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ABSTRACT
Wedesignednaphthalenemoieties end-cappingbis-anthracenederiva-
tives and characterized their photophysical properties. We fabricated
two set of devices with the structure of ITO /2-TNATA (60 nm) /NPB
(10 nm) /emitter (1–3) (40 nm) /Alq3 (15 nm) /Liq (2 nm) /Al for
devices 1B–3B and same structure without 2-TNATA for 1A–3A. A device
using 2-TNATA exhibited luminous efficiency of 5.98 cd/A, power effi-
ciency of 3.09 lm/W and external quantum efficiency of 3.49% at
200 cd/m2, respectively, while a same device without 2-TNATA layer
showed 3.52 cd/A, 1.79 lm/W, and 2.22% at 200 cd/m2, respectively.

Introduction

OLEDshave attractedmuch attention due to their potential applications in full-color flat panel
displays, and solid-state lighting [1]. Over the past years, many researchers have focused on
the development of the efficient OLEDs with high quantum yields and good thermal stabil-
ities [2–6]. Particularly, much interest has been focused on anthracene derivatives due to its
wide-energy bandgap, high quantum yield, and good thermal stability. Among those 9,10-
diphenylanthracene (DPA) is a good candidate for blue emitting material because of excellent
fluorescent quantum yield in solution [7]. However, an anthracene moieties with the planar
structure has strong close-packing and excimer formation, which lead to the decrease of elec-
troluminescent efficiencies and color purity [8].

To resolve this problem, 1,4-bis(9-(2-naphthyl)anthracene-10-yl)benzene had been
designed for reducing the intermolecular interaction and preventing the self-aggregation in
our previous research and it showed the high luminous efficiency (LE), power efficiency (PE),
and external quantum efficiency (EQE) of 3.52 cd/A, 1.79 lm/W, and 2.22% at 200 cd/m2 in
non-doped system [9].

We synthesized emitters 1–3 based on bis-anthracenylphenylenes end-capped with
naphthalene groups; 1,4-bis(9-(1-naphthyl)anthracene-10-yl)benzene (1) [10], 4,4′-bis(9-
(1-naphthyl)anthracene-10-yl)biphenyl (2) [11], 1,4-bis(9-(2-naphthyl)anthracene-10-
yl)benzene (3) [10]. In these materials 1–3, anthracene moieties as well as the end-capped
naphthyl group would induce the non-planar structural features in 1–3. Consequently, these
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non-planar structural properties of 1–3 would lead to the improved EL efficiencies of devices
using them by preventing the intermolecular interaction and the self-aggregation between
materials 1-3 in solid state devices.

To further increase electroluminescent (EL) efficiencies in OLEDs, it needs to control
injection and transportation of holes and electrons in OLED devices. Therefore, the opti-
mization of device structure is of great importance. 2-TNATA (4,4′,4′′-tris(N-(2-naphthyl)-
N-phenylamino)-triphenylamine) is π-electron starburst molecule with the suitable energy
levels for the hole injection layer (HIL). In this study, 2-TNATA is placed as an interlayer
between indium tin oxide (ITO) anode and NPB as the HIL in OLEDs using 1–3 as the emit-
ting materials. As will be seen in below, the enhancement of the hole injection in OLED’s
including 2-TNATA as the HIL leads to the higher efficiencies than those without 2-TNATA
layer.

Experimental

Physical measurements

The UV-vis absorption and photoluminescence spectra of 1–3 were measured in
dichloromethane (10−5 M) using Shimadzu UV-1650PC and Aminco-Browman series 2
luminescence spectrometers. The fluorescence quantum yields of the emitting materials were
determined in dichloromethane at 293 K using DPA (9,10-diphenylanthracene) as a reference
(�DPA = 0.86) [7]. The values of relative fluorescence quantum yield were acquired using the
formula explained �X = �DPA (GradX/GradDPA)(η2

X/ η2
DPA). The HOMO (highest occupied

molecular orbital) energy levels were measured with a low-energy photoelectron spectrom-
eter (Riken-Keiki, AC-2). The energy band gaps were determined from the intersection of
the absorption and photoluminescence spectra. The LUMO (lowest unoccupied molecular
orbital) energy levels were calculated by subtracting the corresponding optical band gap ener-
gies from the HOMO energy values.

OLED fabrication andmeasurement

For fabricating OLEDs, ITO thin films coated on glass substrates were used, which was 30
square of the sheet resistivity, and 100 nm of thickness. The ITO-coated glass was cleaned
in an ultrasonic bath by the following sequence: acetone, methyl alcohol, distilled water, and
stored in isopropyl alcohol for 48 h and dried by a N2 gas gun. The substrates were treated by
O2 plasma under 2.0 × 10−2 torr at 125 W for 2 min. All organic materials and metals were
deposited under high vacuum (5 × 10−7 torr).

The current density (J), luminance (L), luminous efficiency (LE), power efficiency (PE),
external quantum efficiency (EQE), and CIE chromaticity coordinates of the OLEDs were
measured with a Keithley 2400, Chroma meter CS-1000A. Electroluminance was measured
using a Roper Scientific Pro 300i.

Results and discussion

The molecular structures of the designed blue fluorescent materials 1–3 are shown in
Scheme 1. Figure 1 shows the UV-vis absorption and photoluminescence (PL) spectra of
fluorescence emitting materials 1–3 in dichloromethane solutions and solid state on quartz
plate films. Optical properties of 1–3 are summarized in Table 1. As shown in the absorption
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Scheme . Structures of compounds (1–3) and -TNATA as HIL.

Figure . The absorption spectra, emission spectra in solution and emission spectra in thin film state of
emitting materials (1–3).

Table . Optical properties of compounds (1–3).

UVmax
a PLmax

a PLmax
b FWHMa HOMO/ Eg �c

Compound [nm] [nm] [nm] [nm] LUMO [eV] [eV] [%]

     −. /−. . .
     −. /−. . .
     −. /−. . .

a. CHCl solution (
− M). b.Thin film. c.Using DPA (,-diphenylanthracene) as a standard; λex =  nm (� = . in

CHCl).
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Figure . Energy levels diagram of compounds (1–3) used in the OLED fabrication.

spectra, the maximum absorption wavelengths of 1–3 shown at 398, 377, and 399 nm that
represented the characteristic vibrational pattern of the isolated anthracene group. Also, the
maximum emission wavelengths of 1–3 showed at 417, 419, and 424 nm in solution. Solid
state PL spectra of 1–3 are shifted to red region rather than solution PL spectra (ca. 11–
27 nm) due to the solid state effect. The HOMO energy levels of 1–3 measured by a photo-
electron spectrometer (Riken-Keiki AC-2) are −5.82, −5.88, and −5.80 eV, respectively. The
LUMOenergy levels of 1–3 calculated from their Eg values and the LUMOenergy levels of 1–3
are −2.76, −2.83, and −2.77 eV, respectively.

To evaluate electroluminescent properties of compounds 1–3, devices 1A–3Awith config-
uration: ITO /4,4′-Bis(N-(1-naphthyl)-N-phenylamino)biphenyl (NPB) (50 nm) /emitter (1–
3) (40 nm) /Tris(8-hydroxyquinolinato)aluminium (Alq3) (15 nm) /Lithium quinolate (Liq)
(2 nm) /Al (100 nm) were fabricated, respectively. Figure 2 shows the energy level diagrams
of devices using compounds 1–3. EL spectra of devices 1A–3B are shown in Figure 3.
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Figure . EL spectra of the devices (1A–3B).

Devices 1A and 3A exhibited deep-blue emission with the maximum peaks at 442 and
444 nm, respectively, which were similar to the solid state PL spectra of the emitters 1 and 3.
TheCIE coordinates ofDevices 1A and 3Awere (0.163, 0.096) and (0.197, 0.197), respectively,
at 8.5 V. However, device 2A exhibits mainly the greenish emission at 553 nm with the CIE
coordinates of (0.412, 0.541). EL spectrum of device 2A differs significantly from solid state
PL spectra of the emitter 2 in device 2A. This interesting feature normally observed due to
the electromer or electroplex [12]. The existence of the electromer or electroplex caused by
relatively high electric fields usually leads to a red-shifted and broadened emission spectrum
[13].

To investigate the efficiency differences originated from the presence of a hole injection
layer of OLEDs, devices 1B–3B with configuration: ITO /2-TNATA (60 nm) /NPB (10 nm)/
Emitting materials (1–3) (40 nm) /Alq3 (15 nm) /Liq (2 nm) /Al were fabricated, respectively.
In these devises, ITO(indium-tin-oxide) and Liq:Al are the anode and the cathode, respec-
tively, and 4,4′,4′′-tris(N-(2-naphthyl)-N-phenyl-amino)triphenylamine (2-TNATA) is used
as the hole injection layer (HIL).

EL spectra of devices 1B–3B exhibited the similar trends to those of devices 1A–3A, respec-
tively. For examples, devices 1B and 3B showed the emission from singlet exciton of the emit-
ters 1 and 3, respectively. Also, device 2B exhibited the emission from the electromer or elec-
troplex of the emitter 2.

Figure . EL spectra of the devices (a) 2A and (b) 2Bmeasured at different voltage.
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Figure . Current density-Voltage (J-V) and Luminance-Voltage (L-V) curves of the devices (1A–3B).

Figure 4 is EL spectra measured at different voltage of the devices 2A and 2B. Compared
with devices 2A and 2B, the EL spectra of the other devices 1A, 3A, 1B, and 3B are showed
little differences. However, EL spectra of device 2B changed largely depending on voltage. EL
spectra of devices 2A and 2B that generated from electromer or electroplex of the emitter 2 are
more sensitive to electric field than other devices. These observations imply that electromers
or electroplexs are affected by strength of electric fields severely.

Figure 5 shows current density-voltage-luminance (J-V-L) characteristics of the
devices 1A–3B. Table 2 summarizes J-V-L characteristics and EL efficiencies of devices
1A–3B.

The luminous efficiencies (LE), power efficiencies (PE), and external quantum efficiencies
(EQE) of devices 1A–3B as a function of the luminance are shown in Figure 6. Compared
to the devices 1A–3A without 2-TNATA layer as HIL layer, devices 1B–3B with 2-TNATA
exhibited the improved EL efficiencies. For example, by using 2-TNATA as the hole injection
layer (HIL), the external quantum efficiencies of OLEDs using emitting materials 1–3 were
increased by 28, 53, and 57% at 200 cd/m2, respectively. Because the HOMO levels of the NPB
and 2-TNATA are −5.5 and −5.1 eV, respectively, the device with 2-TNATA lowers the hole
injection barrier to the emitting layer. This would contribute to the higher EL efficiencies in
the device fabricated with 2-TNATA.

Table . EL efficiencies and CIE coordinates of devices using compounds 1–3.

λmax
a/ FWHM Jb Lb LEa/c PEa/c EQEa/c CIEd

Device [nm] [mA/cm] [cd/m] [cd/A] [lm/W] [%] (x, y)

1A  /    . / . . / . . / . (., .)
2A  /    . / . . / . . / . (., .)
3A  /    . / . . / . . / . (., .)
1B  /    . / . . / . . / . (., .)
2B  /    . / . . / . . / . (., .)
3B  /    . / . . / . . / . (., .)

a. Maximum value. b.Value measured at . V. c.Value measured at  cd/m. d.Value measured at . V.
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Figure . Luminous efficiencies, power efficiencies, and external quantum efficiencies as a function of lumi-
nance for the devices (1A–3B).

Conclusions

We fabricated two set of devices with the structure of ITO /2-TNATA (60 nm) /NPB (10 nm)
/emitter (1–3) (40 nm) /Alq3 (15 nm) /Liq (2 nm) /Al for devices 1B–3B and same structure
without 2-TNATA for 1A–3A. Compared to devices 1A–3A, the EL performances of OLED
devices 1B–3Bwere significantly increased due to the improved hole injection ability through
2-TNATA. By using 2-TNATA as the HIL, a highly efficient blue OLED with the external
quantum efficiency of 3.49% at 200 cd/m2 was developed.
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