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Red Phosphorescent Organic Light-Emitting-Diode
with the Doubly Doped Emitter on the
Plastic Substrate

JIN CHEOL JEONG AND JI GEUN JANG*

Department of Electronics Engineering, Dankook University,
Chungnam 330-714, Korea

To obtain a high efficiency flexible deep-red light source, phosphorescent organic
light-emitting-diodes with the emitter of bis(10-hydroxy-benzo(h)quinolinato)beryllium
[Bebq,] doubly doped with iridium(Ill)bis(2-phenylquinoline-N,C2’ Jacetylacetonate
[(pq)21r(acac)] and RP411 (proprietary red phosphorescent dye) have been fabricated
on the polyethylene-2,6-dicarboxylnaph-thalate (PEN) substrates. The device doubly
doped with (pq).Ir(acac) and RP411 in the emitter showed the maximum current effi-
ciency of 22.4 cd/A with current efficiency improvement of 10% under a luminance of
10,000 cd/m? compared to that of the device singly doped with RP411. In this device,
luminance and current efficiency were found to be 12000 cd/m? at an applied voltage of
8 Vand 17.3 cd/A under a luminance of 10,000 cd/n?’, respectively. The peak wavelength
in the electroluminescent spectral distribution and color coordinates on the Commission
Internationale de I'Eclairage (CIE) chart were 623 nm and (0.66, 0.34), respectively.

Keywords Red PhOLED; PEN substrate; flexible; double doping; Bebq,

Introduction

Red organic light-emitting-devices (OLEDs) have been investigated for their applications
in a wide variety of fields such as flat panel display, illumination, and medical photo-
therapeutics [1]. Especially, flexible red OLEDs have attracted considerable attention for
the use of ubiquitous environment due to their unique features of light-weight and portability
[2,3].

Phosphorescent OLEDs (PhOLEDs) based on phosphorescent dyes generally exhibit
the improved electroluminescent characteristics in comparison with fluorescent OLEDs
because both of singlets and triplets can be used for light emission. The effect of heavy metal
in phosphors like iridium compounds leads to the good intersystem crossing from singlets
to triplets and strong phosphorescence even at room temperature [4]. When PhOLEDs are
applied to practical devices, however, the quantum efficiency remarkably decreases due to
carrier injection loss and triplet-triplet annihilation at high current density [5,6]. Moreover,
the triplet excitons have a rather long lifetime so that they may diffuse into adjacent organic
layers from the emitter. This effect also results in the decline of luminous efficiency and
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color purity due to relaxation of triplets outside the emitter [7,8]. In order to obtain the good
electroluminescent characteristics in a red PhOLED, the electrons injected from cathode
should be confined in the emission layer and the diffusion loss of triplets into the adjacent
carrier transport layers should not happen. And also, the energy transfer from host to dopant
can easily take place.

Conventional red PhOLEDs have a singly doped host-dopant system in the emitter with
organic structure of hole transport layer (HTL)/emissive layer (EML)/electron transport
layer (ETL) [9,10]. However, it is not easy for a single HTL to fulfill all the requirements
of low hole injection barrier, high hole mobility, and high triplet energy. Furthermore, the
energy transfer from host to dopant can be poor in a deep-red PhOLED due to large energy
difference between energy gap of host and triplet energy of dopant.

To solve these problems of conventional red PhOLEDs, a device with organic structure
of HTL1/HTL2/doubly doped EML (DDEML)/ETL is newly proposed in this paper. HTL1
is a hole transport layer which can be also referred as hole injection layer for easy injection
of hole from anode, and HTL?2 is a layer not only to transport holes into the emitter but also
to protect diffusion loss of triplets and confine electrons in the emitter. The highest occupied
molecular orbital (HOMO) level of HTL1 should be nearly aligned with the Fermi level of
anode (indium-tin-oxide, ITO) to lower the injection barrier height for hole at the interface.
The lowest unoccupied molecular orbital (LUMO) level of HTL2 should be as shallow
as possible below zero level to confine the electrons injected from cathode in the emitter,
and the high triplet energy and good hole mobility are required in this layer as well. The
DDEML is an emission region in which the primary dopant emitting deep-red light with
a lower triplet energy and the assistant dopant with a higher triplet energy are co- doped
in a host. When the energy difference between energy gap of host and triplet energy of the
primary dopant is large in the case of deep-red phosphorescent emission, the introduction
of assistant dopant with an intermediate triplet energy can be helpful to make the energy
transfer from host to the primary dopant easier.

Figure 1 shows the energy diagram of organic layers in the multilayer configura-
tion of the proposed device. The structure shown in Figure 1 was formed on the plastic
substrate using N,N’-diphenyl-N,N’-bis-[4-(phenyl-m-tolvlamino)-phenyl]-biphenyl-4,4’-
diamine [DNTPD] as the HTL1, 1,1-bis-(di-4-poly-aminophenyl)cyclohexane [TAPC] as

1.8eV
SRy » (pq):Ir(acac) [T : 2.05 &V]
ZeV -1 RP411 [T, : 1.98 eV]
18ev 266V
3eV 4 SpQyirfacaq) _
RP411 LiF/Al
4eV 1 DNTPD TAPC Bebq2 ET137
ITO
5¢V 4 IR
5.1eV
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55eV 55eV
6eV
HTL1 HTL2 EML ETL

Figure 1. Energy diagram of organic materials in the multilayer configuration.
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the HTL2, and Bebq, doubly doped with assistant dopant of (pq).Ir(acac) and primary
dopant of RP411 as the EML. For comparison, a device with the emitter singly doped with
only RP411 in the structure of Fig. 1 was also prepared in the experiments.

Experimental Procedure

The devices were prepared by thermal evaporation of organic and metallic layers onto the
ITO-coated PEN substrates in a high vacuum chamber with a base pressure lower than
5 x 1073 Torr. The sheet resistance of the ITO layer was 15 /sq. Starting substrates
were cleaned by acetone and isopropyl alcohol prior to organic thin film deposition. In
the formation of HTL, a 500 A-thick film of DNTPD as the HTL1 was firstly deposited
followed by a 300 A-thick film of TAPC as the HTL2. In the formation of EML, two
different depositions were performed according to the doping techniques. A 330 A-thick
film of the emitter consisting of Bebq, doped with [7% (pq).Ir(acac) + 3% RP411] (by
volume ratio to the host) was formed in the doubly doped device, while Bebq, doped with
10% RP411 in the singly doped device. Next, a 500 A-thick film of ET137 which is a
proprietary material with a LUMO level of 2.6 eV was deposited as the ETL followed by
10 A-thick LiF/1200 A-thick Al bilayer as a cathode.

The electrical properties were investigated using a Polaronix M6100 J-L-V test system
(McScience). The optical properties such as luminance, electroluminescence spectra, and
CIE color coordinates were evaluated using a CS-1000 spectro-radiometer (Konica Minolta)
in a dark condition.

Results and Discussion

As shown in Fig. 1, DNTPD with a HOMO level of 5.1 eV has the low hole injection barrier
from an anode of ITO, and the LUMO barrier of about 1 eV at the interface of TAPC and
Bebq, is sufficiently large to confine the electrons injected from cathode in the emitter.
The energy gap of Bebq, is 2.7 eV, and the triplet energies of (pq).Ir(acac) and RP411
are 2.05 eV and 1.98 eV, respectively. The hole mobility and triplet energy of TAPC are
0.01 cm?/Vs [11] and 2.87 eV, respectively. TAPC can be used as a good material of HTL2
in the proposed device due to the high carrier mobility and high triplet energy.

In the doubly doped device, the excitons formed from Bebq, can easily transfer their
energies to the triplet states of RP411 via (pq),Ir(acac). UV-vis absorption and photolumi-
nescence spectra of Bebq, at 300 °K are shown in Fig. 2. In Fig. 2, the peak wavelength
of PL spectra was about 490 nm. UV-vis absorption and photoluminescence spectra of
(pg)2Ir(acac) at 300 °K and 77 °K are shown in Fig. 3(a). And also, UV-vis absorption and
photoluminescence spectra of RP411 at 300 °K and 77 °K are shown in Fig. 3(b). The triplet
energy of an organic material can be obtained from a peak wavelength of photolumines-
cence spectra measured at 77 °K. Peak wavelengths of photoluminescence spectra at low
temperature of (pq),Ir(acac) and RP411 were 604 nm and 624 nm in Figure 3, respectively.
Judging from the wide overlap between photoluminescence spectra of host and UV-vis
absorption spectra of dopants with deep-red emission of the primary dopant of RP411, the
composition of Bebqy:[(pq).Ir(acac) + RD411] can be a good host-dopant system as the
EML for a new high efficiency deep-red PhOLED.

Current density-voltage-luminance (J-V-L) characteristics of the fabricated devices are
shown in Fig. 4. The shapes of luminance-voltage curves are similar to those of current
density-voltage curves in Fig. 4 because the fabricated devices are driven by injection of
current. Current density and luminance of the doubly doped device were higher than those
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Figure 2. UV-vis absorption and photoluminescence spectra of Bebq, at 300 °K.

of the singly doped device under the same voltages. Luminous intensities at an applied
voltage of 8 V were 12,000 cd/m? for the doubly doped device and 6700 cd/m? for the
singly doped device.

Current efficiency is a convenient parameter to evaluate the electroluminescent char-
acteristics of light emitting devices because it does not greatly depend on the driving
voltage. The current efficiency (1) can be calculated by an equation of n = L/J, if cur-
rent density-voltage-luminance relationships are known, where L [cd/m?] and J [A/m?]
are luminance and current density, respectively. Figure 5 represents the current efficiency-
luminance curves. Current efficiencies tended to monotonously decrease according to the
increase of voltage above a luminance of about 500 cd/m?. The maximum current efficiency
in the doubly doped device was 22.4 cd/A, while 21.5 cd/A in the singly doped device. To
our knowledge, the maximum current efficiency of 22.4 cd/A is one of the highest values
ever reported in the deep-red PAOLEDs with a central wavelength of more than 620 nm
[12,13]. The current efficiencies under a luminance of 10,000 cd/m? were 17.3 cd/A for the
doubly doped device and 15.8 cd/A for the singly doped device, which resulted in a current
efficiency improvement of 10% in the doubly doped device. The doubly doped device also
showed the better roll-off characteristics of current efficiency according to the increase
of luminance. The overall electroluminescent improvement of the doubly doped device in
comparison with the singly doped device is thought to come from the active transfer of
energy between Bebq, and RP411 through the assistant dopant of (pq),Ir(acac) with an
intermediate energy.

Electroluminescence spectra and CIE color coordinates for the fabricated devices are
shown in Figs. 6 and 7. Central wavelengths of electroluminescence spectra were 623 nm
for the doubly doped device and 628 nm for the singly doped device as shown in Fig. 6.
Considering the peak wavelengths in the photoluminescence spectra of (pq),Ir(acac) (604
nm) and RP411 (624 nm), the central wavelength of 623 nm in the electroluminescence
spectra of the doubly doped device means that most of light is emitted from triplets
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Figure 3. UV-vis absorption and photoluminescence spectra of dopants at 300 °K and 77 °K: (a)
(pq)2Ir(acac), (b) RP411.

of RP411 rather than (pq),Ir(acac). Though the central wavelength of the doubly doped
device is shorter by 5 nm than that of the singly doped device, the doubly doped device
still gives good deep-red emission with a central wavelength of above 620 nm, showing
better characteristics in the luminance and current efficiency than the singly doped one. It
is thought that the small reduction of central wavelength in the doubly doped device is due
to the partial effect of direct emission from (pq),Ir(acac). The color coordinates on the CIE



Downloaded by [University of California, San Diego] at 12:05 07 August 2012

6/[326] J. C. Jeong and J. G. Jang

T . . . 25000
—&— doubly doped [L-V]
2001 .= doubly doped [J-V]
| —%—singly doped [L-V] - 20000
---4---singly doped [J-V]

Ng . 15000
< ] i E
£ B
%‘ 100 4 g
& 10000 &
o ] -
= £
& 50+ 5000 3
3
O 4

0 1 IR P o
Y T Y T Y T Y
2 4 6 8 10

Voltage(V)

Figure 4. Current density-voltage-luminance characteristics of the doubly doped device (square
symbols) and the singly doped device (triangle symbols).
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Figure 5. Current efficiency-luminance characteristics of the fabricated devices.
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chart in Fig. 7 are (0.66, 0.34) for the doubly doped device and (0.67, 0.33) for the singly
doped device. The CIE coordinates obtained in the fabricated devices almost coincide with
the red standards from the National Television Standards Committee with color purity of
more than 90%.

Consequently, the doubly doped device exhibited the good electroluminescent charac-
teristics with deep-red phosphorescent emission even though it was prepared on the PEN
substrate. The PEN film has a relative strong resistance to water vapor penetration with a
permeability of 2 g/m*day for the thickness of 0.1 mm [14]. If the device can be encap-
sulated well, it will be able to be used as a new high efficiency deep-red light source in a
variety of flexible applications.

Conclusions

New high efficiency deep-red PhOLEDs with structure of ITO/DNTPD/TAPC/Bebq;:
[(pq).Ir(acac), RP411]/ET137/LiF/Al on the PEN substrates were fabricated and evalu-
ated.

In this study, two kinds of devices were fabricated in order to investigate the double
doping effect in the EML: one has the emitter of Bebq, doubly doped with (pq),Ir(acac)
and RP411, and the other has the emitter of Bebq, doped with only RP411.

Though the central wavelength of the doubly doped device was shorter by 5 nm
than that of the singly doped one, the doubly doped device showed the current efficiency
improvement of 10% under a luminance of 10,000 cd/m? compared to the singly doped one.
Besides, other electroluminescent characteristics such as luminous intensity and efficiency
roll-off were also improved in the doubly doped device compared to the singly doped
device.

The well-encapsulated device with organic structure of HTL1/HTL2/DDEML/ETL on
a plastic substrate like the doubly doped device in the experiments is expected to be used
as a high efficiency deep-red light source in a variety of flexible applications.
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