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Abstract

Multilayer electroluminescent (EL) diodes with red emission were fabricated using Bis(2-(2 0-benzo[4,5-a]thienyl)pyridinato-N,C3 0)
iridium (acetyl-acetonate) [(btp)2Ir(acac)] as dopant. Double metal-microcavity structure with a semitransparent Ag anode was intro-
duced into the EL diodes. The cavity device structure was ITO/Ag/N,N 0-di(naphthalene-1-yl)-N,N 0-diphenyl-benzidine [NPB]/4,4 0-
N,N 0-dicarbazole-biphenyl [CBP]: 5 wt% (btp)2Ir(acac)/2,2 0,200-(1,3,5-benzenetriyl)tris[1-phenyl-1H-benzimidazole] [TPBi]/LiF/Al. The
sharp bright red emission of cavity device was observed. Compared with noncavity device the full width at half maximum (FWHM)
of top normal emission spectrum was narrowed from 38 nm to 23 nm, and the maximum brightness of the cavity device was increased
from 3500 cd/m2 to 5800 cd/m2, i.e., was improved by a factor of 1.7. The blue-shift of emission spectrum with increasing detection angle
in traditional microcavity device was no longer observed, which attributed to a very steep rising of the EL-emission from (btp)2Ir(acac).
Besides, it was importantly found that at higher current density EL efficiency was obviously higher for the cavity device than for non-
cavity device, i.e., at J = 200 mA/cm2 the former and later were 1.8 cd/A and 1.0 cd/A, respectively. And the increasing mechanism of the
EL efficiency was ascribed to the shortened lifetime of triplet excited state (T1) and the weakened hole injection of Ag anode.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic light-emitting devices (OLEDs) are one of the
best current candidates to meet the critical properties,
including mechanical robustness, reliability, full color, light
weight, and high efficiency. Over the last two decades,
advances in OLED efficiencies have been made through
0038-1101/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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the synthesis of efficient lumophores, optimization of the
OLED structure, and doping technology of OLEDs with
highly emissive phosphorescent and fluorescent materials
[1–3]. The process of charge injection and recombination
in OLEDs results in the generation of either excited-singlet
state or -triplet state. According to quantum statistics, the
singlets excitons of direct generation are limited to 25%,
while the rest of the excitons, 75%, are triplets. For the elec-
tro-fluorescent OLEDs, only the singlet excitons contribute
to the light generation processes [4], which provide the
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Fig. 1. The structures of cavity: (a) and noncavity (b) EL devices based on
(btp)2Ir(acac).
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Fig. 2. EL spectra of cavity and noncavity devices detected at 10 V.
Spectra 1 and 2 represent the noncavity and top normal emission of cavity
devices, respectively; spectra 3 and 4 represent the 30� and 60�-off top
normal emission of cavity devices, respectively.
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external quantum efficiency up to 5% [5]. By using
phosphorescent dyes in an appropriate host material
[6,7], because of the contribution of both singlet- and
triplet-excitons to the EL-emission, quantum efficiency is
increased significantly.

Generally, the EL lifetime of phosphorescent device is
much longer than that of fluorescent device [7–9], which
could induce T–T annihilation and saturation of the
ligand-excited state. Therefore, at higher current density,
the EL efficiencies of the devices based on phosphorescence
emitting materials would drop obviously. Because the effi-
ciencies were approximately proportional to the lifetime of
the excited state [8], and the performances of the phospho-
rescent device were more sensitive to the properties of sur-
rounding media compared to devices based on fluorescent
emitters. So minimizing annihilation and saturation of
the ligand-excited state [7,9] and decreasing the probability
for non-radiative decay [6] are the key issues for increasing
efficiency at higher current density. Besides, the relative
longer radiative lifetime of phosphorescent materials is a
crucial factor for the population reversion of achievement
in organic laser diodes (OLDs). Therefore, researchers
are interested in enhancing the EL efficiency by optimizing
the device structure based on phosphorescent materials,
such as, introducing semitransparent Ag as anode, which
was reported in Refs. [10,11]. And the phosphorescent
devices based on semitransparent Ag anode were fabri-
cated, which exhibited a maximum current efficiency of
81 cd/A and a power efficiency of 79 lm/W. However, their
EL efficiency at high current density dropped drastically. In
order to resolve the current-saturation problem of the elec-
tro-phosphorescent devices, we designed the devices with
double metal mirror Fabry-pérot microcavity. Since micro-
cavity structure can shorten the lifetime of the excited state,
it can improve the EL efficiency at high current density.

2. Experimental

The Ir-complex was synthesized in our laboratory.
Microcavity OLEDs and control devices were grown onto
the pre-cleaned 100 X/h glass substrates in the same vac-
uum by high vacuum (<5.0 · 10�4 Pa) thermal evapora-
tion. The cavity device comprised of a 33-nm-thickness
semitransparent Ag mirror with the reflectance of �80%,
55-nm-thickness NPB [N,N 0-di(naphthalene-1-yl)-N,N 0-
diphenyl-benzidine] as the hole transporting layer (HTL),
a 20-nm-thickness 4,4 0-N,N 0-dicarbazole-biphenyl [CBP]:
5 wt% Bis(2-(2 0-benzo[4,5-a]thienyl) pyridinato-N,C3 0)
iridium (acetyl-acetonate) [(btp)2Ir(acac)] as the emitting
layer (EML), a 55-nm-thickness 2,2 0,200-(1,3,5-benze-
netriyl)tris[1-phenyl-1H-benzimidazole] [TPBI] as the elec-
tron transporting layer (ETL), and a cathode comprised
of 0.5-nm LiF and 100-nm-thickness Al, the device config-
urations are shown in Fig. 1a. The comparable device
(shown in Fig. 1b) possesses of the same organic layers
and cathode. The EL spectra were detected by Hitachi
F-4500 fluorescent spectra meter. The luminance–voltage
characteristics were measured simultaneously by a DC
power supply combined with a spot photometer. The pho-
toluminescence (PL) decay times were measured by a spec-
trometer, a photomultiplier, a boxcar averager and the
sample was excited by YAG:Nd laser at a wavelength of
k = 355 nm. The active area of the devices was 2 ·
2 mm2. All the tests were carried out in the ambient.
3. Results and discussion

The top normal EL spectra of control device and cavity
operated at 10 V are shown in Fig. 2 (seen the curve 1 and
2, respectively). It can be seen that compared with noncav-
ity device the full width at half maximum (FWHM) of top
normal emission spectrum of cavity device was narrowed
from 38 nm to 23 nm. Another EL band centered at
670 nm was depressed drastically in cavity device, because
of the resonant peak of cavity device was designed center-
ing at 620 nm, that is, only the emission around 620 nm
could be enhanced, other mode of emission was depressed.
Although the EL color purity was affected a little, the color
saturation purity approaching to the emission of Eu3+

complex [12]. The 30� and 60�-off normal emission spectra
in the cavity device were also shown in Fig. 2 (curve-3 and
-4, respectively). It can be seen that the EL-emission cen-
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Fig. 4. The PL lifetime of (btp)2Ir(acac) mono-films and that in cavity
device.

X.Y. Sun et al. / Solid-State Electronics 52 (2008) 211–214 213
tered at 617 nm is not changed with the detecting angle
obviously, which should be ascribed to two reasons, one
is the spontaneous emission matched with the resonant
peak, the other is the steep rise of emission spectra of phos-
phorescent Ir-complex compared with other wide band
emission materials. The Commission International de
I’Eclairage (CIE) coordinates corresponding to the detect-
ing angles were not varied obviously. At normal emission,
for cavity and noncavity devices, they were (x = 0.664,
y = 0.336) and (x = 0.656, y = 0.344), respectively, which
were closing to the National Television Standards Commit-
tee recommended red primary color for a video display,
and were much better than those of based on DCM doping
devices [12,13]. Thus, the microcavity devices based on
(btp)2Ir(acac) overcame the defect of traditional cavity
devices, i.e., the blue-shifting of emission peaks with the
increasing of detection angle was weakened [9,12].

Fig. 3 shows the dependence of current efficiency on
driving current density for the cavity and noncavity
devices, it can be seen that the maximum current efficiency
of 4.6 cd/A and 3.3 cd/A was obtained at J = 20 mA/cm2

in cavity device and at J = 0.2 mA/cm2 in control device,
respectively. At lower current density, the efficiency is
lower in cavity device, which due to the worse carrier injec-
tion of the un-treatment Ag anode [14]. However, a
remarkable improvement of current efficiency at high cur-
rent density can be observed in cavity device, that is, at
J = 200 mA/cm2 the cavity device shows higher efficiency
compared with noncavity device (1.8 cd/A versus 1.0 cd/
A). And the characteristic current (J0) at which current effi-
ciency fallen to 50% of its peak value due to the triplet–
triplet (T–T) annihilation was 200 mA/cm2 in cavity device,
even considering the fall of the same current efficiency
(from 3.3 cd/A dropped to 1.7 cd/A), in noncavity device
J0 was 19 mA/cm2. The current-saturation phenomenon
was considerably improved at higher driving current den-
sity. The microcavity determines the electric-field mode dis-
tribution, thereby modifying the exciton spontaneous
emission lifetime [15]. According to the PL lifetime of
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Fig. 3. Dependence of the EL efficiency of cavity (m) and noncavity (s)
devices on the current density.
(btp)2Ir(acac) films, as was shown in Fig. 4, it was short-
ened from 4.7 ls (neat film) to 4.3 ls (film sandwiched in
the double metal mirrors). Since for phosphorescent
devices, each T–T annihilation event generates a single trip-
let-exciton, the concentration of triplet-excitons, [3M*], is
determined by the rate of triplet generation (proportional
to current density), the total T–T annihilation rate is
kTT[3M*], and assuming that the luminescence intensity
(L) is linearly proportional to the concentration of excited
states, i.e., then the phosphorescent emission intensity is
[16]

LðtÞ ¼ Lð0Þ
ð1þ KsÞet=s � Ks

; ð1Þ

where K is defined by

K ¼ 1

2
kTT½3M�ð0Þ�: ð2Þ

The quantum efficiency of light emission (g) can also be
given

g
g0

¼ J 0

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8

J
J 0

r
� 1

� �
; ð3Þ

where g0 is the quantum efficiency in the absence of T–T
annihilation and J0 is proportional to s2, the roll off of cur-
rent efficiency with J is consistent with the lifetime (s) [7].
On the other hand, comparing with control device, the
worse carrier injection of un-treatment Ag anode can de-
press hole injection of cavity device, as was shown in the
dependence of current density on driving voltage in
Fig. 5, which is propitious to the balance of carriers. There-
fore, the improvement of efficiency (gext) in cavity device at
high driving current density was due to the shortened life-
time which resulted from electric-field mode redistribution
caused by the cavity structure [17] and the balance of car-
riers [18].

Fig. 5 shows the dependence of luminance on driving
voltage at the same time, it can be observed that the peak
luminance of 5840 cd/m2 was obtained at 21 V in the cavity
device, which is larger than that (3460 cd/m2 at 14 V) of



Fig. 5. Dependence of the current density and luminance of cavity (m)
and noncavity (s) devices on the operating voltage.
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noncavity device by 1.7 times. The enhancement of light
output should be attributed to the resonant effect of the
cavity structure [9]. However because of the worse carrier
injection of the un-treatment Ag anode, the turn on voltage
in cavity device (8.5 V) was higher than that in noncavity
device (3.5 V), which can be approved by CF4 plasma
pre-treatment of the Ag anode [10].

4. Conclusion

In summary, phosphorescent OLEDs with microcavity
structure was constructed, which can demonstrate bright
pure red emission. The phenomenon of emission peak
blue-shifting with the increasing of detection angle was
not evident. Because of the narrowed emission peak, better
color purity was achieved. A more important finding is that
a significant improvement in current efficiency at high cur-
rent density compared with noncavity device, which should
due to the shortened lifetime of the excited state caused by
the coupled effect of exciton and photon, thereby minimiz-
ing the T–T annihilation. The improvements of EL effi-
ciency at higher current and color purity of cavity
OLEDs are favor of the potential application of microcav-
ity structure devices in full color displays and organic elec-
trical lasers (OEL).
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