
Abstract
We have demonstrated efficient white WOLEDs by 

using three emissive materials for primary colors (red, 
green, and blue). The characteristics of WOLEDs 
showed the maximum luminance of 37600 cd/m2 at 13 
V, the maximum luminous efficiency of 20.6 cd/A, and 
the CIEx,y coordinates of (x = 0.33, y = 0.33) at 10V. 

1. Introduction

Organic light-emitting diodes (OLEDs) have 
attracted increasing attention in recent years and are 
considered to hold the promise of the next generation 
flat-panel displays due to their low-voltage operation, 
wide-viewing angle, high contrast and mechanical 
flexibility.1-4

White OLEDs (WOLEDs) have also drawn 
increasing attention as a solid-state light source and 
backlights in liquid-crystal displays and full-color 
OLEDs due to their light weight, low operating 
voltage and high contrast. Thus, the structures and 
materials for WOLEDs have been extensively studied 
by many research groups.5-8 White emission can be 
achieved by two complementary colors (e.g. sky blue-
red) or three primary colors (red, green, and blue). 
WOLEDs as two complementary colors demonstrated 
higher efficiency, simpler process, and lower shift of 
exciton-recombination zone than three primary colors, 

but it is not suitable for full-color OLEDs and back 
lights of liquid crystal display (LCD). Therefore many 
researchers have investigated efficient WOLEDs for 
three primary colors. Phosphorescent OLEDs 
(PHOLEDs) can also improve efficiency because both 
single and triplet excitons can be used. Green and red 
phosphorescent materials have satisfied the conditions 
such as efficiency, life time, and good Commission 
Internationale de L’Eclairage (CIEx,y) coordinates, but 
no blue phosphorescent materials have yet been 
considered as a proper candidate for WOLEDs. One 
researcher showed highly efficient WOLEDs which 
were made up of blue fluorescent and red-green 
phosphorescent dopants using CBP spacer (CS) which 
prevented singlet energy transfer from blue 
fluorescent dopant to red and green phosphorescent 
dopant and minimized the exchange energy losses to 
increase the efficiency, brightness, and lifetime.9
Lately, we demonstrated highly efficient WOLEDs 
using two emitting materials for three primary 
colors.10 One of the largest issues of WOLEDs using 
phosphorescent materials is a triplet-triplet (T-T) 
annihilation of phosphorescent dopants at high 
operating voltages. This problem bring about the 
CIEx,y coordinates change of white emission. In this 
letter, we demonstrated preventing T-T annihilation by 
inserting CS between red and green phosphorescent 
materials. As a result, WOLEDs showed a minimal 
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change for CIEx,y of (x=0.35, y=0.35) and (x=0.32, 
y=0.32) from 6 V to 14 V. 

Fig. 1. The structures of all Devices used in the 
experiment. 

2. Experimental  

Indium tin oxide (ITO)-coated glass was cleaned in 
an ultrasonic bath by the following sequence: in 
acetone, methanol, distilled water and isopropyl 
alcohol. Thereafter, pre-cleaned ITO was treated by 
O2 plasma treatment with the conditions of 2  10-2

Torr, 125 W, and 2 min. WOLEDs were fabricated by 
using the high vacuum (5 x 10-7 Torr) thermal 
evaporation of organic materials onto the surface of 
the ITO-coated glass substrate (30 /sq, emitting area 
was 3 mm x 3 mm). The deposition rates were 1.0 – 
1.1 /sec for organic materials and 0.1 /sec for 
lithium quinolate (Liq), respectively. After the 
deposition of the organic layers and without a vacuum 
break, the aluminum (Al) cathode was deposited at a 
rate of 10 /sec. The doping concentrations of the 
dopants were optimized. With the DC voltage bias, the 
optical and electrical properties of WOLEDs such as 
the current density, luminance, luminous efficiency, 
and CIEx,y coordinates characteristics were measured 
with Keithley 236 and CHROMA METER CS-100A 
instruments, respectively. The electroluminescence 
(EL) spectra of the emission from the devices were 
measured by Roper Scientific Spectra Pro 300i. All 
measurements were carried out under ambient 
conditions at room temperature. 
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 Fig. 2. Luminance (L) vs voltage (V) 
characteristics of all devices. Inset: luminous 
efficiency (LE) vs current density (J) 
characteristics of all devices. 

3. Results and discussion 

As shown in Fig. 1, five devices with the structure 
of indium tin oxide (ITO) as anode / N,N -bis-(1-
naphyl)-N,N -diphenyl-1,1 -biphenyl-4,4 -diamine 
(NPB) as hole transporting layer (HTL) / BLUE-1 
doped in 2-methyl-9,10-di(2-naphthyl)anthracene 
(MADN) (device A, D, and E) or only MADN (device 
B and C) as blue emitting layer (EML) / 4,4 -N,N -
dicarbazole-biphenyl (CBP) as CBP spacer (CS) / 
RED-1 doped CBP as red EML / CS (device E) / fac 
tris(2-phenypyridine) irdium(III) (Ir(ppy)3) doped 
CBP as green EML / CS / BLUE-1 doped in MADN 
(device A, C, and E) or only MADN (device B and D) 
as blue EML / 4,7-diphenyl-1,10-phenanthroline 
(BPhen) as electron transporting layer (ETL) / lithium 
quinolate (Liq) as electron injection layer (EIL) / 
aluminum (Al) as cathode have been fabricated, where 
the doping concentration of BLUE-1, RED-1, Ir(ppy)3
in MADN as a blue host, CBP as a red host, CBP as a 
green host were optimized at 10, 8, and 8%. It was 
shown in Fig. 2 that the All devices had the maximum 
luminance of 37600, 22400, 17900, 26100, and 32300 
cd/m2 at 13 V, respectively. Device A and E showed 
higher luminance at operating voltages than other 
devices, because they were evaporated by doping with 
BLUE-1 dopant at all blue EML. As shown in the 
inset of Fig. 2, the device A, B, C, D, and E also show 
the maximum luminous efficiency of 20.6, 15.1, 19.9, 
18.4, and 18.6 cd/A at 0.79, 1.00, 0.08, 1.10, 1.83 
mA/cm2, respectively, and a luminous efficiency of 
15.6, 11.8, 12.4, 13.9, and 16.3 cd/A at 20 mA/cm2.
Device A and E using doping of all 
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Fig. 3. CIEx,y coordinates of All devices. 

BLUE-1 dopant for two blue EMLs showed higher 
luminous efficiency above the current density of 1.00 
mA/cm2 than other devices. Device E also showed 
higher luminous efficiency than device A because SC 
between red and green EML for device E prevented 
energy loss of excitons diffusion and dexter energy 
transfer from green EML to red EML effectively. Fig. 
3 shows the CIE coordinate changes of five devices as 
a function of the applied voltage from 6 to 13 V. 
Device A, B, C, D and E showed emission of CIEx,y
coordinates from (x=0.36, y=0.37), (x=0.42, y=0.39), 
(x=0.50, y=0.42), (x=0.45, y=0.41), and (x=0.35, 
y=0.35) at 6 V to (x=0.30, y=0.34), (x=0.34, y=0.34), 
(x=0.44, y=0.40), (x=0.40, y=0.39), and (x=0.32, 
y=0.32) at 14 V. All devices also showed emission of 
CIEx,y of (x=0.30, y=0.34), (x=0.37, y=0.36), (x=0.45, 
y=0.40), (x=0.40, y=0.39), and (x=0.33, y=0.33) at 10 
V. Device E demonstrated perfect white emission at 
10 V and the smallest fluctuation of CIEx,y on the 
whole applied voltages because of SC between red 
and green EML. Fig. 4 showed that 
electroluminescence (EL) spectra of all devices from 
6 V to 12 V. Device A had three emission peaks at 460 
nm as BLUE-1 emission, 506 nm as Ir(ppy)3 emission, 
and 586 nm as RED-1 emission. Device B which was 
formed with blue emission for only blue host material, 
MADN, showed peaks of 436 and 456 as MADN 
emission , 508 nm as Ir(ppy)3 emission, and 590 nm 
as RED-1 emission. Device D which was formed with 
only MADN for blue layer near by cathode was 
observed for MADN peak but device C was not 
observed for MADN peak almost. Therefore major 
blue excitons formed near by cathode. All three 
devices except for device E showed the tendency of 
red emission decrease as the driving voltage increases 

 Fig. 4. EL spectra of all devices at voltages from 6 
V to 12 V. 

but device E showed the smallest red intensity at 6 V 
and the largest red intensity at 8 V among operating 
voltages. It was also reason that device E formed 
major blue excitons for blue layer near by cathode and 
SC between green and red EML in the device E 
prevented transfer of excitons and T-T annihilation 
effectively. Then, major excitons transferred from 
green to red EML above 8 V because of a thin SC 
thickness of 30 .

4. Summary

It was demonstrated in this letter that the highly 
efficient WOLEDs using blue fluorescent and red, 
green phosphorescent dyes separated by spacer were 
fabricated for the three primary colors such as red, 
green, and blue. The white devices with the optimum 
structure showed a maximum luminance of 37600 
cd/m2 and a luminous efficiency of 20.6 cd/A, 
respectively. Furthermore, device E showing the 
minimal change of CIEx,y showed proper CIEx,y
coordinates of (x=0.33, y=0.33) at 10V. 
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