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We have demonstrated two kinds of stacked white organic light-emitting diodes (WOLEDs)
employing tri(8-hydroxyquinoline) aluminum:20 wt %Mg/MoO5 as charge generation layer. White
light emission can be obtained by mixing blue fluorescence and orange phosphorescence. Stacked
WOLED with individual blue fluorescent and orange phosphorescent emissive units has better color
stability and higher efficiency than that with double white emissive units, which is attributed to the
avoidance of the movement of charges recombination zone and elimination of the Dexter energy
transfer between blue and orange emission layers occurring in the latter. The efficiency of the
stacked WOLED is 35.9 cd/A at 1000 cd/m?. © 2008 American Institute of Physics.

[DOI: 10.1063/1.2998598]

Organic light-emitting diodes (OLEDs), especially white
OLEDs (WOLEDs), have attracted a great deal of attention
in recent years for their potential use in full-color flat-panel
displays with color filters or as a new generation of solid
state lighting sources.'™ Efficient WOLEDs have been fab-
ricated by adopting various configurations combined with
efficient materials. Among these configurations, WOLEDs
with multiple emission layers in which each layer emits a
different color light are most common because of their facil-
ity in process and obtaining white light emission. However
the undesirable change in emission color with the increasing
voltage is often observed in WOLEDs with multiple emis-
sion layers. Some efforts have been made to improve the
color stability of WOLEDs such as introducing interlayer at
the interface of emitting layers to control the diffusion of
excitons and c:harges5 or by using a charge confining struc-
ture without interlayer.6 Moreover, the peak efficiency is of-
ten achieved at low luminance due to the remarkable quench-
ing effect at higher electric field.” For practical use in
displays and lighting sources, high brightness, as well as the
good color stability, is required. So it is necessary to obtain
high brightness and high efficiency at low current density to
reduce thermal degradation of the device due to excessive
current.

Since the current efficiency and luminance can scale lin-
early with the number of emitting units, stacked OLEDs con-
sisting of vertically stacked multiple emitting units in a de-
vice in series via charge generating layer (CGL) have
attracted particular interest in recent years.s_ Moreover,
stacked OLEDs can obtain high brightness and high effi-
ciency at low current density, which is most important for
practical use.

In a stacked OLED, CGL plays an important role in
affecting the device performances. Up to now, various CGLs
have been used. A Mg-doped organic layer can be easily
deposited by thermal evaporation, and CGLs based on it
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such as tri(8-hydroxyquinoline) aluminum (Alqs):Mg/WO;
(Ref. 11) and Algs: Mg/tetrafluorotetracyanoquinodimeth-
ane (F,-TCNQ):4,4’,4"-tris(3-methylphenylphenylamino)-
triphenylamine (m-MTDATA) (Ref. 17) have demonstrated
that Alq;:Mg is a crucial component of CGL in improving
the efficiency. MoO; (Refs. 14, 15, and 20) can be conve-
niently deposited by thermal evaporation. The film is homo-
geneous and more transparent over the wavelength range
from 400 to 800 nm. So it is desirable to investigate the
combination of MoO; with Alq;:Mg as an alternative CGL.

In this letter, we demonstrate stacked orange OLED and
WOLEDs based on the CGL of Algs:20 wt %Mg/MoO;.
Stacked WOLEDs are fabricated by connecting the blue
fluorescent unit and the orange phosphorescent emission unit
or by connecting double white light emission units in series.
The former has much better color stability and higher effi-
ciency than the latter. The spectra of the former remain al-
most the same over a large range of operation voltages.

m-MTDATA and N,N'-bis-(1-naphthyl)-N,N’-
diphenyl-1,1’-biphenyl-4,4'-diamine (NPB) are used as
hole-injection layer and hole-transportation layer, respec-
tively. 4,4’ _N,N’'_ dicarbazole-biphenyl (CBP) doped
with bis(2-(2-fluorphenyl)-1,3-benzothiozolato-N,C2’)iridium
(acetylacetonate) [(F—BT),(acac)] is used as orange phos-
phorescent emission layer, and 4,4,8-bis(2,28-
diphenylvinyl)-1,18-biphenyl (DPVBI) is the blue fluores-
cent emission material. 4,7-diphenyl-1,10-phenanthroline
(Bphen) and Algs act as hole-blocking layer and electron-
transporting layer, respectively. Finally, 0.8 nm LiF covered
by Al is used as cathode. Detailed processes of fabrication
and measurement for OLEDs have been described in our
previous paper.22

To illuminate the function of the CGL of
Alqs:20 wt %Mg/MoOs, we fabricated a two-unit stacked
orange device and a conventional orange one as the control
device. The configurations of the two orange devices are as
follows. For a conventional device it is ITO/m-MTDATA
(30 nm)/NPB (20 nm)/CBP:8 wt % (F-BT),Ir(acac) (30
nm)/Bphen (20 nm)/Algs (20 nm)/LiF (0.8 nm)/Al. For a

© 2008 American Institute of Physics
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FIG. 1. (Color online) Current efficiency vs current density characteristics
of the conventional device and the two-units stacked device.

two-unit stacked device it is ITO/m-MTDATA (30 nm)/
NPB (20 nm)/CBP:8 wt % (F-BT),Ir(acac) (30 nm)/Bphen
(20 nm)/Alg; (20 nm)/Algz:20 wt %Mg (30 nm)/MoO;
(3 nm)/m-MTDATA (30 nm)/NPB (30 nm)/CBP:8 wt %
(F-BT),Ir(acac) (30 nm)/Bphen (20 nm)/Alqg; (20 nm)/LiF
(0.8 nm)/Al.

Figure 1 shows the current efficiency versus current den-
sity characteristics of the two orange devices. As can be seen,
the current efficiency of the two-unit stacked device is about
two times as high as that of the conventional device.

In the followig, we fabricated efficient stacked WOLEDs
based on two complement colors of blue fluorescent and or-
ange  phosphorescent  dyes. Figure 2 shows
the electronic level configurations of the two stacked
WOLEDs, and both the devices are based on the CGL of

Appl. Phys. Lett. 93, 153508 (2008)

Alqgs:20 wt %Mg (30 nm)/MoO; (3 nm). Device A is com-
prised of blue fluorescent and orange phosphorescent emis-
sive units vertically stacked via the CGL, while device B
contains double white emissive units with the same blue and
orange emissive materials.

Figure 3 shows Electroluminescence (EL) spectra nor-
malized at the maximum value of [Fig. 3(a)] device A and
[Fig. 3(b)] device B at different luminance; the inset shows
the Commission International de L’Eclairage (CIE) coordi-
nates and the color rendering index (CRI) at the correspond-
ing luminance. As can be seen, the spectra of device A re-
main almost the same over a wide range of luminance; the
slight decrease in the intensity of the orange emission is
mainly due to the stronger dissociation and annihilation of
excitons on charge carriers at higher current density, which
was examined by Kalinowski ef al.” However for device B,
the intensity of the blue emission sharply increases relative
to the orange emission with increasing luminance. The
change in the spectra in device B is mainly due to the move-
ment of charges recombination zone, which is commonly
observed in WOLEDs with multiple emission layers. How-
ever for device A, the blue fluorescent emissive unit and the
orange phosphorescent emissive one are separated by the
CGL, so the blue charges recombination zone is practically
independent of the orange one that avoids the movement of
the charges recombination zone. Device A with CIE coordi-
nates of (0.363, 0.361) has a CRI of 73, which may be lower
than that for many types of WOLEDs reported in literature®'
because it only utilizes two complementary colors to obtain
white light emission.
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FIG. 2. (Color online) The electronic level configurations of both the stacked WOLEDs. Numbers indicate the respective highest occupied and lowest
unoccupied molecular orbital energies of all organic materials relative to vacuum.
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FIG. 3. (Color online) EL spectra of (a) device A and (b) device B at
different luminance normalized at the maximum value. The inset shows the
CIE coordinates and the CRI values at the corresponding luminance.

The current density versus voltage characteristics of the
two devices are shown in Fig. 4. It can be seen that the
current density for device B is slightly lower than that for
device A at the same voltage. The lower current density
for device B may be the result from the multiple emission
layers in each unit that affects the charge transport. The inset
of Fig. 4 shows the current efficiency-current density-
luminance characteristics of the two devices. Device A has
higher efficiency than device B, and the maximum efficien-
cies of devices A and B are 36.3 cd/A and 27.8 cd/A, respec-
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FIG. 4. (Color online) Current density vs voltage characteristics of the two
stacked WOLEDs. The inset shows current efficiency-current density-
luminance characteristics of the two stacked WOLEDs.
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tively. The following reason may be accounted for the lower
efficiency of device B. In the white emissive unit of device
B, the blue fluorescent layer is adjacent to the orange phos-
phorescent emission one, so the Dexter energy transfer from
the orange phosphor triplet state to the lower nonradioactive
blue triplet state can occur,” which quenches the emission of
(F-BT),Ir(acac) and reduces the performance of device B.
Moreover, device A can obtain high efficiency at high lumi-
nance. For example, current efficiencies at the luminance of
1000 and 10 000 cd/m? are 35.9 and 27.8 cd/A, respectively.

In summary, we have demonstrated stacked orange and
WOLEDs based on the CGL of Alqgy:20 wt %Mg/MoOs.
The current efficiency of the stacked orange OLEDs with
two orange emitting units is about two times as high as that
of the single-unit device. Stacked WOLED consisting of ver-
tically stacked blue fluorescent and orange phosphorescent
units has excellent color stability and higher current effi-
ciency. The white device has a current efficiency of 35.9
cd/A at the luminance of 1000 cd/m?.

This work was supported by the National Natural Sci-
ence Foundation of China (Grant Nos. 60606017, 60723002,
60706018, 60677016, 660706016, and 60723002), the Re-
search Fund for the Doctoral Program of Higher Education
(Nos. 20070183088, Ministry of Science and Technology of
China (Grant No. 2003CB314703), and National High Tech-
nology Research and Development Program of China (Grant
No. 2006AA03A162)).

'c.w. Tang and S. A. Vanslyke, Appl. Phys. Lett. 51, 913 (1987).

%s. Tokito, T. Lijima, T. Tsuzuki, and F. Sato, Appl. Phys. Lett. 83, 2459
(2003).

’B. W. D’Andrade and S. R. Forrest, Adv. Mater. (Weinheim, Ger.) 16,
1585 (2004).

‘PI Shih, C.-F. Shu, Y.-L. Tung, and Y. Chi, Appl. Phys. Lett. 88, 251110
(2006).

3y, Sun, N. C. Giebink, H. Kanno, B. Ma, M. E. Thompson, and S. R.
Forrest, Nature (London) 440, 908 (2006).

°K.-Y. Peng, C.-W. Huang, C.-Y. Liu, and S.-A. Chen, Appl. Phys. Lett.
91, 093502 (2007).

7. Kalinowski, W. Stampor, J. Szmytkowski, D. Virgili, M. Cocchi, V.
Fattori, and C. Sabatini, Phys. Rev. B 74, 085316 (2006).

T, Matsumoto, T. Nakada, J. Endo, K. Mori, N. Kavamura, A. Yokoi, and
J. Kido, SID Int. Symp. Digest Tech. Papers 34, 979 (2003).

°L. S. Liao, K. P. Klubek, and C. W. Tang, Appl. Phys. Lett. 84, 167
(2004).

'OT. Tsutsui and M. Terai, Appl. Phys. Lett. 84, 440 (2004).

e, ¢ Chang, S. W. Hwang, C. H. Chen, and J. F. Chen, Jpn. J. Appl.
Phys., Part 1 43, 6418 (2004).

2c.c. Chang, J. F. Chen, S. W. Hwang, and C. H. Chen, Appl. Phys. Lett.
87, 253501 (2005).

E. Guo and D. Ma, Appl. Phys. Lett. 87, 173510 (2005).

C. W. Chen, Y. J. Lu, C. C. Wu, E. H. E. Wu, C. W. Chu, and Y. Yang,
Appl. Phys. Lett. 87, 241121 (2005).

Sy, Kanno, R. J. Holmes, Y. Sun, S. K. Cohen, and S. R. Forrest, Adv.
Mater. (Weinheim, Ger.) 18, 339 (2006).

ST, Y. Cho, C. L. Lin, and C. C. Wu, Appl. Phys. Lett. 88, 111106 (2006).

C. W. Law, K. W. Lau, M. K. Fung, M. Y. Chan, F. L. Wong, C. S. Lee,
and S. T. Lee, Appl. Phys. Lett. 89, 133511 (2006).

8T, Tsutsui and M. Terai, Appl. Phys. Lett. 90, 083502 (2007).

1S. L. Lai, M. Y. Chan, M. K. Fung, C. S. Lee, and S. T. Lee, J. Appl. Phys.
101, 014509 (2007).

20, Kanno, Y. Hamada, K. Nishimura, K. Okumoto, N. Saito, H. Ishida, H.
Takahashi, K. Shibata, and K. Maameno, Jpn. J. Appl. Phys., Part 1 45,
9219 (2006).

217, Kalinowski, M. Cocchi, D. Virgili, V. Fattori, and J. A. G. Williams,
Adv. Mater. (Weinheim, Ger.) 19, 4000 (2007).

2p, Chen, W. Xie, J. Li, T. Guan, Y. Duan, Y. Zhao, S. Liu, C. Ma, L.
Zhang, and B. Li, Appl. Phys. Lett. 91, 023505 (2007).

Downloaded 04 Sep 2012 to 221.8.12.150. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.98799
http://dx.doi.org/10.1063/1.1611620
http://dx.doi.org/10.1002/adma.200400684
http://dx.doi.org/10.1063/1.2214141
http://dx.doi.org/10.1038/nature04645
http://dx.doi.org/10.1063/1.2776349
http://dx.doi.org/10.1103/PhysRevB.74.085316
http://dx.doi.org/10.1889/1.1832449
http://dx.doi.org/10.1063/1.1638624
http://dx.doi.org/10.1063/1.1640470
http://dx.doi.org/10.1143/JJAP.43.6418
http://dx.doi.org/10.1143/JJAP.43.6418
http://dx.doi.org/10.1063/1.2147730
http://dx.doi.org/10.1063/1.2120898
http://dx.doi.org/10.1063/1.2141718
http://dx.doi.org/10.1002/adma.200501915
http://dx.doi.org/10.1002/adma.200501915
http://dx.doi.org/10.1063/1.2185077
http://dx.doi.org/10.1063/1.2357846
http://dx.doi.org/10.1063/1.2709519
http://dx.doi.org/10.1063/1.2426338
http://dx.doi.org/10.1143/JJAP.45.9219
http://dx.doi.org/10.1002/adma.200700655
http://dx.doi.org/10.1063/1.2757096

