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Abstract

Three new luminescent cyclometalated iridium (IIT) complexes are successfully synthesized.
The cyclometalated ligand used here is 2-(2-fluorophenyl)-benzothiazole (F-BT). The
auxiliary ligands are acetylacetone (acac), 1,1,1-trifluoroacetylaceton (3F-acac),
1,1,1,5,5,5-hexafluoroacetylacetone (6F-acac), respectively. All complexes exhibit bright
photoluminescence at room temperature. Organic light-emitting diodes are fabricated by
doping the iridium (III) complexes in 4, 4 — N, N’-dicarbazole-biphenyl (CBP), and the device
characteristics are investigated. Among these devices, the performances of the optimized
devices based on 1 at high current density are among the best reported for devices with iridium
(IIT) complexes as emitters. EL efficiencies show weak dependence on doping concentration
and current density. The optimized device exhibits a peak current efficiency of 28.5cd A~!
and a power efficiency of 11.21m W', respectively, at 20 mA cm~2, an efficiency of

22.7cd A~! at 100 mA cm~2, 80% of the maximum, can be achieved. Short triplet decay time
of 1 measured in solid films is supposed to be responsible for the minor loss in EL efficiency,
which suggests depressed triplet—triplet annihilation and site saturation of the phosphor.
Efficient exciton formation on the molecules of 1 by direct charge trapping and confinement
within the emissive layer also make for outstanding electrophosphorescent performances.

1. Introduction

The efficiency of organic light-emitting diodes (OLEDs) has
been dramatically improved by the use of phosphorescent
complexes [1-6]. Strong spin—orbit coupling induced by
the central heavy metal atom allows mixing of symmetric
and asymmetric electronic states of organic molecules, and
thus triggers radiative relaxation of triplet excitons, which
populate 3/4 of the total excitons generated by charge
recombination. Therefore, an internal quantum efficiency of
100% can be achieved by harnessing both singlet and triplet
excitons [2,7].

0022-3727/08/245101+06$30.00

The main drawback of phosphorescent materials for
OLED applications is the relatively long exciton decay time,
which is responsible for saturation of emissive phosphor sites
and triplettriplet (T-T) annihilation [8-10]. As a result,
the peak electrophosphoresence efficiency typically occurs
at low current densities (J < 0.1 mAcm™2), necessitating
the minimization of leakage currents that do not contribute
to luminescence [11]. The significant roll-off of efficiency
with current holds back the development of passive matrix
OLEDs based on phosphorescent materials. Short triplet
lifetime of a phosphorescent material is crucial for high
electroluminescence (EL) efficiency at high current, which

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Chemical structure of 1-3 and the configuration of
devices.

would enable application of phosphorescent materials for
passive matrix displays. Therefore, it is highly desirable
to obtain phosphors with short lifetimes. Among those
phosphors, iridium (III) complexes have attracted considerable
interest because of their excellent EL performances, including
very high efficiency and operational stability [12—18]. Both the
EL efficiency and the emissive wavelength of the devices based
on iridium (IIT) complexes are greatly affected by the organic
ligands [19-21]. Until now, several groups have reported
highly efficient iridium (IIT) complexes consisting of fluorine
in the cyclometalated ligands [22-24]. Unfortunately, most of
them have along lifetime (>1 us). To this end, we attempted to
synthesize a new cyclometalated ligand F-BT and three novel
iridium (III) complexes (F-BT),Ir(acac) (1), (F-BT),Ir(3F-
acac) (2) and (F-BT),Ir(6F-acac) (3), which are shown in
figure 1. All complexes exhibit bright photoluminescence (PL)
at room temperature. EL devices are fabricated by doping the
iridium (IIT) complexes in 4, 4'—N, N'-dicarbazole-biphenyl
(CBP), and the device characteristics are studied. Among
these iridium (III) complexes, 1 has a short decay time of
0.85us. EL devices based on 1 doped CBP films with
the configuration of II exhibit high efficiency over a wide
range of current. At 20mA cm~2, the peak current efficiency
of 28.5cdA~!, corresponding to the power efficiency of
11.2Im W', is achieved. Moreover, increasing current
density to 100 mA cm~2, EL efficiency of 22.7 cd A~! can still
be obtained as high as 80% of the maximum efficiency. We
believe that this good performance is attributable mainly to
the short phosphorescent lifetime of 1. Another important
factor to enhance the device performances is efficient exciton

formation on the molecules of 1 by direct charge trapping and
confinement within the emissive layer.

2. Experimental details

The ligand F-BT, and the corresponding complexes 1-3,
were synthesized separately according to synthesis procedures
[17,25]. Both ligand and complexes were characterized by
'"H NMR, IR and elemental analysis. Detailed characteriza-
tion for complex 1: '"H NMR (CDCls, 500 MHz) § [ppm]:
1.76 (s, 6 H), 5.13 (s, 1H), 6.13 (d, J/ = 7.5Hz, 2 H), 6.55 (d,
J = 8.5Hz, 2 H), 6.66 (d, / = 7.0Hz, 2 H), 7.47 (m, 4 H),
7.94 (m, 2 H), 8.11 (m, 2 H). IR (KBr, cm™!): 1707 (C=0),
422 (Ir-O). Anal. Calcd for C31H,1F,IrN,O,S,: C 49.78, H
2.83, N 3.74 found: C 49.54, H 3.10, N3.90. Detailed char-
acterization for complex 2: '"H NMR (CDCls, 500 MHz) §
[ppm]: 1.89 (s, 3 H), 5.52 (s, 1 H), 6.13 (d, / = 7.3 Hz,
2 H), 6.60 (d, / = 10Hz, 2 H), 6.68(d, / = 8.0Hz, 2 H),
7.50 (m, 4 H), 7.91 (m, 2 H), 8.27 (m, 2 H). IR (KBr, cm™'):
1703 (C=0), 425 (Ir-0). Anal. Calcd for C3;H;gF5IrN,0,S;:
C 46.43, H 2.26, N 3.49 found: C 46.62, H 2.04, N 3.31.
Detailed characterization for complex 3: '"H NMR (CDCl;,
500MHz) § [ppm]: 5.52 (s, 1 H), 6.13 (d, / = 7.3Hz, 2
H), 6.60 (d, / = 10Hz, 2 H), 6.68(d, / = 8.0Hz, 2 H),
7.50 (m, 4 H), 7.91 (m, 2 H), 8.27 (m, 2 H). IR (KBr, cm™!):
1691 (C=0), 424 (Ir-0). Anal. Calcd for C3;H;5FgIrN,0,S;:
C 43.50, H 1.77, N 3.27 found: C 43.25, H 1.94, N 3.50.
The highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) energy levels of 1
were determined by cyclicvoltammetry. The EL devices with
the configuration: 1TO/4,4’,4”-tris[3-methyl- phenylpheny-
lamino]triphenylamine (m-MTDATA) (30 nm)/4,4’-bis[ N -(1-
naphthyl)- N-phenylamino]biphenyl (NPB) (20 nm)/x wt%
Ir-complex doped in CBP (30nm)/BCP (10 nm)/tris(8-
hydroxy-quinoline)aluminium (Alqs) (30 nm)/LiF (0.8 nm)/Al
(D) and ITO/NPB (40 nm)/x wt% 1 doped in CBP (30 nm)/4,7-
diphenyl- 1,10-phenanthroline (Bphen) (50 nm)/LiF (0.8 nm)/
Al (I), which are demonstrated in figure 1, are fabricated. The
EL devices were fabricated by high-vacuum (< 8 x 107> Pa)
thermal deposition of the materials onto a clean glass that
was pre-coated with a layer of indium tin oxide (ITO). Prior
to use, the ITO surface was cleaned by sonication in deter-
gent solution, water and ethanol sequentially. After being
blown dry with nitrogen, the ITO substrates were treated with
oxygen plasma for 1 min before being loaded into the vac-
uum chamber. LiF/Al were used as the electron-transporting
layer and the cathode, respectively. The thicknesses of the
deposited layers and the evaporation speed of the individual
materials were monitored in vacuo with quartz crystal mon-
itors. The UV-visible absorption spectrum was obtained on
a shi-madzu-UV-3101 scanning spectraphotometer. Steady
state PL spectra were measured with a RF-5301Pc spectroflu-
orophotometer. The PL decays of these complexes in solution
and 1 at different concentrations in CBP films excited by laser
pulse at wavelength 355 nm were measured by a quanta ray
DCR-3 pulsed Nd: YAG laser system. EL spectra of these
devices were measured by a PR650 spectrascan spectrometer.
The luminance—current density—voltage characteristics were
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Figure 2. Absorption and emission spectra of complexes 1-3, and
emission spectrum of CBP in film.

recorded simultaneously with the measurement of EL spectra
by combining the spectrometer with a Keithley 2400 source
meter. All measurements were carried out in air at room tem-
perature.

3. Result and discussion

3.1. Photophysical properties

In order for these iridium (III) complexes to be useful as
phosphors EL devices, strong spin-orbit coupling must be
present to efficiently mix the singlet and triplet excited states.
Clear evidence for mixing of the singlet and triplet excited
states are seen in both the absorption and the emission spectra
of the complexes. Absorption and emission spectra of the
complexes were measured in dichloromethane solutions with
a concentration 1.0 x 10~*mol L~" at 298 K. Figure 2 shows
a comparison of absorption, excitation and emission spectra
of complexes 1-3 and the emission spectrum of CBP in film,
and the relevant data are summarized in table 1. For these
complexes, intense multiple absorption bands appearing in
the ultraviolet part of the spectrum between 250 and 330 nm
are assigned to the spin-allowed m — m* transitions of the
F-BT ligand. The broad weak absorption bands at 460 and
520 nm are assigned to the transitions from the ground state to
the singlet metal-ligand-charge-transfer ('MLCT) and triplet
MLCT (®MLCT) excited states [6,26]. The intensity of the
SMLCT transition is close to that of "MLCT, suggesting that the
SMLCT transition is strongly allowed by an effective mixing
of singlet—triplet with higher lying spin-allowed transitions on
the cyclometalated ligand [6]. This mixing is facilitated by the
strong spin—orbit coupling of the iridium centre. In addition,
the similarity of the SMLCT energies for these complexes is
unsurprising, since all three complexes have similar SMLCT
states involving the same fragment of the F-BT ligand.

The complexes of 1 and 2 show similar structural
features in their emission spectra, with emission maximum
at ca 542 nm, 534 nm and a shoulder at ca 580 nm, 570 nm,
respectively. Whereas, in comparison with the complexes 1
and 2, the emission spectrum of 3 is broad, which exhibits a
broad band centring at 528 nm and the shoulder peak becomes

Table 1. Physical parameters for complexes 1-3.

Absorption Emission t
Complex  Apax(nm)* Amax(nm)®  (us)
1 264, 316, 328, 402, 440, 477, 525 542,580 0.85
2 257,314, 328, 386, 434, 467, 525 534,570 2.27
3 251, 310, 328, 384, 425, 450, 520 528 4.8

very weak. The emission spectra of complexes 2 and 3 are
slightly blue-shifted in comparison with that of 1, which is the
result of the introduction of —F substitute, a strong electron-
withdrawing substitute, into the acac moiety that is considered
to decrease the HOMO level. Finally, the radiative lifetimes
of these complexes are measured and fall in the range 0.85—
4.8 us. Among these complexes, a significant feature of 1 is
the short lifetime of the triplet excited state, which is 0.85 us.

3.2. EL properties

To investigate the EL properties of these complexes, several
devices based on different iridium (III) complexes as an
emitter were fabricated. First, the multilayer device I: ITO/
m-MTDATA (30 nm)/NPB (20 nm)/ x wt% Ir-complex doped
in CBP (30nm)/BCP (10nm)/Algs (30 nm)/LiF (0.8 nm)/Al
was fabricated; m-MTDATA is used as the hole-injection
layer, NPB is the hole-transporting and electron-blocking
layer, and meanwhile BCP and Alqs; are employed as
the hole-blocking layer and the electron-transporting layer,
respectively.  Considering the triplet energy of iridium
complexes (ca 2.25eV) which were obtained by testing their
emission spectra at 77 K, CBP is used as the host because of its
high triplet energy (2.56 eV) which should be responsible for
the efficient energy transfer and its proven performances as host
for iridium complexes [27]. To optimize the device efficiency,
a concentration dependence experiment was carried out in the
range 6—14 wt%. The devices based on 1 and 2 have intense
yellow emission originating from the iridium complexes, but
no emission was detected from the devices based on 3. The
results of the complexes TGA show that the complex tends
to thermally decompose at relatively low temperature as the
increase in fluorine in the ancillary ligand. Among these three
complexes, the thermo-stability of complex 3 is the worst, so
3 is prone to decomposition in the deposition process. This
result can decrease its film-forming property, and then make
the luminescent performance of the devices based on 3 suffer
severely. The current density—brightness characteristics for 1
and 2 based devices with a configuration of I are displayed
in figures 3 and 4, respectively, and current efficiency versus
current density characteristics for 1 and 2 are shown in figure 5.
Among these devices, the device based on complex 1 with the
concentration of 12 wt% demonstrates the best performance
with a maximum brightness 38000cdm=2 at 20V, and a
current efficiency 27.8cd A~ at 1.1mAcm=2. This is in
agreement with the highest PL. quantum efficiency of complex
1. The highest brightness and current efficiency achieved from
the devices based on 2 are 27000 cdm~2at 17 Vand 8.8 cd A~!
at 3.7mA cm~2. Furthermore, from figure 5, we found that
the efficiency based on complex 1 shows weak roll-off at high
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Figure 4. Current density—brightness characteristics for 2 based
devices with configuration of 1. Inset: current—density versus
voltage curves.

current density, while the efficiency of 2 demonstrated a clear
decrease with the increasing current. In the same devices
configuration, complex 1 exhibits better performance at high
current. We guess that the better performance of 1 is partly
attributable to the relatively shorter lifetime which reduces the
severity of the T-T annihilation.

In order to confirm our suggestion, only complex 1
was subjected to further studies. Another device II with
the structure of ITO/NPB (40nm)/x wt% 1 doped in CBP
(30 nm)/Bphen (50 nm)/LiF (0.8 nm)/Al was also fabricated, in
which 1 doped CBP host with mass ratios of 6—14 wt% acts as
light-emitting layer. Bphen is used as the electron-transporting
layer. Figure 6 shows current efficiency versus current
density of the devices at different doping concentrations.
The efficiency of all devices first increased rapidly and then
decreased very slowly with increasing current density. Typical
EL characteristics of the devices were summarized in table 2.
For all devices, the efficiencies at the current density of
20mA cm~2 are almost equal to the maximum efficiencies.

—0—6% 1 —=—6% 2
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——12% 1 —4—12% 2
——14% 1 —w—14% 2
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1 1 1 Il 1 L
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Figure 5. Current efficiency versus current density characteristics
for 1 and 2 based devices with the configuration of 1.
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Figure 6. Current efficiency versus current density characteristics
for 1 based devices with configuration of II. Inset: current
density—brightness—voltage curves of the optimized device based on
12wt% 1 in CBP.

Even at high current density of 100 mA cm~2, the efficiencies
remain higher than 60% of the peak values. Among the four
devices, the one with 12 wt% 1 in CBP offers the highest EL
efficiency. This device shows very high efficiency at high
current. When current density increases to 20 mA cm™2, a
peak current efficiency of 28.5cd A~! and a power efficiency
of 11.21ImW~! are achieved, and a maximum brightness of
52 800 cd m~? is recorded at a current density of 450 mA cm ™2,
as shown in the inset of figure 6. A high efficiency of
22.7cd A~! with a luminance of 22000cdm~2 can still be
obtained at a high current density of 100mA cm~2, 80%
of the maximum efficiency, and even at 400mA cm~2 the
efficiency remains 17.1cd A~'. These values gained at high
current density are significantly improved compared with the
previous reports employing iridium (III) complexes as emitters
in OLEDs [2, 4]. The results show that T-T annihilation is not
severe owing to the short lifetime of the 1 excitons. Moreover,
the direct charge trapping by 1 molecules is also a main factor
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Table 2. Typical EL characteristics of the devices II with different
doping 1 concentrations.

Concentration (%) t Bl 5. n* n° nf
6 1.26 32201 25.1 193 152 73
8 1.15 48260 255 249 18.6 125
12 1.10 52800 285 285 227 17.1
14 1.08 45850 254 253 20.8 124

* Triplet excited state lifetime (us).

> Maximum brightness (cd m™2).

¢ Maximum current efficiency (cd A™").

4 Current efficiency at 20 mA cm=2 (cd A™1).
¢ Current efficiency at 100 mA cm ™2 (cd A™").
 Current efficiency at 400 mA cm™2 [cd A™'].

in enhancing the device performances. These can be inferred
from the following analysis.

Table 2 shows the lifetime of 1 triplet at different
concentrations in CBP films. By introducing fluorine atoms
on the BT ligand, the lifetime of 1 becomes shorter compared
with that of (BT),Ir(acac)(1.8 us) [16]. From table 2, it is
worth noting that triplet decay of 1 is almost independent of
doping concentration, and the maximum difference between
the samples is merely 0.18 us. Consequently, concentration
quenching effects arising from T-T annihilation between
different complex molecules (at high current densities) are not
serious even at high doping level. Furthermore, the lifetime
of host CBP is 0.5 us, the lifetime difference between the host
and the dopant is merely 0.35 us, which is closely matched
and enough to reduce the extent of the saturation of the dopant
triplet emissive sites [1]. Hence the efficiencies of the devices
do not exhibit a steep roll off as the current density is raised.

The mechanism of the EL devices II was also discussed.
The considerable overlap between the fluorescence of CBP and
the 'MLCT absorption of 1, as shown in figure 3, indicates
that Forster energy transfer from the singlet in the CBP host
to the 'MLCT state of 1 is possible. On the other hand, for
PL spectra of 1 doped CBP films, as shown in figure 7(a),
emission from CBP becomes weak with the increasing doping
concentration, whereas, 14 wt% doping concentration is still
not enough to fully quench CBP emission. This implies Forster
energy transfer from the host (CBP) to the guest 1 is incomplete
due to the relatively weak 'MLCT absorption. In contrast
to the case of PL, no CBP emission is observed from the
EL devices even at low doping concentration of 6 wt%, as
shown in figure 7(b). The absence of CBP emission suggests
direct charge trapping and recombination with opposite charge
carriers on 1 dopant. According to the energy level alignment
in figure 8, the charge-trapping mechanism is favourable, since
the HOMO and LUMO levels of 1 are 5.8eV and 3.42¢V,
respectively, lying between the band gap of CBP, which meets
the requirement for efficient carrier trapping [28]. The LUMO
of 1, 0.5eV higher than that of CBP, may behave as deep
electron traps in CBP, enabling effective electron transport
therein. Its HOMO level, which is 0.2eV lower than CBP,
also eases hole injection from NPB to CBP. So the direct
charge trapping is likely to be the dominant process in the
EL devices. Meanwhile, efficient charge trapping of complex
1 is supported by the current density versus voltage (J — V)

1.8 6%

1.6 | —0— 8%
—— 12%
—— 14%

14

Normalized PL intensity (a.u.)

Normalized EL intensity (a.u.)

600
Wavelength (nm)

Figure 7. (a) PL of thin films and (b) EL spectra of devices II with
different 1 concentrations in CBP.
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29ev
NPB |
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ITO 30 nm 43 ev
48ev
52ev I _5_.8_ ev
6.0 ev
6.1ev

Figure 8. The proposed energy level diagram of devices II.

characteristics of the EL devices based on 1 with different
doping levels, as illustrated in the inset of figure 3. We can see
that the J — V characteristic curves shift gradually to higher
voltage with increasing doping concentration, suggesting that
the trapping effect of the iridium (III) complexes basically
decreases the carrier transport mobility.

EL spectrabased on device I are dominated by Ir-complex
emissions, a main band at 550nm and a secondary band at
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587 nm, which shows a redshift of ~8nm compared with
its PL spectrum, indicating negligible aggregation effect of
the dopant [29]. At concentrations of 6 wt% and 8 wt%, a
slight blue emission at 450 nm from NPB is observed, and
disappears as the doping concentration is increased to 12 wt%
or higher. Such a phenomenon is direct evidence for charge-
trapping mechanism. Since hole injection from the NPB
HOMO into the CBP HOMO is energetically unfavourable,
when the dopant concentration is low, accumulated holes
in the NBP layer can recombine with the electrons injected
from the emissive layer, resulting in NPB emission in
addition to exciton formation at 1. With increasing doping
concentrations, more and more electrons can be intercepted
and trapped by 1 and the contribution from NPB decreased.
At 1 concentration higher than 12wt%, no electrons are
injected into the NPB layer, so the NPB emission disappears.
Another important feature in our devices is that bright
white EL emission (Commission International de L’Eclairage
chromaticity coordinates at X = 0.34, Y = 0.33) is observed
at low concentration, suggesting that the combination of
complex 1 with blue emitters may result in efficient white
OLED:s.

The decrease in NPB emission with increasing dopant
concentration is also a hint for the shift of the recombination
zone in the EL devices. Due to the similar HOMO
level of Ir-complex and CBP, holes injection barrier from
NPB to CBP cannot be completely removed with the
presence of 1. That is the reason for high turn-on voltage
observed. Therefore, significant charge accumulation at
NPB/CBP interface may occur at low dopant concentration,
resulting in exciton accumulation, which accounts for the
relatively low EL efficiency of 6% doped device. With
increasing dopant concentration, the charge and exciton
accumulation can be eased, and recombination zone extends
deeply into the doped CBP layer. That means the
exciton and charge densities at a given current are lowered,
reducing the possibility of non-radiative decay induced
by both exciton—exciton and exciton—polaron interaction.
Therefore, EL efficiency is improved with increasing dopant
concentration.

4. Conclusions

We have systematically investigated the photophysical and
electroluminescent properties of three new iridium complexes.
All the complexes exhibit a bright phosphorescent emission
at ambient conditions. High-performance yellow-emitting
devices based on 1 and 2 were fabricated. Among the devices
in this study, the 1 based device with the configuration II
shows the best performance. Due to the short triplet exciton
lifetime of 1, high efficiency can be maintained at high
current density with negligible quenching effects of either the
T-T annihilation or saturation of the excited state. Such an
outstanding performance of the devices based on 1 reveals
their potential applications for passive matrix (as well as active
matrix) displays.
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