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Abstract
An effective WOLED structure was demonstrated 
which improved a luminous efficiency and white 
color chromaticity independent on applied bias by 
employing effective carrier transporting layer, 
without any alteration of emissive materials. The 
modified WOLEDs exhibited 2 times higher 
luminous efficiency than the control device and 
showed balanced white emission during an 
operation.

1. Introduction

White organic light-emitting diodes (WOLEDs) 
have been attracting more and more attention due to 
their potential applications in backlights for liquid-
crystal displays and in general solid-state light source 
[1-2]. Therefore, WOLEDs with multi-emissive layers 
including the three primary colors of blue, green, and 
red or two complementary colors of blue and yellow 
have been extensively investigated in 10 years. Small-
molecular-weight WOLEDs typically consist of 
several stacked organic layers, each optimized to 
perform a particular function, such as hole or electron 
transport, charge confinement, and exciton 
recombination. Many studies have focused on a 
structural modification of emissive layers to confine 
carriers in emissive layers causing an enhanced 
probability of emission and distributing carriers 
uniformly in different emissive layers for well 
balanced white emission [3-6], while there have been 
lack of studies on a structural modification of non-

emissive functional layers such as hole and electron 
transporting layers to balance hole and electron 
density in emission layers and shift the exciton 
formation zone from an emissive layer (EML)/hole 
transport layer (HTL) or EML/electron transport layer 
(ETL) interface to the interface of adjacent emission 
layers enhancing the efficiency and white 
chromaticity of WOLEDs. 

In this paper, we demonstrate highly efficient 
WOLEDs using a fluorescent blue and a 
phosphorescent red material with balanced white 
chromaticity independent on applied voltage. The 
WOLEDs were modified employing a hole injection 
material and electron transport material, which have 
been reported on several journals to improve single 
color emissive OLEDs [7-11]. 

2. Experimental  

The WOLEDs were fabricated by high vacuum 
(5 10-7 Torr) thermal deposition of organic materials 
onto the surface of an indium tin oxide (ITO, 30 /

, 80 nm) coated glass substrate. The ITO glass was 
chemically cleaned using acetone, methanol, 
distillated water, and isopropyl alcohol. After the ITO 
glass substrates had been dried, they were treated with 
an oxygen plasma and loaded in a deposition chamber 
for successive thermal deposition of the organic 
materials and a metal. The deposition rates were 1 ~ 
1.5 /s and 5 ~ 10 /s for the organics, except the 
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dopants, and the metal, Al, respectively. Firstly, 
efficient WOLEDs (Device A) employing two 
emissive layers were fabricated with a simple device 
structure using blue fluorescent and red 
phosphorescent materials. A scheme of device 
structure is ITO/ NPB/ MADN:Blue-1/ CBP: Red-1/ 
BCP/ Alq3/ Liq/ Al. The emitting color was tuned to 
white by controlling the thickness of blue and red 
emissive layers with fixed dopant concentration of 
5 % for blue fluorescent dopant, Blue-1, and of 8 % 
for red fluorescent dopant, Red-1, respectively, which 
was determined at previous experiment. Selected 
materials have maximum efficiency of 22 cd/A with 
CIE coorinates of (0.56, 0.44) and 11.7 cd/A with 
(0.17, 0.27) for Blue-1, and Red-1, respectively. 
Therefore, several devices with the different thickness 
of emissive layers were fabricated. For the 
improvement in efficiency and white color 
chromaticity independent on applied bias, WOLEDs 
with different device structure (Device B) were also 
fabricated. With device B, NPB was modified with 60 
nm of 2-TNATA and 20 nm of NPB for hole 
retardation, BCP/Alq3 were replaced by Bphen for 
efficient electron transporting and hole blocking, and 
BAlq was deposited as a red host material instead of 
CBP. Fig. 1 shows the structure of Device A and 
Device B. 
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Fig. 1.  The structure of Device A(a) and Device 
B(b).

3. Results and discussion 

Although current density-voltage (J-V) 
characteristics of Device A were independent on the 
thickness of red and blue emissive layers with similar 
turn-on voltage of 3.5 V, luminance-current density 
(L-J) characteristics was varied with the thickness of 
red emissive layer as shown in Fig. 2. Maximum 

luminance of these devices was 48,900 cd/m2, 33,700 
cd/m2, and 30,400 cd/m2 for the thickness of red 
emissive layer of 15, 5, and 2 nm, respectively. 
Luminous efficiency characteristics followed a 
tendency of L-J characteristics. Device with a 15 nm 
thick red emissive layer showed the superior 
luminance characteristics than other devices due to 
strong red emission and only the device with 2 nm 
thick red emissive layer emitted white color through 
operating voltages.  

(a)

(b)
Fig. 2. Characteristics of device B. (a) current 
density-voltage curves and (b) luminance-current 
density curves. 

It is considered that the shallow lowest unoccupied 
molecular orbit (LUMO) level of CBP prevents 
electron flow to blue emissive layer causing 
accumulation of the majority of electrons at CBP/BCP 
interface, injected holes, however, flow well from 
HTL to CBP layer because of relatively small energy 
barrier between the highest occupied molecular orbit 
(HOMO) level of each organic material and 
accumulate at CBP/BCP interface forming excitons 
with electrons. Also electrons get trapped in a deep 
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LUMO level of red phosphor and directly form 
excitons in red phosphor as shown in Fig 4. 
Consequently, emitted light is dominantly red 
emission with the thicker red emissive layer. Only 
with a thin red emissive layer, electrons can pass 
though CBP layer and easily emit white emission with 
a loss of luminous efficiency. The critical thickness of 
red emissive layer for white emission was 2 nm with 
blue emissive layer of 28 nm. A maximum luminous 
efficiency of the WOLED was 7.51 cd/A with CIE 
coordinates of (0.35, 0.38) at current density of 7.22 
mA/cm2.

Fig. 3 shows electrical and optical characteristics of 
the device B with the optimum thickness of each blue 
and red emissive layer of 18 and 22 nm (total 
thickness of emissive layer: 40 nm), respectively. The 
current density of Device B was dramatically 
decreased with applied voltage, while a luminance as 
a function of current density was improved compared 
to Device A. Balanced white emission was also 
achieved with the device employing 18 nm thick blue 
emissive layer and the 22 nm thick red emissive layer, 
while other devices with thicker red emissive layer 
showed reddish white and the color chromaticity of 
these devices was severely changed depending on 
applied voltage. In Device B, compared with Device 
A, the thickness of red emissive layer was thicker than 
blue emissive layer due to an effective hole 
retardation of 2-TNATA and an efficient electron 
transporting ability of Bphen, causing the 
recombination of carriers at blue and red EML 
interface. The deep LUMO level of BAlq as a red host 
material also contributes smooth electron flows from 
Bphen to red emissive layer. The luminance of device 
B with the 22 nm thick red emissive layer reached to 
29,600 cd/m2 with current density of 250 mA/cm2 and 
the color chromaticity of device B showed saturated 
white color with CIE coordinates of (0.30 ± 0.03, 0.33 
± 0.01) with an applied voltage range from 6 V to 14 
V, while devices with thicker red emissive layer 
showed reddish white color chromaticity with CIE
coordinates of (0.38, 0.37) for device with 28 nm 
thick red emissive layer and (0.34, 0.36) for device 
with 25 nm thick red emissive layer, respectively, at 
10 V. At low voltage region, the latter two devices 
showed strong red emission and the former device 
showed rather bluish white emission, thus the critical 
thickness of red emissive layer for effective electron 
flow from red to blue emissive layer was 22 nm. A 
maximum luminous efficiency of device B with 22 
nm thick red emissive layer was 14.3 cd/A at 7.34 
mA/cm2.

(a)

(b)

(c)
Fig. 3.  The characteristics of Device A and Device 
B. (a) current density-voltage curves, inset: CIE 
coordinates-voltage curves, (b) luminance-current 
density curves, and (c) luminous efficiency-current 
density curves. 

The comparison of two devices, Device A (the 
control device) and Device B (the optimum device), is 
also shown in Fig. 3. A maximum luminous efficiency 
of Device B was increased about 2 times more than 
that of Device A from 7.51 cd/A to 14.3 cd/A and even 
at high voltage, for example at 10 V, luminous 
efficiency of Device B exceed that of Device A by 2 
times from 6.13 cd/A with a current density of 186 
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mA/cm2 to 13.4 cd/A with a current density of 43.8 
mA/cm2. Also, at a luminance of 1000 cd/A, Device B 
showed a luminous efficiency of 14.3 cd/A, while 
device A showed that of 7.42 cd/A. For the color 
chromaticity, Device B showed well balanced white 
emission through entire operating voltages, while 
Device A showed strong red emission at low voltages 
as shown in Fig. 3.  

Fig. 4 shows the energy band diagram of Device A 
and Device B and the expected exciton formation 
zone. From this energy band diagram, it is considered 
that the injected electron flows well through similar 
HOMO levels of Bphen, BAlq, and MADN with a 
high electron mobility and the hole injected from ITO 
also flows well from NPB to red EML after passing 
through 2-TNATA. Thus the majority of carriers can 
meet at blue EML/red EML interface rather than at 
red EML/Bphen interface giving the balanced white 
emission. 
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Fig. 4.  The energy band diagram of Device A 

(a) and Device B (b).

4. Summary

In summary, we demonstrate an efficient WOLED 
with a fluorescent blue and a phosphorescent red 
emissive material. The merit of this device is that its 
chromaticity can be tuned by employing non-emissive 
functional materials for carrier balance in EML. The 
modified WOLEDs exhibited 2 times higher luminous 
efficiency than the control device and showed 
balanced white emission during an operation. The 
optimum structure can apply to WOLEDs with other 
emissive materials because the structure was not 
focused on the structure of EML or emissive materials, 
but on injection and balance of carriers in EML. 
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