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Red organic light-emitting diodes using an emitting assist dopant
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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 assiEA) dopant system for obtaining organic light-emitting diodes
(OLEDs)with pure red emission. The EA dopanubrene)did not itself emit but assisted the energy
transfer from the host (Al to the red emitting dopantDCM2). The cell structure used was
{indium tin oxide/hole injection layel(20 nm), CuPc/hole transport lay&0 nm), NPB/emitting
layer (40 nm), Algg+DCM2 (2% ) +rubrene(5 wt %)]/Mgln}. (CuPc: Coppefll) phthalocyanine,
NPB: N, N'-Di(naphthalen-1yl)-N, N’-diphenyl-benzidine, DCM2: 4-Dicyanomethylene-
2-methyl-6-[2-(2,3,6,7-tetrahydro-1H,5H-befizguinolizin-8-yl)vinyl]-4H-pyran). A stable red
emission (chromaticity coordinatesx=0.64, y=0.36) was obtained in this cell within the
luminance range of 100—4000 cdiriVhen 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. @999 American Institute of Physics.
[S0003-6951(99)04538-6]

Organic light-emitting diodesOLEDs) have been ex- energy of Alg differs greatly from that of the red dopant.
pected to find an application as a new type of display since In this letter, we propose a new doping system that can
C. W. Tang and S. A. VanSlyke first reported on high-emit pure red with high luminance. An additional dopant,
performance OLEDS.The distinctive feature of OLEDs is called an emitting assistEA) dopant, is used with a red
that they use organic fluorescent dyes as an emitter. Therdopant in order to prevent the emission from AldThe EA
fore, they are able to produce various emission colors irflopant acts as an intermediary since its excitation energy lies
accordance with a wide selection of organic fluorescent dyehietween those of Algand the red dopant. The EA dopant
The green, yellow, and blue OLEDs have high luminancejtself does not emit but assists the energy transfer from Alq
high efficiency, and long life time%.* However, red OLEDs to the red dopant.
with high emitting performance and pure red emission have ~OLED cells were fabricated on indium tin oxid€TO,
not been reported. anode)substrates which were cleaned by an ultraviolet ozone

Conventional red OLEDs have an emitting layer consist-cleaner immediately before use. Organic layers and a cath-
ing of one material during their early developméntow- ode layer (Mggdno,,) were deposited by conventional
ever, these devices are incapable of high luminance becau¥gcuum vapor deposition in’610~° Torr. The emitting area
of concentration quenching in the emitting layer. Recently, avas 2<2 mm. The cell structure used in this experiment was
doping system is often used in OLEDs in order to preven@s follows:[ITO/hole injection layer(20 nm, CuPc)/hole
this concentration quenchiffigThe doping system is com- transport layer (50 nm, NPB)/emitting layer(40 nm,
posed of a host material and a red dopant. When the hoélds*reddopant+EA dopant)/Mgin].
layer is doped with a small quantity of the red dopant, which ~ (CuPc: Copper (Il) phthalocyanine, NPB: N,

is a fluorescent dye, the red dopant emits with high lumi-N'-Di(naphthalen-1yl)-N, N'-diphenyl-benzidine).
nance and without concentration quenching. (Bris 4-Dicyanomethylene-2-methyl{&-(2,3,6,7-tetra-hydro-

quinolinolato)aluminum (Alg) is widely used as a host ma- LH:5H-benzolijjquinolizin-8-yl)vinyl]-4H-pyran  (DCM2)

terial because it features good carrier transporting

characteristics, easy film formation, and high stability. f@ O O
However, the emission obtained from such a doping sys- N

tem is generally not red but orange. There is an emitting 0~A|

peak of Alg in addition to the red peak in this doping sys- {

tem. Algg exhibits strong green fluorescengeak: 524 nm), % Ej)

and the red dopant shows fluorescence in the range of 600— CuPec Rubrene

650 nm. Therefore, the orange emission was the result of a

mixture of the two emitting peaks. For this reason the doping
system consisting of a host material and a red dopant cannot

L
produce a pure red emission. The energy transfer from Alg LY

to the red dopant could not be made because the excitation NPB N

DCM2

2Electronic mail: ynama@hr.nm.rd.sanyo.co.jp FIG. 1. The molecular structures of the materials.
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TABLE I. The change of chromaticity coordinates in red OLEDs with lu-
minance in the range of 100-4000 cd/m DCM2
DCM2 Rubrene  Luminance Luminance Luminance
(%) (%) (100 cd/n?) (1000 cd/m) (4000 cd/m) —~ [2, 0] cell
=
1 0 x=057,y=0.42 x=0.54,y=0.44 x=0.54,y=0.44 )
3 x=0.62,y=0.38 x=0.60,y=0.39 x=0.60,y=0.40 B 12, 5] cell
5 x=0.59,y=0.41 x=0.57,y=0.42 x=0.56,y=0.43 g
Q
2 0 x=0.62,y=0.38 x=0.62,y=0.38 x=0.60,y=0.39 a
3 x=0.65,y=0.35 x=0.64,y=0.36 x=0.64,y=0.36 =
5 x=0.64,y=0.36 x=0.64,y=0.36 x=0.64,y=036 [ 7
1 1 1 1
400 500 600 700 800

was used as the red dopdrend rubrene was used as the EA
dopant. Figure 1 shows the molecular structures of these ma-
terials. The photoluminescefiPL) peak of DCM2 and ru-
brene is 650 and 560 nm, respectively. Therefore, rubrene is

an intermediary with an excitation energy between those of,om Alg, to DCM2 effectively occurred through rubrene in
Alg; and DCM2. The doping concentration of DCM2 was 1the[2,5] film. However, the large PL peak of Ajqear 520
and 2 wt% relative to the Algweight, and that of rubrene 1, was observed with DCM2 in thg2,0] film. This was
was 0, 3, a_nd 5wt % relatn_/e tp the Algveight. The ioniza-  pecayse the energy transfer did not occur effectively in the
tion potential of the organic films was measured by atmo'rubrene-undoped film.
spheric ultraviolet photoelectron analysis using Riken Keiki  The electroluminesceriEL) spectra of th¢2,5] cell and
AC-1 under ambient atmosphere. _ the[2,0] cell at 100 cd/rhare shown in Fig. 3. The EL peak
The chromaticity coordinates of these cells at luminancgy the [2,5] cell was 645 nm, which originated from the
values of 100, 1000, and 4000 cd/mre shown in Table I. DCM2. No EL peaks of Alg and rubrene were observed.
The OLED containing 2 wt% DCM2 was more suitable for However, in the[2,0] cell, there was a small peak due to
obtaining req emission compared to the OLED with only 1Alq3 observed along with the DCM2 peak. The emission
wt%. In particular, the2,3] cell (DCM2: 2 wt%, rubrene:  ¢olor changed from red to orange with increasing luminance
3%) and the[2,5] cell exhibited good red colo(=0.64,y iy the [2,0] cell because the EL intensity of the Algvas
=0.36). The distinctive feature of cells using an EA dOpa”treIativer enhanced.

is that no change in chromaticity coordinates is observed \yhen the concentration of DCM2 was 1 wt %, the emis-
within the luminance range of 100—4000 cd/f®n the other sion color changed with increasing luminance, even in
hand, when the EA dopant is not used, the change in chrayprene-doped cells, such as tHe3] and[1,5] cells. This
maticity coordinates is large. Although the,0] cell had \ya5 pecause the concentration ratio of DCM2 and rubrene
reddish emissionx(=0.62,y=0.38) at a low luminance of a5 not suitable for preventing this shift in emission color.
100 cd/nf, it had orange emissiorx¢0.60,y=0.39) at & Figure 4 shows the luminance—voltage curves of the
high luminance of 4000 cd/fn , [2,0],[2,3], and[2,5] cells. The maximum luminance of all
The PL  spectra of the [25] fim  ihree cells was almost the saifig,0]cell: 7130 cd/r, [2,3]

(Algs+DCM2 2wt %+rubrene 5wt %) and theg2,0] film e 7840 cd/rf, and[2,5] cell: 7780 cd/m). However, only
(Algz+DCM2 2wt %) are shown in Fig. 2. The excitation

wavelength was 380 nm, which was the same as the absorp-

Wavelength (nm)

FIG. 3. The EL spectra d2,5]and[2,0]cells.
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FIG. 4. The luminance—voltage characteristics[2f0], [2,3], and[2,5]
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the luminance—voltage curve of th2,5] cell shifted toward
the low-voltage region in comparison with those of fBe0] Vacuum level
and[2,3] cells. The turn-on voltagéat 1 cd/nf) of the[2,5]
cell was also the lowest of all cell§2,0] cell: 6.5 V,[2,3] T o245 LUMO 65
cell: 6.3 V, and[2,5] cell: 4.8 V). This decrease in voltage T315-8.11 -3.70
was due to the increase in the concentration of rubrene. 470 5 09 RubrenlCM2 Mgln
There are three possible emission processes in the ITO G, p,.-5:46 -5.36-5.26

rubrene-doped cells: NPB -5.62

unit; eV HOMO Algs

(1) Injected electrons and holes recombine on the host mol-
ecules (Alg). The Algs molecules enter an excited state, Energy /Er{v
and the excitation energy of the host molecules is di- ‘\l@mﬂ,mm
rectly transferred to DCM2 molecules; or it is transferred
to DCM2 molecules by the intermediation of rubrene. FIG. 5. The energy diagram 62,5] cell.
The DCM2 molecules then produce the light.

(2) Injected electrons and holes recombine on the rubrene

molecules. and the rubrene molecules enter an excite@’ the rubrene molecules. As the concentration of rubrene

state. The excitation energy of rubrene is transferred yhcreases, .the recombination on rubrene mqlecules occurs
DCM2, and the DCM2 molecules produce the light. more readily. Therefore, when proce&€) dominates, the

(3) Injected electrons and holes directly recombine on th&"ve voltage of thg2,5]cell is lowered. Also, the excitation
DCM2 molecules, and the DCM2 molecules produce theenergy of the rubrene molecules is transferred efficiently to
light ’ the DCM2 molecules because the HOMO and LUMO of

DCM2 are nearly equal to those of rubrene.

Processeél) and(3) may exist in thg2,0] cell. Procesg1), An EA dopant, such as rubrene, is very useful in obtain-

however, would dominate. The process in which Allgelf ~ ing pure red emission. When an EA dopant is used, the

emits is limited to procesgl) because the energy transfer change of the emission color from red to orange is prevented

from Algs to DCM2 is slightly difficult. and thg drive voltage is lowered. The EA dopant system
All three processes may be active{y3]and[2,5]cells. ~ Would improve the performance of other OLEDs.

However, it is thought that proce§k) dominates in th¢2,3]

cell and proces$2) dominates in thd2,5] cell due to its

having a higher rubrene concentration. We have reported

previously that rubrene was the dopant responsible for carrieﬁC- W. Tang and S. A. VanSlyke, Appl. Phys. Leitl, 913 (1987).

trapping’ The recombination of holes and electrons readily \2('3'2""[‘8""2‘14("('1&??”0’ K. Shibata, and K. Kuroki, Jpn. J. Appl. Phys., Part

occurred on the rubrene molecules when rubrene was used a$, wakimoto, Y. Yonemoto, J. Funaki, M. Tsuchida, R. Murayama, H.

a dopant. Nakada, H. Matsumoto, S. Yamamura, and M. Nomura, Synth. et
Figure 5 shows the energy diagram of f¢5]cell. The 151997 o

highest occupied molecular orbitdHOMO) and the lowest S}o?ksag:glgﬂio',wggsgggé)& Higashi, C. Hosokawa, and T. Kusumoto,

unoccupied molecular orbitd LUMO) of rubrene exist be-  5y. Hamada, T. Sano, K. Shibata, and K. Kuroki, Jpn. J. Appl. Phys., Part

tween the HOMO and LUMO of Alg Therefore, injected 234, L824(1995).

holes and electrons in the Altpyer transfer into the HOMO (Cl'g\gg)Tang' S. A Van Slyke, and C. H. Chen, J. Appl. P65, 3610

and LUMO of rubrene, which have lower barriers compared 7t sano, v. Hamada, and K. Shibata, IEEE J. Sel. Top. Quantum Electron.

to those of Alg. The recombination of carriers then occurs 4, 34 (1998).
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