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Red organic light-emitting diodes using an emitting assist dopant
Yuji Hamada,a) Hiroshi Kanno, Tsuyoshi Tsujioka, Hisakazu Takahashi,
and Tatsuro Usuki
New Materials Research Center, Sanyo Electric Co., Ltd., 1-18-13, Hashiridani, Hirakata, Osaka,
573-8534, Japan

~Received 24 May 1999; accepted for publication 26 July 1999!

We propose an emitting assist~EA! dopant system for obtaining organic light-emitting diodes
~OLEDs!with pure red emission. The EA dopant~rubrene!did not itself emit but assisted the energy
transfer from the host (Alq3) to the red emitting dopant~DCM2!. The cell structure used was
$indium tin oxide/hole injection layer@~20 nm!, CuPc/hole transport layer~50 nm!, NPB/emitting
layer ~40 nm!, Alq31DCM2(2%)1rubrene~5 wt %!#/MgIn%. ~CuPc: Copper~II! phthalocyanine,
NPB: N, N8-Di(naphthalen-1-yl)-N, N8-diphenyl-benzidine, DCM2: 4-Dicyanomethylene-
2-methyl-6-@2-~2,3,6,7-tetrahydro-1H,5H-benzo@ij#quinolizin-8-yl!vinyl#-4H-pyran!. A stable red
emission ~chromaticity coordinates:x50.64, y50.36! was obtained in this cell within the
luminance range of 100–4000 cd/m2. When the cell was not doped with rubrene, the emission color
changed from red to orange as the luminance increased. The EA dopant system is a promising
method for obtaining red OLEDs. ©1999 American Institute of Physics.
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Organic light-emitting diodes~OLEDs! have been ex-
pected to find an application as a new type of display si
C. W. Tang and S. A. VanSlyke first reported on hig
performance OLEDs.1 The distinctive feature of OLEDs is
that they use organic fluorescent dyes as an emitter. Th
fore, they are able to produce various emission colors
accordance with a wide selection of organic fluorescent d
The green, yellow, and blue OLEDs have high luminan
high efficiency, and long life times.2–4 However, red OLEDs
with high emitting performance and pure red emission h
not been reported.

Conventional red OLEDs have an emitting layer cons
ing of one material during their early development.5 How-
ever, these devices are incapable of high luminance bec
of concentration quenching in the emitting layer. Recently
doping system is often used in OLEDs in order to prev
this concentration quenching.6 The doping system is com
posed of a host material and a red dopant. When the
layer is doped with a small quantity of the red dopant, wh
is a fluorescent dye, the red dopant emits with high lum
nance and without concentration quenching. Tris~8-
quinolinolato!aluminum (Alq3) is widely used as a host ma
terial because it features good carrier transport
characteristics, easy film formation, and high stability.

However, the emission obtained from such a doping s
tem is generally not red but orange. There is an emitt
peak of Alq3 in addition to the red peak in this doping sy
tem. Alq3 exhibits strong green fluorescence~peak: 524 nm!,
and the red dopant shows fluorescence in the range of 6
650 nm. Therefore, the orange emission was the result
mixture of the two emitting peaks. For this reason the dop
system consisting of a host material and a red dopant ca
produce a pure red emission. The energy transfer from A3

to the red dopant could not be made because the excita

a!Electronic mail: yhama@hr.nm.rd.sanyo.co.jp
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energy of Alq3 differs greatly from that of the red dopant.
In this letter, we propose a new doping system that c

emit pure red with high luminance. An additional dopa
called an emitting assist~EA! dopant, is used with a red
dopant in order to prevent the emission from Alq3. The EA
dopant acts as an intermediary since its excitation energy
between those of Alq3 and the red dopant. The EA dopa
itself does not emit but assists the energy transfer from A3

to the red dopant.
OLED cells were fabricated on indium tin oxide~ITO,

anode!substrates which were cleaned by an ultraviolet ozo
cleaner immediately before use. Organic layers and a c
ode layer (Mg0.9In0.1) were deposited by conventiona
vacuum vapor deposition in 531026 Torr. The emitting area
was 232 mm. The cell structure used in this experiment w
as follows: @ITO/hole injection layer~20 nm, CuPc!/hole
transport layer ~50 nm, NPB!/emitting layer~40 nm,
Alq31red dopant1EA dopant!/MgIn#.

~CuPc: Copper ~II! phthalocyanine, NPB: N,
N8-Di(naphthalen-1-yl)-N, N8-diphenyl-benzidine!.

4-Dicyanomethylene-2-methyl-6-@2-~2,3,6,7-tetra-hydro-
1H,5H-benzo@ij#quinolizin-8-yl!vinyl#-4H-pyran ~DCM2!

FIG. 1. The molecular structures of the materials.
2 © 1999 American Institute of PhysicsSDC EX. 1024 - 2/4
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was used as the red dopant,6 and rubrene was used as the E
dopant. Figure 1 shows the molecular structures of these
terials. The photoluminescent~PL! peak of DCM2 and ru-
brene is 650 and 560 nm, respectively. Therefore, rubren
an intermediary with an excitation energy between those
Alq3 and DCM2. The doping concentration of DCM2 was
and 2 wt % relative to the Alq3 weight, and that of rubrene
was 0, 3, and 5 wt % relative to the Alq3 weight. The ioniza-
tion potential of the organic films was measured by atm
spheric ultraviolet photoelectron analysis using Riken Ke
AC-1 under ambient atmosphere.

The chromaticity coordinates of these cells at luminan
values of 100, 1000, and 4000 cd/m2 are shown in Table I.
The OLED containing 2 wt % DCM2 was more suitable f
obtaining red emission compared to the OLED with only
wt %. In particular, the@2,3# cell ~DCM2: 2 wt %, rubrene:
3%! and the@2,5# cell exhibited good red color (x50.64,y
50.36!. The distinctive feature of cells using an EA dopa
is that no change in chromaticity coordinates is obser
within the luminance range of 100–4000 cd/m2. On the other
hand, when the EA dopant is not used, the change in c
maticity coordinates is large. Although the@2,0# cell had
reddish emission (x50.62, y50.38) at a low luminance o
100 cd/m2, it had orange emission (x50.60, y50.39) at a
high luminance of 4000 cd/m2.

The PL spectra of the @2,5# film
(Alq31DCM2 2 wt %1rubrene 5 wt %) and the@2,0# film
(Alq31DCM2 2 wt %) are shown in Fig. 2. The excitatio
wavelength was 380 nm, which was the same as the abs
tion peak of Alq3. In the @2,5# film, only the PL peak of
DCM2 ~644 nm!was observed. Those of Alq3 and rubrene
were not observed. This indicates that the energy tran

TABLE I. The change of chromaticity coordinates in red OLEDs with l
minance in the range of 100–4000 cd/m2.

DCM2
~%!

Rubrene
~%!

Luminance
~100 cd/m2!

Luminance
~1000 cd/m2!

Luminance
~4000 cd/m2!

1 0 x50.57,y50.42 x50.54,y50.44 x50.54,y50.44
3 x50.62,y50.38 x50.60,y50.39 x50.60,y50.40
5 x50.59,y50.41 x50.57,y50.42 x50.56,y50.43

2 0 x50.62,y50.38 x50.62,y50.38 x50.60,y50.39
3 x50.65,y50.35 x50.64,y50.36 x50.64,y50.36
5 x50.64,y50.36 x50.64,y50.36 x50.64,y50.36

FIG. 2. The PL spectra of@2,5# and @2,0# films.
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from Alq3 to DCM2 effectively occurred through rubrene
the @2,5# film. However, the large PL peak of Alq3 near 520
nm was observed with DCM2 in the@2,0# film. This was
because the energy transfer did not occur effectively in
rubrene-undoped film.

The electroluminescent~EL! spectra of the@2,5#cell and
the @2,0# cell at 100 cd/m2 are shown in Fig. 3. The EL pea
of the @2,5# cell was 645 nm, which originated from th
DCM2. No EL peaks of Alq3 and rubrene were observed
However, in the@2,0# cell, there was a small peak due
Alq3 observed along with the DCM2 peak. The emissi
color changed from red to orange with increasing luminan
in the @2,0# cell because the EL intensity of the Alq3 was
relatively enhanced.

When the concentration of DCM2 was 1 wt %, the em
sion color changed with increasing luminance, even
rubrene-doped cells, such as the@1,3# and @1,5# cells. This
was because the concentration ratio of DCM2 and rubr
was not suitable for preventing this shift in emission colo

Figure 4 shows the luminance–voltage curves of
@2,0#, @2,3#, and@2,5# cells. The maximum luminance of a
three cells was almost the same~@2,0#cell: 7130 cd/m2, @2,3#
cell: 7840 cd/m2, and@2,5# cell: 7780 cd/m2!. However, only

FIG. 3. The EL spectra of@2,5# and @2,0# cells.

FIG. 4. The luminance–voltage characteristics of@2,0#, @2,3#, and @2,5#
cells: h @2,0# cell, j @2,3# cell, ands @2,5# cell. SDC EX. 1024 
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the luminance–voltage curve of the@2,5# cell shifted toward
the low-voltage region in comparison with those of the@2,0#
and@2,3# cells. The turn-on voltage~at 1 cd/m2! of the @2,5#
cell was also the lowest of all cells~@2,0# cell: 6.5 V, @2,3#
cell: 6.3 V, and@2,5# cell: 4.8 V!. This decrease in voltag
was due to the increase in the concentration of rubrene.

There are three possible emission processes in
rubrene-doped cells:

~1! Injected electrons and holes recombine on the host m
ecules (Alq3). The Alq3 molecules enter an excited stat
and the excitation energy of the host molecules is
rectly transferred to DCM2 molecules; or it is transferr
to DCM2 molecules by the intermediation of rubren
The DCM2 molecules then produce the light.

~2! Injected electrons and holes recombine on the rubr
molecules, and the rubrene molecules enter an exc
state. The excitation energy of rubrene is transferred
DCM2, and the DCM2 molecules produce the light.

~3! Injected electrons and holes directly recombine on
DCM2 molecules, and the DCM2 molecules produce
light.

Processes~1! and~3! may exist in the@2,0# cell. Process~1!,
however, would dominate. The process in which Alq3 itself
emits is limited to process~1! because the energy transf
from Alq3 to DCM2 is slightly difficult.

All three processes may be active in@2,3#and@2,5#cells.
However, it is thought that process~1! dominates in the@2,3#
cell and process~2! dominates in the@2,5# cell due to its
having a higher rubrene concentration. We have repo
previously that rubrene was the dopant responsible for ca
trapping.7 The recombination of holes and electrons read
occurred on the rubrene molecules when rubrene was use
a dopant.

Figure 5 shows the energy diagram of the@2,5# cell. The
highest occupied molecular orbital~HOMO! and the lowest
unoccupied molecular orbital~LUMO! of rubrene exist be-
tween the HOMO and LUMO of Alq3. Therefore, injected
holes and electrons in the Alq3 layer transfer into the HOMO
and LUMO of rubrene, which have lower barriers compar
to those of Alq3. The recombination of carriers then occu
he
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on the rubrene molecules. As the concentration of rubr
increases, the recombination on rubrene molecules oc
more readily. Therefore, when process~2! dominates, the
drive voltage of the@2,5#cell is lowered. Also, the excitation
energy of the rubrene molecules is transferred efficiently
the DCM2 molecules because the HOMO and LUMO
DCM2 are nearly equal to those of rubrene.

An EA dopant, such as rubrene, is very useful in obta
ing pure red emission. When an EA dopant is used,
change of the emission color from red to orange is preven
and the drive voltage is lowered. The EA dopant syst
would improve the performance of other OLEDs.
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FIG. 5. The energy diagram of@2,5# cell.
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