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1,3,5-tris[4'-(1"-phenylbenzimidazol-2"-yl)phenyl]benzene (BTPBB), was synthesized
and its electroluminescence (EL) properties were investigated. In order to enhance
the emission efficiency, the device structure was optimized by balancing the charge
carrier injection and reducing the barrier height for electron transport to the emit-
ting layer. The OLED device with a structure of [ITO/a-NPB (50 nm)/BTPBB
(30nm)/TPBI (10nm)/Alq3 (20nm)/LiF (1nm)/Al (120 nm)] exhibited the lumi-
nous efficiency of 2.2c¢d/A and the external quantum efficiency of 0.9% at
120 mA/cm2 with the CIE 1931 color coordinates of (0.15, 0.08), which was pure
blue and almost invariant within the operating voltage range of 12~19.5V.

Keywords: 1,3,5-tris[4'-(1"-phenylbenzimidazol-2”-yl)phenyl]benzene; balanced charge
carrier injection; blue-emitting organic material; hole blocking layer

INTRODUCTION

Intense research on organic light-emitting diodes (OLEDs) has made a
significant progress in the last decade, and commercial full-color, flat
panel display products are now available [1]. A variety of blue-emitting
materials have been synthesized and evaluated, [2-5] however,
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compared with green- or red-emitting organic materials, blue materials
still have much to be improved in terms of efficiency, lifetime, and color
purity, which are essential for the realization of full color display and
two-dimensional lighting applications based on OLEDs.

In view of color stability, when an OLED is configured with an
electron transport layer (ETL) that can also act as an emissive layer
(EML), the device tends to give an EL with rather significant driving
voltage-dependent variations in the emission peak wavelength and the
CIE color coordinates (>0.15, >0.30) due to the driving voltage-
dependent contribution of ETL emission [6]. The injected holes are
generally more mobile than the electrons under the same electric field
and therefore some of the holes may recombine with the electrons at
the ETL, which give rise to the driving voltage-dependent emission
characteristics. A larger energy barrier for electron injection than that
for hole injection to EML also shifts the emission zone from EML to
ETL. Many attempts have been made to confine the charge carriers
in EML only. By inserting a hole blocking layer (HBL) between ETL
and EML, both the EL peak wavelength and color chromaticity of
the device has been successfully stabilized over a certain range of
operating voltage [7,8].

In this work, we synthesized a new blue-emitting material with
phenylbenzimidazole moiety and investigated its OLED device struc-
tures containing one or two electron transporting layers to obtain a
stable blue emission over a wide range of driving voltage.

EXPERIMENTAL
Synthesis of BTPBB

As presented in Scheme 1, 1,3,5-tris[4’-(1"-phenylbenzimidazol-2"-yl)
phenyllbenzene (BTPBB) was prepared from the reaction between
1,3,5-tris[4’-(1"-phenylbenzimidazol-2”-yl)phenyl]benzene and 2-amino-
diphenylamine in the presence of NasS;05 according to the procedure
that we previously used for the formation of benzimidazole ring [9].
The product was obtained in 95% yield. Spectroscopic analyses includ-
ing 'H-NMR and high resolution mass spectroscopy were employed to
characterize the product.

Fabrication of OLED

We optimized the BTPBB-based OLED device structure in three steps.
In the first step, the current density-voltage-luminance (J-V-L)
characteristics of the device A-1 with a 100 nm-thick BTPBB emitting
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SCHEME 1 Synthetic route of BTPBB.

layer were studied, and then the device A-2 with a 50 nm-thick
N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine («-NPB)
(hole transport layer) (HTL) and a 50 nm-thick BTPBB EML were
examined. In the second step, the devices with a 50 nm-thick «-NPB
HTL and a 30nm-thick BTPBB EML, and three different ETLs of
tris-8-hydroxyquinoline) aluminum (Alg3) (device B-1), 1,3,5-tris
(N-phenylbenzimidazol-2-yl)benzene (TPBI) (device B-2), and alumi-
num (ITII) bis(2-methyl-8-quinolinolato)-4-phenylphenolate (BAlq)
(device B-3). In the final step, the same device as in the second step
except for employing TPBI as the HBL and Alg3 as the ETL (device
C-1) was prepared and their I-V-L characteristics were evaluated.
The devices prepared and tested in this work are listed in Table 1.
All the layers were sequentially deposited on an indium-tin oxide
(ITO)-coated glass substrate by thermal evaporation under high
vacuum (10 %torr). Prior to vacuum deposition, the patterned ITO
substrates were sequentially cleaned with trichloroethylene, acetone,
deionized water, and isopropyl alcohol in an ultrasonic bath, followed

TABLE 1 Device Structures Studied in this Work

Device (thickness) HTL (nm) EML (nm) HBL (nm) ETL (nm)
A-1 - BTPBB (100) - -
A-2 «-NPB (50) BTPBB (50) - -
B-1 o-NPB (50) BTPBB (30) - Alg3 (30)
B-2 o-NPB (50) BTPBB (30) - TPBI (30)
B-3 o-NPB (50) BTPBB (30) BAlq (30)

C-1 o-NPB (50) BTPBB (30) TPBI (10) Alq3 (20)
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by rinsing in deionized water. After the lithium fluoride (LiF)/
aluminum (Al) bilayer was deposited as the cathode, the device was
encapsulated with a glass cap in a nitrogen atmosphere. The emitting
area of the devices was defined to be 3 x 3 mm? by using a shadow mask.

Measurements

UV-Vis absorption and photoluminescence (PL) data were recorded on
an Agilent 8453 UV-Vis spectrometer and a PTI QuantaMaster™
spectrofluorometer, respectively. EL characteristics of the devices
were measured using a JBS I-V-L 300 EL characterization system
equipped with a Keithley 2400 sourcemeter. The highest occupied
molecular orbital (HOMO) energy level was measured by ultraviolet
photoemission spectroscopy (UPS) and the optical band gap energy
was added to the HOMO level to estimate the lowest unoccupied mole-
cular orbital (LUMO) level.

RESULT AND DISCUSSION

Figure 1 shows the UV-Vis absorption and photoluminescence (PL)
spectra of BTPBB, where the absorption maximum (Amax, uv) and the
PL maximum (Anax, pr.) Were observed at 320 and 412 nm, respectively.

In the first step, the EL characteristics of BTPBB were investigated
with the single layer device A-1 and the device A-2 with the «-NPB
HTL incorporated to reduce the barrier height for hole transport to
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FIGURE 1 UV-Vis absorption and photoluminescence (PL) spectra of
BTPBB.
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FIGURE 2 Chemical structures of the HTL and ETL materials.

the BTPBB EML. Although the device A-1 exhibited no emission, the
device A-2 showed blue emission with a luminous efficiency of 0.8 cd/A
and an external quantum efficiency (E.Q.E.) of 0.8% at around
15mA /cm?. The performance of the device A-2, however, was not high
due to the high energy barrier for electron injection (~2.0 eV) and poor
charge carrier injection balance.

In order to achieve a balanced charge injection by facilitating the
electron injection, we employed Alq3, TPBI, and BAlq which are
well-known as electron transporting materials (ETMs) in the second
step [10-12]. The chemical structures of the materials are shown
in Figure 2 and the HOMO and LUMO levels are listed in Table 2.

TABLE 2 The HOMO and LUMO Energy Levels
of the HTL or ETL Materials

HTL or ETL HOMO (eV) LUMO (eV)
+-NPB 5.21 2.24
Alg3 5.8 3.0
TPBI 6.2 2.9

Balq 5.9 3.0
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FIGURE 3 Luminous efficiency vs. current density characteristics of the
devices with BAlq, Alq3, and TPBI as ETL.

As shown in Figures 3 and 4, the overall J-V-L characteristics of
the devices B-1~B-3 were enhanced by introducing ETMs. The device
B-2 with TPBI as ETL gave the highest luminous efficiency, while the
device B-1 with Alq3 as ETL exhibited the highest E.Q.E. The highest
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FIGURE 4 External quantum efficiency vs. current density characteristics of
the devices with BAlq, Alq3, and TPBI as ETL.
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FIGURE 5 (a) Current density (J) and luminance (L) vs. voltage, and (b)
luminous efficiency and external quantum efficiency (E.Q.E.) vs. current
density (J) characteristics of the device C-1. The inset shows the structure of
the device C-1.

E.Q.E. of the device B-1 with Alq3 as ETL, however, is partially
contributed by the green-emission from the Alq3 layer because the resi-
dual holes after recombination in the EML can further move to the ETL
to generate the excitons for green-emission. The device B-1 showed the
Jmax, EL, at 467nm and the CIE 1931 coordinates moved from (0.173,
0.155) to (0.154, 0.0134) when the applied voltage increased from 14
to 19.5V (not shown) because the electron mobility (1) in Alg3 is
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dependent on the applied electric field [13,14]. The energy barrier for
electron injection from Alg3 to BTPBB is relatively high (0.96 eV) but
that for hole injection from «-NPB to BTPBB is low (0.19 eV). Without
a HBL, a considerable amount of holes can transport across the BTPBB
layer and recombine with electrons in the Alq3 layer that is a better
emitter than BTPBB.

For both the high EL efficiency and the color purity, combination of
HBL and ETL was the final step. It is possible to confine holes and
excitons in EML by introducing HBL such as TPBI and BCP that have
the deep HOMO levels of 6.2 and 6.7 eV, respectively. Although the
device with BCP as HBL can effectively reduce the green-emission
from Alg3, it may increase the operating voltage because it has a
lower electron mobility (i) than TPBI. As illustrated in the inset of
Figure 5(a), TPBI can also transport electrons from Alq3 to BTPBB
because it has the favorable LUMO level of 2.90 eV that can help the
electrons inject [15,16]. Thus, we used TPBI not only as ETL but also
as HBL of the final device C-1. J-V-L characteristics of the device C-1
and CIE 1931 color coordinates are shown in Figures 5 and 6, respec-
tively. The device C-1 with the configuration of [ITO/«-NPB
(50nm)/BTPBB (30nm)/TPBI (10nm)/Alg3 (20nm)/LiF (1nm)/Al
(120 nm)] exhibited a luminous efficiency of 2.2cd/A and an E.Q.E of
0.9% at 120 mA /ecm? with good color stability and purity corresponding
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FIGURE 6 The EL spectrum of the optimized device C-1. The inset shows the

CIE 1931 color coordinates of the device C-1 measured at the operating voltage
of 12~19.5V.
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to the CIE 1931 coordinates of (0.15, 0.08), which is close to the
National Television System Committee (NTSC) standard of (0.14,
0.08) for blue with the chromatic variation of (+0.01, £0.01) when
the applied voltage was changed from 12 to 19.5V.

CONCLUSION

We synthesized a new blue-emitting material, 1,3,5-tris[4’-(1"-phenyl-
benzimidazole-2”-yl)phenyl] benzene (BTPBB), and investigated its
OLED device properties. The device with a configuration of [ITO/
o-NPB (50nm)/BTPBB (30nm)/TPBI (10nm)/Algq3 (20nm)/LiF
(1nm)/Al (120 nm)] exhibited the best performance. In the optimized
device, TPBI acted as HBL as well as ETL to give the enhanced
efficiency and fine color purity and stability, showing the CIE 1931
coordinates of (0.15, 0.08) with the chromatic variation of (£0.01,
+0.01) when the operating voltage was changed from 12 to 19.5V.
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