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Efficient orange-red phosphorescent organic light-emitting devices (PHOLED) with various doping
concentrations of benzotriazole-iridium complex [(TBT),Ir(acac)] (bis[4-(2H-benzotriazol-2-yl)-N,N-
diphenyl-aniline-N1,C3] iridium acetylacetonate) in 4,4’-N,N’-di(carbazolyl) biphenyl (CBP) host were
fabricated. The sterically hindered iridium ligands alleviate self-quenching of the phosphorescence at
high doping levels. Under the optimal doping concentration of 20 wt.%, the maximum external quantum
efficiency (EQE), luminance and power yield reach 9.06%, 15.81 cd/A and 13.8 Im/W, respectively. Increas-
ing the doping concentration from 5% to 30 wt.% significantly decreases the driving voltage. The driving
voltage of 30% (TBT)Ir(acac) doped device is only 3.16 V at 1 mA/cm? with power yield of 13.32 Im/W.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Organic light-emitting diodes (OLEDs) have attracted much
attention in recent years owing to their potential as low-cost and
large-area full color displays and solid-state lightings [1]. In partic-
ular, electro-phosphorescent OLEDs (or PHOLED) have outstanding
performance because they take advantage of both singlet (<25%)
and triplet excitons (<75%), achieving excellent external quantum
efficiency and power efficiency [2,3]. Among many organometallic
complexes composed of platinum (II) [4,5], osmium (II) [6], ruthe-
nium (II) [7], iridium (IIT) [8-11], the iridium ones with ligands of
cyclometalated phenylpyridine and their analogues exhibit rela-
tively short triplet excited-state lifetimes, high emission quantum
yields and tunable emission wavelengths [12-14]. But color tun-
able iridium complexes based on ligands other than phenylpyridine
derivatives have been rarely reported [15a].

In previous reports, we have designed and synthesized a series
of novel iridium (III) complexes with benzotriazole derivatives lig-
and. It was found that color tunable properties could be realized
for these phosphorescent materials [15b]. However, these com-
plexes have not been fully investigated [16] although they have
some unique advantages: first, ligand derivatization can be eas-
ily achieved by cyclization of corresponding benzohydrazide with
different functional aryl groups [15], thus allowing tailor-made
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physical and chemical properties such as emission color, carrier-
transporting and thermal stability of the complex. Second, our
preliminary MO calculations suggest that the LUMO energy levels
of these ligands are largely contributed by benzotriazole and the
extended m-conjugation, which results in a red-shift emission. This
feature may benefit to design promising orange or red phosphores-
cent emitters.

In this report, we adopted bis[4-(2H-benzotriazol-2-yl)-N,N-
diphenylaniline-N',C3] iridium acetylacetonate [Ir(TBT),(acac)], a
heteroleptic orange-red emitting iridium (III) complex in phos-
phorescent OLED. The complex possesses good morphological and
thermal stability, strong orange-red phosphorescence and matched
energy levels with commonly used host CBP in PHOLED. The elec-
troluminescence devices were fabricated by doping Ir(TBT),(acac)
into the CBP host with various concentrations as the emitting layer.
The optimized 20 wt.% dopant device achieves maximum lumi-
nance yield and external quantum efficiencies (EQEs) of 15.81 cd/A
and 9.06% at 3.59V, respectively. Also the driving voltage decreases
as the doping level increases without significantly hampering the
device performance. The driving voltage at 30 wt.% dopant level is
3.16V at a current density of 1 mA/cm? and only 4.85V at a current
density of 40 mA/cm?, which is significantly lower than most of the
reported orange or red phosphor with CBP host [17-19].

2. Experimental

The chemical structures of key materials and the device configu-
ration of monochromatic PHOLED are shown in Fig. 1. The synthesis
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Fig. 1. Schematic energy level diagram of the orange-red PHOLED and molecular structures of relevant compounds in these devices. Numbers indicate the respective

HOMO/LUMO energies of all organic materials relative to vacuum.

and characterization of Ir(TBT),(acac) have been published else-
where [15a]. Other materials were obtained commercially and used
without further purification.

Prior to the deposition of organic materials, indium-tin-oxide
(ITO)/glass was cleaned with a routine cleaning procedure and pre-
treated with oxygen plasma. Devices were fabricated under about
10-6 Torr base vacuum in a thin-film evaporation coater following
a published protocol [20]. The current-voltage-luminance char-
acteristics were measured with a diode array rapid scan system
using a Photo Research PR650 spectrophotometer and a computer-
controlled, programmable, direct-current (DC) source.

3. Results and discussion
3.1. Photophysical and electrochemical characterization

Fig. 2 shows the photoluminescence (PL) and electrolumines-
cence (EL) of Ir(TBT),(acac). The PL spectrum shows a peak at
598 nm and the EL spectrum at 588 nm corresponding to an orange-
red emission (CIEyy (0.58, 0.41)). The full width at half maximum
(FWHM) is about 100 nm. The 10 nm bathochromic shift going from
the EL to solution PL may be caused by the slight stabilization of the
excited state by THF which is a moderately polar solvent (dielectric
constant gg: 7.52 at 22°C) [21].
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Previous electrochemical data reveals that the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of Ir(TBT),(acac) were —5.32eV and —2.89eV, respec-
tively [15b]. The electron-withdrawing benzotriazole group lowers
LUMO by increasing the parent ligand’s electron affinity, while
the electron-donating triphenylamine group lowers the oxidation
potential and then elevates the HOMO.

3.2. Characterization of orange-red PHOLED

According to our previous report, Ir(TBT),(acac) is an amor-
phous and morphologically stable solid with a high glass
transition temperature (Tg) of 133°C [15b]. In order to opti-
mize the PHOLED performance, devices with different dopant
concentration were fabricated as the following structure:
ITO/CF,/NPB (400A)/CBP:x wt.% Ir(TBT),(acac) (200A)/Bphen
(400 A)/Bphen:Cs,CO5; (100A)/Al (1400A) (Fig. 1) (ITO=indium
tin oxide, NPB =4,4-bis [N-(1-naphthyl)-N-phenylamino]biphenyl,
CBP =4,4'-N,N’-di(carbazolyl) biphenyl, Bphen =4,7-diphenyl-1,10-
phenanthroline). The detailed molecular structure and device
architecture have been shown in Fig. 1. The CFx acts as the
hole injection layer. The NPB is the hole transport layer, CBP:x
wt.% Ir(TBT),(acac) is the orange-red emissive layer (x=5, 10,
20, 30). BPhen is the electron transportation and hole-blocking

(b) 0.70 T . T T T ¥ T ” T T T

—m— X coordinate

0.65 —e—Y coordinate |

0.60 o

0.554 -

0.504 o

CIE position

0.454 -

0.404 o

0.354 -

0.30 —
0 10 20 30 40 50
Current density (mA/ cm2)

Fig. 2. (a) PL spectra of dopant Ir(TBT)(acac) in THF (10~> M) at 293 K and EL spectra of the orange-red devices with various doping concentrations of Ir(TBT),(acac). (b) CIE
coordinate values of 20 wt.% Ir(TBT),(acac) dopant PHOLED under different current density.
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Table 1
Performance parameters of Ir(TBT),(acac)-doped orange-red PHOLED at the current density of 2 mA/cm?.
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Con. (Wt.%) Voltage (V) Yield (cd/A) Efficiency (Im/W) EQE (%) CIE
5% 5.45 10.1 5.8 54 (0.57,0.42)
10% 4.90 13.1 8.4 7.2 (0.58,0.42)
20% 3.99 14.6 11.5 8.3 (0.59,0.41)
30% 3.30 12.9 12.2 74 (0.59,041)

layer. BPhen:Cs,CO3 is the n-doping layer. Finally the Al is the
cathode.

As shown in Fig. 1 the schematic energy level diagram [22], the
LUMO level of Ir(TBT),(acac) (LUMO: —2.89 eV) matches well with
that of the host CBP (LUMO: —2.90eV), so the energy barrier for
electron injection is very small. The high bandgap CBP host guar-
antees no back energy transfer from dopant to host will occur. The
LUMO energy gap (Eg) between the NPB/CBP interface (0.8 eV) and
HOMO gap in the CBP/BPhen interface of (0.4 eV) are large enough
to confine the recombination zone of electrons and holes in the
emitter zone.

The luminance efficiency and EQE of Ir(TBT),(acac)-doped
orange-red PHOLED at the current density of 2 mA/cm? are shown
in Table 1. Maximum luminance yield (15.81cd/A) and external
quantum efficiency (EQE) (9.06%) are achieved under 20 wt.% dop-
ing concentration in CBP at current density of 0.5 mA/cm? (Fig. 3¢
and d). The EL spectrum exhibits a peak wavelength at 588 nm with
a bright orange-red emission (CIE (0.58, 0.41)) (Fig. 4). Its CIE values
remain almost constant with variation of the current density from
0.5 mA/cm? to 50 mA/cm? (Fig. 2b). The EL peak does not change
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over the range of doping concentrations as well (Table 1). There is no
residual emission from the host or adjacent layers under examined
doping concentrations, indicating extremely efficient energy trans-
fer to dopant (Fig. 2a). However, like most phosphorescent devices,
efficiency decreases as current density increases, which has been
attributed to a combination of triplet-triplet (T-T) annihilation [23]
and field-induced excitons dissociation effects [24].

It is interesting that the drive voltage dramatically decreases
with increasing doping concentration (Fig. 3a). It drops from 5.45V
to 3.30V at 2mA/cm? when the concentration rises from 5% to
30wt.% without significant loss of efficiency and luminance. The
driving voltage of 30 wt.% dopant device is 3.16V at the current
density of 1mA/cm? and only 4.85V at 40 mA/cm?2. Because of
the lower driving voltage, The power efficiency of 30 wt.% dopant
device is higher than that of 20 wt.% dopant device from 1 mA/cm?
to 20 mA/cm? (Fig. 3d). Presumably this is attributed to the well-
matched HOMO energy levels of Ir(TBT),(acac) (HOMO: —5.32eV)
and hole-transporting layer NPB (HOMO: -5.3eV) (Fig. 1), thus
modifying the hole inject ability of CBP host (HOMO: —6.0eV)
from the adjacent NPB layer. The high-lying HOMO energy level
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Fig. 3. (a) I-V-L curves for orange-red PHOLED devices (open symbols: current density; closed symbols: luminance); (b) external quantum efficiency; (c) luminance yield;
(d) power efficiency versus current density curve with various doping concentrations of Ir(TBT), (acac) in CBP.
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Fig. 4. The CIE coordinates of the orange-red PHOLED (20 wt.% dopant) with photograph of light emission.

of dopant results in ready capture of holes from NPB layer. As
the concentration of Ir(TBT),(acac) is increased, the efficiency of
hole direct injection into dopant also enhances. The more balanced
hole/electron recombination in emitter improves luminescent effi-
ciency. Meanwhile, high doping level facilitates inter-dopant charge
transfer with CBP acting as an inert host matrix, which offers an
additional channel for charge transport and leads to the lower drive
voltage [6,25,26].

The bulky triphenylamine group attached to benzotriazole
effectively suppresses intermolecular interactions and alleviates
self-quenching of the phosphorescence at high doping levels. For
example, even when the dopant concentration arrived 30 wt.%, the
luminance and power efficiencies are 13.39cd/A and 13.32 Im/W
with an external quantum efficiency of 7.69% at 1 mA/cm? (Fig. 3b, ¢
and d). The low driving voltage and good efficiency of Ir(TBT),(acac)
make itself a strong candidate for efficient energy-saving white
OELDs.

4. Conclusion

In summary, an amorphous iridium-benzotriazole phosphor
Ir(TBT),(acac) was studied as an orange-red PHOLED. It was found
that low driving voltage and good efficiency orange-red PHOLED
was realized with high doping concentration. Max luminance
yield and EL efficiency of 20 wt.% doping concentration are about
15.81 cd/A and 9.06%, respectively, under which the operating volt-
age is 3.59V (the CIE x, y coordinates x=0.58, y=0.41). The raise
of doping concentration dramatically decreases driving voltage of
CBP-based devices, which results in improved power efficiency. Our
work is underway to use it as an orange-red phosphorescent dye in
the fabrication of white OLEDs.
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