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ABSTRACT

Dye-doped organic light-emitting diode of ITO/ r-NPB (70 nm)/Bebq 2-1 (7 nm)/BCP (5 nm)/Bebq 2 (33 nm)/LiF (1 nm)/Al (150 nm) shows red
electroluminescence with the efficiency of 2.9 cd/A at 100 cd/m 2 and maximum brightness of 62000 cd/m 2. The physical organic aspects of the
current-induced fluorescent quenching effect are discussed.

Since Tang and VanSlyke1 reported a highly efficient organic
light-emitting diode (OLED) with high brightness output in
1987, extensive research has been undertaken.2 Red light is
one of the three necessary elements for a full-color display.
Although there has been great progress on the development
of novel red fluorescent3 and phosphorescent4 materials, the
family of pyran-containing fluorescent (PCF) dyes is still
an important class of red dopants for OLED.5

In a typical dye-doped OLED of ITO/R-NPB/Alq3-dopant/
LiF/Al, 6 the PCF dyes are usually doped into Alq3. Energy
transfer from excited Alq3 to the PCF dopant leads to red
electroluminescence (EL). To avoid the self-quenching effect,
the dopant concentration is usually limited at low levels,
around 2%. In some cases, the energy transfer process is
incomplete, leading the OLED to red-orange emission. To
improve the performance of the OLED, Tang and co-workers
modified the pyran core to form DCJTB.7 The presence of
the alkyl substituents on DCJTB prevents it from molecular
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aggregation in the solid state and the self-quenching problem
is therefore reduced. However, another problem of current-
induced fluorescent quenching (CIFQ) effect was observed.8

The EL quantum efficiency (QE) of the OLED significantly
drops when the applied current-density increases. The loss
of QE is attributed to the formation of DCJTB+ that quenches
the emission from the excited DCJTB.9 Therefore, we decide
to develop novel red PCF dyes to solve the problem.

The CIFQ effect of the cationic intermediates is governed
by at least two factors: (1) the absorption spectrum and (2)
the steady-state concentration of the cationic intermediates
in the matrix. The PCF dopants are bipolar compounds that
contain an dialkylaminoaryl group linked to an (pyran-4-
ylidene)malononitrile component through an olefinic bridge.
In our design, a 6-N,N-(diphenylamino)benzofuran unit is
coupled with a (2-tert-butyl-6-vinylpyran-4-ylidene)malono-
nitrile unit to give1. Triarylamines and furans are good hole-
transport materials.10 We wonder if replacement of the
aliphatic amino group by the diphenylaminobenzofuran unit
would lead to any positive response on the CIFQ effect and
improve the device performance.

The synthesis of1 was summarized in Scheme 1.N-
Phenylation ofm-anisidine was performed under Ullman
conditions,11 followed by BBr3 demethylation to give2.12

Hydroformylation under Vilsmeier conditions led to3.
Conversion of3 to benzofuran4 was performed using the
Yoo procedure through intermediate5, followed by LAH
reduction to give6.13 However, oxidation of6 to 7 is
unexpectedly difficult. Both Swern oxidation or simple PCC
oxidation were unsuccessful, leading to7 in very low yield,

accompanied by several unidentified products. Fortunately,
the PCC oxidation in pyridine proceeded to give7 in 31%
yield. Condensation of7 with 8 gave the desired1.

Compound1 shows a reversible oxidation wave atE1/2 )
0.51 V against ferrocene standard in the cyclic voltammetry
(CV) (Figure 1). TheE1/2 is about 0.25 V higher than that

of DCJTB, indicating that1 has a lower lying estimated
HOMO of -5.31 eV.14 More important is the fact that
electrochemical dimerization or polymerization was not
observed in the CV experiments. This result suggests that
the radical cation1+ is electrochemically more stable in
comparison to other triarylamine compounds.15

Figure 2 shows overlay plots of the UV-vis absorption
and emission spectra of1, and the emission spectra of
common host materials of Bebq2, Alq3, and Gaq3.

16 Com-
pound1 shows an absorption band peaked at 500 nm with red
emission peaked at 624 nm in CH2Cl2. The fluorescence QE
is 0.65. Although the spectral overlap of1 with all three hosts
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Scheme 1. Schematic Diagram for the Synthesis of1

Figure 1. CV plots of (a) DCJTB and (b)1 in CH2Cl2 with Bu4-
NClO4 (0.1 M) as supporting electrolyte. Scan rate: 100 mV/s.
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is significantly large, almost perfect spectral match with Bebq2

makes them a good couple in the energy-transfer process.17

Red OLEDs with both a conventional multilayer structure
and a double heterostructure (DH) have been fabricated. To
compare the performance of1 against previous literature data,
we adapted Alq3 as the electron transport (ET) material to
study. OLEDs with a multilayer structure of ITO/R-NPB (60
nm)/Alq3-1 (20 nm)/Alq3 (40 nm)/LiF (1 nm)/Al (150 nm)
were fabricated.6 At low dopant concentration of 0.5% of1,
the EL spectrum showed broad co-emission ranging from
450 to 700 nm, spanning the emission of Alq3 and1. When
the doping concentrations were gradually adjusted from 0.5
to 5%, significant shifts of the ELλmax from 580 to 650 nm
with the OLED efficiency ranged from 0.095 to 0.065 cd/A
at 100 mA/cm2 were observed (Table 1). The EL contribution

from Alq3 gradually decreased. When the doping concentra-
tion was increased to 5%, the CIE coordinates of the EL
shifted to (0.63, 0.35). The overall EL efficiency is lower
than that of DCJTB. We attribute this to poor energy transfer
from Alq3 to 1 due to their poorer spectral match. When the
dopant concentration of1 increased, the device turn-on
voltage dropped significantly. This observation suggests that
the presence of1 facilitates hole injection into the emission

layer. Noteworthy to mention that the CIFQ effect is minimal
in this device (Figure 3a). The device efficiency remains
almost constant with increasing current density.

To elucidate the CIFQ mechanisms, we subjected1 to a
DH OLED of ITO/R-NPB (60 nm)/Alq3-1 (20 nm)/BCP (20
nm)/Alq3 (20 nm)/LiF (1 nm)/Al (150 nm).18 In the device,
a hole-blocking layer of BCP (20 nm) was introduced to
confine the excitions within the recombination zone.18 The
efficiency of the OLED dramatically increased (Table 2) due

to higher possibility of charge recombination and excition
formation.

On the other hand, perhaps the presence of the hole-
blocking layer enhances the steady-state concentration of1+

in the emission zone, the CIFQ effect is significant in these
cases (Figure 3c). We managed to record the absorption
spectrum of1+ (Figure 4) by spectral electrochemistry.19 The
spectral overlap of1+ with the emission spectrum of1, shown
as the shadow area, suggests that1+ could be an effective
quencher for the S1 state of1.

When the thickness of the BCP layer was reduced from
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Figure 2. (a) UV-vis absorption and (b) PL spectra of1, and PL
spectra of (c) Bebq2, (d) Alq3, and (e) Gaq3.

Table 1. EL Performance of ITO/R-NPB (60 nm)/Alq3-1 (20
nm)/Alq3 (40 nm)/LiF (1 nm)/Al (150 nm)

[1] (%)
EL (nm)

(λmax) CIE cd (A)
brightnessa

(cd/m2)
turn-on
voltageb

0.5 580 0.46, 0.48 0.085 2700 6.5
2 630 0.61, 0.38 0.095 1500 5.0
5 650 0.63, 0.35 0.065 1700 4.5

a At 100 mA/cm2. b V at 100 cd/m2.

Figure 3. Plots of the EL efficiency vs current density, with various
thicknesses of BCP: (a) 0 nm (2), (b) 2 nm (b), and (c) 20 nm
(9).

Table 2. EL Performance of ITO/R-NPB (60 nm)/Alq3-1 (20
nm)/BCP (20 nm)/Alq3 (20 nm)/LiF (1 nm)/Al (150 nm)

[1] (%) EL (nm) (λmax) CIE cd (A)
brightnessa

(cd/m2)
turn-on
voltageb

0.5 600 0.52, 0.45 0.55 3000 8.5
2 648 0.64, 0.35 0.20 1000 9.0
5 0.03 500 11.0

a At 100 mA/cm2. b V at 100 cd/m2.
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band peaked at 510 nm is attributed to the emission of Alq3

in the ET layer while the other band at 635 nm is assigned to
the EL of1 in the emission zone. These results suggest that
the holes could partly escape from the emission zone,
penetrating the thin BCP barrier, and entering into the Alq3

zone for recombination. The steady-state concentration of1+

in the emission zone would therefore maintain at relatively
lower level and the CIFQ phenomenon is again minimal
(Figure 3b).

The thickness of the emission zone is also an important fac-
tor for the EL efficiency. In our study, devices of ITO/R-NPB
(70 nm)/Alq3-1 (0.2%,x nm)/BCP (5 nm)/Alq3 (40- x nm)/
LiF (1 nm)/Al (150 nm) with three thicknesses ofx ) 7, 10,
and 15 nm for the emission layer were fabricated. Their EL
efficiencies were recorded as 1.1, 0.75, and 0.6 cd/A at 100
mA/cm2, respectively. The EL efficiency increased when the
thickness of the emission layer decreased, indicating that the
emission zone is confined in a very narrow region, around
only 7 nm. This value is in good agreement with the previous
conclusion of optimal thickness of 7 nm for DCM study.18

The spectral properties of the host materials are important
factors for the energy transfer process (Table 3). When Gaq3

was used, the EL efficiency dropped presumably due to the
poor spectral overlap. When Bebq2 was adopted, the maxi-
mum EL efficiency was boosted up to 1.8 cd/A with the
maximum brightness of 27500 cd/m2. The efficiency and the
CIE coordinates maintained with increasing current density.
The higher efficiency of the OLED may be attributed to the
effective energy transfer from the excitions in Bebq2 to 1.

The EL spectral properties of the Bebq2-based OLED
varies when the dopant concentration increases (Figure 5).

When [1] was set at 0.5%, a shoulder of green EL emission
at around 500 nm was observed, indicating the energy trans-
fer process is incomplete. The proportion of the green emission
significantly reduced when the dopant concentration of1 was
increased to 1%. The OLED exhibited good efficiency of 2.9
cd/A at 100 cd/m2 with the highest brightness of 62000 cd/
m2. When1 was doped at 2%, the green emission from Bebq2

was almost completely suppressed. The EL efficiency of 1.4
cd/A at 100 cd/m2 was obtained with the highest brightness
of 18000 cd/m2. Linear relationship between the brightness
and the applied current density suggests small CIFQ effect
on these OLEDs. The operating lifetimes are longer in
comparison to other Bebq2 devices in the literature.20

The small CIFQ effect could be attributed to the following
factors: (a) The estimated HOMO of1 (-5.31 eV) is only
0.19 eV higher than that of for Bebq2 (-5.5 eV),16b indicating
that the steady-state concentration of1+ in Bebq2 should be
lower than DCJTB+ (estimated HOMO of DCJTB:-5.11
eV)14 in Alq3 (-5.6 eV).16b (b) High electron mobility of
Bebq2

16b also leads to effective exciton formation in the
emission zone that limit the steady-state concentration of1+

at low levels.
In summary,1 represents a novel class of red EL dopants.

Due to the large Stokes shift of1, Bebq2 can be used as an
effective host for1 in the EL device, which is uncommon
for other PCF dopants.
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Figure 4. (a) UV-vis-NIR absorption spectrum of1+ and (b)
PL spectrum of1.

Table 3. EL Performance of the OLED with Different
Host/ETL Compounds in ITO/R-NPB (70 nm)/Host-1 (0.5%, 7
nm)/BCP (5 nm)/ETL (33 nm)/LiF (1 nm)/Al (150 nm)

host/ETL efficiencya maximum brightnessb

Gaq3 0.75 12500
Alq3 1.0 15000
Bebq2 1.8 27500

a cd/A at 100 cd/m2. b cd/m2.

Figure 5. Dopant concentration dependent EL spectra: (a) 0.5%,
(b) 1%, (c) 2% of 1 in Bebq2.
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