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Abstract-Tt~-ee different stractm-es of multi-layer organic Iight-emJttmg devices, which consisted of two emitting 
layers separated by a carrier blocking layer, were investigated. Since the emitting layers are constructed to emit dif- 
ferent colors, the colors emitted from the s~uctm-es are mixed. It was fomld that the colors were directly mSxed in the 
s~uctm-es of this study due to the can'ier blocking layer sandwiched by the two emissive layers. The blocking layer 
splits the carrier recombination zone, and with the emission color is controI1ed by balancing the split. For the white 
light the CIE coordinate of(0.30, 0.33) is obtained at an applied voltage of 14 V. The luminance is measured to be 1,000 
cd/m 2 at 14 V with the power efficiency o f 0.4 lro/V~ For a luminance of 100 cd/m 2 at 11 V, the CIE coordinate is found 
to be (0.31, 0.34) and the power efficiency was as high as 0.53 Im/W. 
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INTRODUCTION 

Organic light emitting devices (OLEDs) have amacted much at- 
tention because of their supeiior chmacterisfics such as high lumi- 
nance, wide range of color and wide viewing angle, etc. ['Kido et 
al., 1995; Xie et al., 1999, 2000]. Since the OLEDs were fl~t in- 
troduced in 1987, remarkable tedmological progress has been made 
in the field, including the recent advent of commemiaI products using 
tile tectmology [Rajeswaiml et al., 2000]. As tile result of the enor- 
mous number of previous studies, the optimized structures and ma- 
teiials for OLEDs have been welI !alown and routmely exercised 
for many studies [Deshlzande et al., 1999; Kido et aI., 1995]. Among 
many idnds of OLEDs, white-Iight-emithng OLEDs have been stud- 
led much reeenfly due to their potei~al applicatiom in the backligt~s 
for liquid crystal displays (LCDs) or in other illumination devices. 
In order for the white OLEDs to be used as backlights in LCDs, 
the light emission should be hight and have Conmlission Inte~na- 
tionale dEclairage (CIE) chromaticity coordinates of (0.33, 0.33). 
To obtain white emission from OLEDs, different colors should be 
mLxed with proper balalces, and thea-e exist a few methods for mix- 
ing colors. 

Tile most widely studied method for achieving white emission 
is to use incomplete enelgy transfer, in that the light emission comes 
from both host material and dopmlt material. Tile simplest s~uc- 
0m-e using this method has either a single layer that ks a polymer host 
layer doped with red, blue, and green fluorescent dyes or a combi- 
nation of several dech-oluminescent polymea- blends [Christ et aI., 
1997; OTansh-0m et al., 1996; Kido et al., 1995; Tasch et aI., 1997]. 
However, it is not an easy task to accomplish incomplete energy 
transfer fi-om tile host to tile dolzant, or cartier trapping at tile do- 
pant site, because the concentration of dopants used in the emissive 
layer should be quite low for tile purpose, non~aally much less than 
1 wt%. 
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Another method to achieve white emission is to control the spatial 
location of the eaciton recombn-mtion zone by introducing a carrier 
blocking layer between the hole trar~sport layer (HTL) and the elec- 

tron transport layer OETL). The carrier blocking layer located be- 
tween two layers emitting different colors blocks electrons or holes 
supplied from ETL or HTL, respectively, and as a result the spatial 
location of the career recombination zone is changed In recent years, 
a few small-molecule-based multi-layer OLEDs have been reported 
to achieve white eanissioi1, using two [Destg~nde et aI., 1999; Jor- 
dan et al., 1996] or three ['Kido et aI., 1996] different color-emiNng 
layers. It is possible to mix the different colors to generate white 
emission via controlling the thickness of tile blocking Iayez~, be- 
cause it could change the spatial distribution of carriers across the 
bloc!dng layers. The use of three different color-emitting layers is 
somewhat straJghffol~vard except for the complexity of the slruc- 
~e .  In a study using ~vo different color-e~mttmg layers [Destg~ande 
et aI., 1999], tile color emission was tuned to white by controlling 
both the thickness of the blocking layer and the concentration of 
dopant In order to achieve white emission, the concentration of 
dopant should be reduced to 0.6 wt% for balandng tile light emis- 
sions fi-om both the host and dopant_ Therefore, a structure should 
have been considered that not only uses the c~ ie r  blocking layer, 
but also the incompleteness of energy transfer between the host and 
tile dopaat. In tiffs study, howevea\ we report the two-emissive-Iayea- 
struc~-e that emits white light by direct mLxing of pure blue fi-om 
an emissive layer and orange fi-om a fluorescent-@ dopant m the 
other emissive Iayei: 

In this work, we report the emission ct~-acteristics of multi-layer 
OLEDs and a method to obtain white light emission. The struct~tre 
reported in this study does not use tile incomplete eneagy transfer 
between the host and the dopant, and consequently, the concentra- 
tion of dopant ks not so critical m tile device peffomlance unless 
tile concentration is too high to det_eiiorate the host material l~opea - 
ties. The emitted lights from emissive layers could be directly mixed 
to show a resultant coloz; and the degree of mixing should be de- 
pendent on the level of split of caniea- recombi~'~tion zone by a block- 
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ing layer in the middle of the emissive layers. By controlling the 
thickness of blocking layer, the resultant color could be amed to 
white. 

EXPERIMENTAL 

In order to fabricate the OLEDs in this study, ITO-coated glass 
substrates were used of which the sheet resistivity was about 15 f2/ 
_ .  The ITO subs~-ates were wet, cleaned and wet-etched to fom~ 
the anode sa-ucture of �9 The wet cleaning method included 
soi/ficafion by de-ionized (1)I) water, degreasing by flustmg in warm 
TCE, rinsing in acetone and methanol, and fmally rinsing in DI watea: 
On top of the anode a buffer layer of phtlmlocyat/_ne copper com- 
plex (CuPc) was deposited by vacuum sublimation in order to en- 
hance the hole injection fi-om the anode. The 4,4-bis[N-(1-naph- 
thyI)-N-phenyl-amino]biphenyl (cz-NPD) was used as the blocking 
layer and also HTL material. The low molecular weight organic 
materials used in this study were 4,4-bis(2,2-dlphenylvmyI)-l,1- 
biphenyI (DPVBi) as a blue emitting material, [2-mebyl-6-[2-(2,3,6,7- 
telrahydro- 1H,5H -benzoquinoli zin-9) ethenyI] -4H-pyran-4-yli dene] 
profane dini~-ile (DC~I2) as a red @ant ,  5,6,11,12,-te~aphenyl- 
naphthacene (Rubrene) as an orange emitting dol:~lt, and alumi- 
num tris(8-hydroxyquinoline) (AIq3) as a green emitting material 
and a host material for the red dopant. All the ozgafic layers were 
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Fig. 1. The schematic cross-sections of fabricated OLED struc- 
tm.es; (a) structure (I), (b) ~ 'ucture (Ir), and (c) structm'e 
(IiI). 

then'nally deposited with an approximate growth :ate of 1-2 Ik/s. 
For a cathode electrical contact, AI: Li alloy was finally capped 
over the organic Iayei's which are them~a~y sublimated in a vac- 
uum less than 10 -6 ton~ The thickness of CSaPc, HTL, and ETL was 
set to 15, 50, and 50 rim, respectively. The thickness of each emis- 
sire layer and cz-NPD was 15 i~-n and 4 i~-n, respectively. CSoarent, 
voltage characteristics and krnmescence intensity were measured 
with a Kethley 236 measure unit and a silicon photodiode cali- 
brated with a luminance meter (ivlmolta CS-100). And electrolu- 
minescent speclra were measured with a fiber optic spectrometer 
($2000). Cun-ent,voltage characteristics, luminance intensity and 
spectra were measured at the same time. 

RESULTS AND DISCUSSION 

Fig. 1 shows the schematic cross-sections of fabricated OLED 
s~uc~-es. The OLED s~uctores represented in Fig. 1 (a), Co) and 
(c) were designated as struc~.~res (I), (Tr), and (III), respectively. The 
s~uc~-es (I), ~ ) ,  and (III) are identical except the combination of 
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Fig. 2. EL emission spectl~ at various applied voltages; (a) struc- 
lure (I), (b) structure (lI), and (O structure (III). 
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two different emission layers ks different The sequence of color- 
emitting layers on top of the HTL follows an order of green and 
blue in slructure (I), blue and red in slructure 01), mad blue and or- 
mage in slructure (Ill). The ttaickness of each emissive layer was set 
tobe 15 nm. 

As shown in Fig. 2, the fabi-icated OLEDs were tuaTaed on at 
around 7 V with the emission color of the second emissive layer 
from the HTL since electrons would slart to be accumulated at the 
interface between the second emissive layer mad bleckiug layer due 
to the LUMO level discontinuity at the low voltage. Therefore, the 
OLED slruc~-e (I) emits blue, and slruc~-e 0I) emits red, while 
the slruc~e 01I) ei~ts orange. As the applied voltage increases, 
howevez; the electrons get more enezgy to jump across the block- 
iug layer to reach the f~ t  emissive layer fiom the HTL. As the result, 
the emission fi-om the first emissive layer becomes stronger than 
that fi-om the second layer at the high applied voltage. Even though 
the shift of emission waveleugth by the applied voltage chauge could 
notbe seen clearly inthe EL spectra of slrucmre (I) ['Fig. 2(a)], it is 
obvious fi-om Figs. 2('0)and (c) that the emission fi-om the f11zt emis- 
sive layer becomes stronger as the applied voltage increases. In this 
way, the e~nission coloi~ fi-om the f ~ t  and second e~nissive layez~ 
are &-ectIy mixed to give the resultmat emission color which chaages 
with the applied voltage. 

In Fig. 3, the land diagrams of the OLEDs smactt~-es (I), (]I), 
mad (IK) are shown. As expected, the bIocking layer of ~ N P D  has 
the LUIvIO and HOMO level discontinuities at both interfaces. Due 
to the energy level discontinuities introduced by the Mocking layer, 
the eleclrons and holes are hindered fi-om transporting to the fn-st 
mad second emissive layers. Since the g-NPD has a hole mobility 
higher t i m  the electron mobiIity, the electron trmsport would con- 
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Fig. 3. The estimated energy band diagrams [Bulovic et al., 2000; 
Kijima et aL, 1999]; (a) structure (I), (b) slructure (II), and 
(C) structure (III). 
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Fig. 4. The CIE chromaticity diagl~n] at various app l ied  voltages; 
(a) structure (I), (b) sx'ruclm'e (II), and (c) sx'ruclm'e (III). 

troI the hole-electron recombination (i.e., emission). The LUMO 
level discontinuity at the interface between ct-NPD and DPVBi is 
0.35 eV in enezgy, which is much lower than the HOMO level dis- 
continuity at the same interfaces. It means that the electrons should 
not accumulate much at the interface. For this reason, tiae change 
of the emission color is not noticeable in case of tiae smacture (I) as 
the applied voltage increases. 

The CIE color coordinates of tiae resultant emissions fi-om OLED 
smacmres are shown in Fig. 4. In the case of structure (I), tiae color 
coordinate shi~ fiom blue co la  to green color as tiae applied volt, 
age increases. It should be mentioned here that the coordinates of 
the resultant emissions at various voltages are right on the connect- 
mg line between the coordinates of DPVBi aad AIq3. It ks because 
the slruc~-e (I) is composed of two emissive layers of DPVBi mad 
Al%. From this obsel~ation, it could be concluded that the emis- 
sion coloi~ from two different emissive Iayei's m-e d)-ectiy raixed 
to result in a resultant emission. 

In the case of s~ucmre (]I), a similar behavior is observed ex- 
cept that the shift of the CIE coordinate is much lm-ger when tiae 
applied voltage vanes. As mentioned earlier, the reason why the 
shift is larger is due to tiae lager LUIvlO energy gap atthe interface 
be~veen the bI~kiug layer mad the second eanissive layer fi-om HTL. 
At a voltage range of 9-11 V, the emission color is dose to white 
color (puaplish white). The CIE coordinates of the emission coloz~ 
from the sh-uctLtre 01) are also on the connecting line between those 
for tiae two emissive layers as in the case of  s~ucture (I). 

In order to obtain the white emission with the CIE coordinate 
close to (0.33, 0.33), one of the emissive layers should be substi- 
tuted with an emissive material that emits mixed color of two pure 
colors among red, green, and blue. The Rubrene-doped Alq3 is 
known to emit yellow color, and it was used in s~'ucture (Ig) in which 
the red emitting DCIvI2-doped Alq3 layer was substituted with tiae 
Rubrene-doped AIq3 layer. Structure (Ill) emits light close to or- 
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ange at low voltage, which ks the color for Rubrene-doped Alq~, 
but as the applied voltage increases, the color of light emitted fi-om 
the s~ruc~-e shifN to blue, which is the color for DPVBi. This be- 
havior is similar to the cases of structures (I) and (]I). In this case, 
however, the CIE coordinate of light moving with the applied volt- 
age passes the white color region which is indicated as a chcle in 
Fig. 4. Similar to the cases of sh-ucture (I) and (]I), the CIE coordi- 
nate of the light emitted fiom the structure (]]I) is located on the 
connected line between the DPVBi blue and Rubrene-doped AIq~ 
orange color coordinates. Even though it is not shown in Fig. 4, in 
case of the device with 2 r~n-thick blocking Iayez; the electrolumi- 
nescence was f ~ t  observed at aound the coordinate (0.34, 0.34), 
which corresponded to balanced white emission. As the applied 
voltage increases, the color coordinate tends to move to the shorter 
wavelength. Above 13 V, the k~inescence color was found to be al- 
most pure DP \rBi blue. At an applied v oltag e that the white emission 
occurs, the intensity of light was too low to be used for LCD back- 
light or other ilIummation purposes. When the thickness of -NPD 
blocking layer increases to 4 nn~ such as shown in Fig. 4, the device 
begins emiNng light of the orange color at low applied voltages. 
The color coordinate of light out of the device moves to the shorter 
waveleng~s as the applied voltage increases. In this case, the white 
light that has the CIE coordinate of (0.30, 0.33), is obtained at an 
applied voltage of 14 V At this applied voltage, the luminance was 
measured to be 1,000 cd/m a ruth the power efficiency of 0.4 h~vW. 
For a It~mance of 100 cd/m ~, the CIE coordinate was found to be 
(0.31, 0.34), and the power efficiency was as high as 0.53 Im/W. 

SUMMARY 

In summary, we reported white-light emission by direct mixing 
of ~vo different lights fi-om two different emissive regions. Unlike 
the previous reports related to white-light emissio~, we did not only 
utilize only two emissive layers in order to obtain the white light, 
but also did not utilize the incomplete energy transfer of a doped 
emissive layer. The color of light emission could be ~ned by the 
applied voltage for obtaining white emissiort In this study, we found 
out that two different colo:~ were directly mLxed due to the block- 
tng layer san&viched by the two emissive layers. The blocking layer 
acts to split the can-let recombination zone and the emission color 
can be con~rolled by balancmg the split The white light that has 
the CIE coordinate of (0.30, 0.33) ks obtained at an applied voltage 
of 14 V At the applied voltage, the lumitmce is measured to be 
1,000 cd/m a with the power efficiency of 0.4 lmAg. For a krni- 
nance of 100 cd/m a, the CIE coordinate ks found to be (0.31, 0.34) 
and the power efficiency was as high as 0.53 li~vW at the applied 
voltage of 11 V. 
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