 4. Normalized EL spectra of the devices composed of glass/Ag (100 nm)/ITO
(90 nm)/2-TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB (30 nm, 1.2%)/Alq3
(20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm)/refractive index matching layer.

Fig. 3. (a) Normalized EL spectra of the devices composed of glass/Ag
(100 nm)/ITO (90 nm)/2-TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB (30 nm,
x%)/Alq3 (20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm) (x = 0.8, 0.6, 0.4, and
0.2). (b) Normalized EL spectra of the devices composed of glass/Ag (100 nm)/
ITO (90 nm)/2-TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB (x nm, 1.2%)/
Alq3 (50 − x nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm) (x = 30, 25, and 20).

the increase of dopant concentration from 0.2% to 0.8% increased the EL peak intensity of orange color about 3 times
compared to the peak intensity of the sky blue color even
though the peak wavelength was moved towards longer wavelength slightly. The increase of the orange color wavelength
with the increase of the red dopant concentration is known to be
from the sold-state salvation effect (SSSE) occurring for DCMseries material such as DCJTB, DCM2, etc. [9]. Fig. 3(b) shows
the effect of 1.2% DCJTB doped DPVBi thickness from 20 nm
to 30 nm on the relative intensity of the EL spectrum. Here,
1.2% DCJTB was used to obtain more optimal orange spectrum
(0.8%:553 nm, 1.2%:562 nm) balanced with the blue spectrum

(477 nm) of DPVBi for white light emission. The total thickness
of DPVBi:DCJTB/Alq3 was maintained at 50 nm to limit the
change of the spectrum only to the thickness of the emissive
layer. As shown in the figure, the increase of the emissive layer
increased the relative intensity of orange color peak compared
to the intensity of sky blue color possibly by the enhanced
recombination at the dopant sites. Therefore, for the experimental conditions, an EL spectrum closer to white light could be
obtained when 1.2% DCJTB doped DPVBi layer thickness was
30 nm and Alq3 thickness was 20 nm.
To increase the light intensity from the above optimized
TEOLED device, a capping layer for refractive index matching
was deposited on the cathode metal layer and the effect of
different refractive index matching materials on the EL spectrum of the emitted light and its EL intensity was investigated
for the device composed of glass/Ag (100 nm)/ITO (90 nm)/2TNATA (60 nm)/NPB (15 nm)/DPVBi:DCJTB (30 nm, 1.2%)/
Alq3 (20 nm)/Li (1.0 nm)/Al (2.0 nm)/Ag (20 nm). The results
are shown in Fig. 4 and Table 1 for the refractive index matching materials of Alq3 (51 nm), ITO (63 nm), and ITO (63 nm)/
SiO2 (42 nm). In Table 1, the power efficiency and the corresponding CIE coordinate in addition to the emitted EL intensity are also shown for different refractive index materials. In
Table 1
Optical characteristic of white TEOLED with different refractive index
matching layers (refractive index matching layer, refractive index, power
efficiency (ηPL), CIE coordinates, and maximum brightness (Lmax))
Capping layer

Alq3 (51 nm)

ITO (63 nm)

ITO (63 nm)/SiO2 (42 nm)

Refractive index
ηPL (lm/W) a
CIE coordinates a
Lmax (cd/m2)

1.6
1.2
0.34, 0.36
12,700

1.95
1.1
0.35, 0.32
11,500

1.95/1.46
1.4
0.32, 0.34
14,500

a

At 1.00 cd/m2.
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general, due to the differences in the refractive index between the
cathode metal of the TEOLED device and air, some of light
emitted inside of the TEOLED device cannot be extracted through
the semitransparent cathode metal by Snell's law. That is, when
the light passes through from a medium with a refractive index of
n1 to a medium with a refractive index of n2, if n2 is larger than n1,
the light is reflected backward but, if n2 is smaller than n1, the
light is reflected forward. Therefore, by depositing a material
having the refractive index between the refractive index of the
cathode material and the air, the extraction efficiency can be
improved [10,11]. As shown in Table 1, the refractive index of
Alq3 is 1.6, that of ITO is 1.95, and that of ITO/SiO2 is 1.95/1.46
and the extracted EL intensity was the highest for the combination
of ITO/SiO2. Also, because of the huge differences in the refractive index between the air and semitransparent cathode metal,
the use of ITO showed higher EL intensity compared to Alq3.
Especially, the highest EL intensity for the combination of ITO/
SiO2 is believed to be related to the smoother transition of refractive index from the semitransparent cathode metal to the air.
From the highest extracted EL intensity of the combination of
ITO/SiO2, the use of ITO/SiO2 also showed the highest power
efficiency. In addition, possibly due to the differences in the
reflectivity of the light between the cathode metal and air for
different wavelengths, the extracted EL intensity of the orange
color relative to that of the sky blue color was increased further by
depositing the refractive index materials on the cathode metal as
shown in Fig. 4. Among the capping materials, Alq3 showed the
highest orange spectrum intensity, however, with Alq3, the white
light balancing cannot be obtained because the intensity of orange
spectrum portion was higher than that of the blue spectrum portion. The use of ITO/SiO2 as the capping layer showed the better
balancing of emission intensities between blue spectrum portion
and orange spectrum portion. Due to the change of the relative
intensity ratios by using different refractive index materials, the
CIE coordinates were also varied depending on the refractive
index material. As shown in Table 1, for the TEOLED device
composed of glass/Ag (100 nm)/ITO (90 nm)/2-TNATA (60 nm)/
NPB (15 nm)/DPVBi:DCJTB (30 nm, 1.2%)/Alq3 (20 nm)/Li
(1.0 nm)/Al (2.0 nm)/Ag (20 nm)/refractive index matching layer,
the use of ITO (63 nm)/SiO2 (42 nm) as the refractive index
matching material showed the CIE coordinate of (0.32, 0.34)
which is very close to the (0.33, 0.33) of white point in addition to
the highest EL intensity of 14,500 cd/m2 at the operating voltage
of 12.8 V.

4. Conclusions
In this study, white TEOLEDs composed of glass/Ag
(100 nm)/ITO (x nm)/2-TNATA (60 nm)/NPB (15 nm)/
DPVBi:DCJTB (y%, 30-z nm)/Alq3 (20 + z nm)/Li (1.0 nm)/
Al (2.0 nm)/Ag (20 nm)/refractive index matching layer which
have one doped emissive layer emitting two-wavelength light
were fabricated and the effect of material parameters on the
optical properties of the fabricated TEOLEDs was investigated.
By varying the microcavity length of TEOLEDs through the
variation of the anode ITO thickness and, by optimizing the
dopant DCJTB concentration and the thickness of the emissive
DPVBi layer, an EL spectrum composed of two complementary
wavelengths close to white light could be obtained. Also, by the
deposition of a refractive index matching layer composed of
ITO (63 nm)/SiO2 (42 nm), a higher EL intensity could be
obtained. For the TEOLED device composed of glass/Ag
(100 nm)/ITO (90 nm)/2-TNATA (60 nm)/NPB (15 nm)/
DPVBi:DCJTB (1.2%, 30 nm)/Alq3 (20 nm)/Li (1.0 nm)/Al
(2.0 nm)/Ag (20 nm)/ITO(63 nm)/SiO2 (42 nm), the maximum
EL intensity of 14,500 cd/m2 at 12.8 V could be obtained with
CIE chromaticity coordinate of (0.32, 0.34) close to ideal white
color CIE coordinate of (0.33, 0.33) at 100 cd/m2.
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