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a b s t r a c t

High efficiency red phosphorescent organic light emitting diode (PHOLED) employing co-
doped green emitting molecule bis(2-phenylpyridine)(acetylacetonate)iridium(III) [Ir(p-
py)2(acac)] and red emitting molecule bis(2-methyldibenzo[f,h]quinoxaline)(acetylaceto-
nate)iridium(III) [Ir(MDQ)2(acac)] into 4,40-bis(carbazol-9-yl)biphenyl (CBP) host in a
simplified wide-bandgap platform is demonstrated. The green molecule is shown to func-
tion as an exciton harvester that traps carriers to form excitons that are then efficiently
transferred to the Ir(MDQ)2(acac) by triplet-to-triplet Dexter energy transfer, thereby sig-
nificantly enhancing red emission. In particular, a maximum current efficiency of 37.0 cd/A
and external quantum efficiency (EQE) of 24.8% have been achieved without additional
out-coupling enhancements. Moreover, a low efficiency roll-off with the EQE remaining
as high as 20.8% at a high luminance of 5000 cd/m2 is observed.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Significant progress on the development of phosphores-
cent organic light emitting diodes (PHOLEDs) has been
made over the past decade [1–5], which eventually led to
the recent commercialization of active-matrix organic
light-emitting diode (AMOLED) displays. Nevertheless, de-
vices with much higher efficiencies over a wide luminance
range (10–5000 cd/m2) are still in demand for cost-com-
petitive general lighting and low power consumption LED
backlight applications. In particular, among the three pri-
mary colors, red PHOLEDs are currently lagging behind
green and blue PHOLEDs [1,3,5–8] in terms of device per-
formance presumably due to the energy gap law, which
states that non-radiative rate constant increases with the
reduction of the energy gap, leading to a lower emission
quantum yield [2]. There are thus very few reports of red
PHOLEDs exhibiting high external quantum efficiency
(EQE) of >20% [2,9].
. All rights reserved.
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In order to reduce the driving voltage and enhance the
emission efficiency of red PHOLEDs, several research
groups have taken the approach of developing new bipolar
host materials and dopant systems with improved carrier
mobility and charge balance in the emissive layer (EML)
[10–12]. Su et al. recently developed a series of bipolar host
materials with heterocyclic cores to reach an EQE of 17.6%
at a luminance of 100 cd/m2 [8]. Chien et al. reported the
use of a fluorene-based bipolar host material to obtain an
EQE of 18.6% at 1000 cd/m2 [11]. More recently, Fan et al.
have developed a tetraphenylsilane-based bipolar host
material together with a narrow linewidth deep red dopant
to yield a very high EQE of 24.0% at 1000 cd/m2 [9].

Alternatively, high efficiency red PHOLEDs can be
realized using standard materials by a careful design of
the device architecture to balance charge carriers, confine
excitons in the EML [3,13–15] and minimize various
quenching processes such as triplet–triplet annihilation
[16,17] and triplet–polaron quenching [18]. Jou et al.
inserted a thin (10 nm) di-[4-(N,N-ditolyl-amino)-phenyl]
cyclohexane (TAPC) layer next to the EML to modulate
excessive hole-injection and confine the electrons within
the EML, thereby balancing the injection of both carriers
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and obtaining a high EQE of 19.8% at 1000 cd/m2 [13]. Meer-
heim et al. demonstrated p-i-n red PHOLED by doping the
electron and hole transporting layers and incorporating
electron/hole blocking layers to achieve an EQE of 20% at
100 cd/m2 [14]. More recently, Jou et al. employed double
EMLs sandwiched by electron/hole injection and transport
layers to obtain a high EQE of 20.3% at 100 cd/m2 [15]. De-
spite improved performances, these approaches naturally
increase device complexity and cost considerably, render-
ing them less attractive for commercial applications.

In this article, we demonstrated a simplified red PHOLED
with high EQE of >20% over a broad luminance range
(10–5000 cd/m2) by using the standard red emitter bis(2-
methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III)
[Ir(MDQ)2(acac)]. The green emitter bis(2-phenylpyri-
dine)(acetylacetonate)iridium(III) [Ir(ppy)2(acac)] was co-
doped along with the red emitter to significantly boost
device performance. In particular, we have achieved a max-
imum EQE of 24.8%, which remained as high as 20.8% at a
high luminance of 5000 cd/m2, which represents the high-
est device performance using standard and readily available
red phosphors. We also systematically studied the exciton
harvesting and found that carrier trapping and direct exci-
ton formation on the green emitter followed by efficient
triplet-to-triplet Dexter energy transfer to the red emitter
are the keys to the high efficiency of our devices.

2. Results and discussion

2.1. Device performance and optimization

A schematic diagram of our simplified device structure
and the corresponding energy-level diagram are depicted
in Fig. 1, where TPBi [2,20,200-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)] serves as the electron trans-
port layer (ETL) and CBP [4,40-bis(carbazol-9-yl)biphenyl]
functions as both the hole transport layer (HTL) and the
host. The EML consists of co-evaporated green emitter (G)
Ir(ppy)2(acac) and red emitter (R) Ir(MDQ)2(acac) [19] with
various doping concentrations into the CBP host. All doping
concentrations reported in this work are by weight percent-
age. One of the key features of our design is the use of
wide-bandgap and high triplet energy ETL, HTL and host
materials that can effectively confine generated excitons
in the EML [4]. There are also noticeably very small energy
barriers between the ETL and HTL, i.e., there is only�0.1 eV
difference in the highest occupied molecular orbital
(HOMO) level and lowest unoccupied molecular orbital
(LUMO) level between the two materials, which effectively
prevents significant charge accumulation at the ETL/HTL
interface that could induce various quenching processes
[20].

Fig. 2a shows the current efficiency versus luminance
(CE–L) plot of the PHOLED devices at a fixed red doping
concentration (2%) and varied green doping concentrations
(from 0% to 12%). It is clear that the co-doped devices show
progressively better performance with reduced efficiency
roll-off at lower green doping concentrations as a result
of minimized self-quenching [21]. For the optimized device
with 2% doping each, we achieve a high current efficiency
(power efficiency) of 37.0 cd/A (30.2 lm/W), 35.3 cd/A
(21.7 lm/W), and 31.0 cd/A (15.7 lm/W) at 100 cd/m2,
1000 cd/m2, and 5000 cd/m2, respectively. These corre-
spond to an impressive EQE of 24.8%, 23.7%, and 20.8% at
100 cd/m2, 1000 cd/m2, and 5000 cd/m2, respectively.

Since the improved efficiency is achieved in a co-doped
system, efficiency may potentially be contributed in part by
the green emission. Therefore, in order to illustrate that the
high performance is primarily due to the dramatic
enhancement of the red emission and not the green, the
absolute irradiance of the corresponding devices at a cur-
rent density of 10 mA/cm2 was measured as shown in
Fig. 2b. The spectra are characterized by a dominant emis-
sion peak at 606 nm from the red emitter (over 20 times
stronger than the green emission peak at 515 nm), i.e., the
emission is mainly contributed by one emitter (red) rather
than both [22]. Moreover, we observe distinct red emission
enhancement at all green doping levels with a maximum
improvement of �1.75 times at 2% green doping over the
solely red doped device. It is worth noting that there is a
slight red shift of the spectrum with the incorporation of
high green doping concentration, i.e., the red peak shifts
from 606 nm at 2% to 609 nm at 12% green doping concen-
tration, possibly due to aggregation of the emitter [23].

The results shown in Fig. 2 clearly demonstrate that the
co-doped green phosphor can significantly enhance red
emission. However, it may be arguable that the solely red
doped device has not yet been optimized, i.e., a different
doping concentration may also enhance the red emission
efficiency. Therefore, we conducted a comprehensive study
on the performance of the devices under a wide range of red
and green doping concentrations. The EQEs of which at a
luminance of 1000 cd/m2 are summarized in Fig. 3a. With-
out any green doping, the red doped device exhibits the
highest EQE of only 17.3% at 4% doping concentration. The
highest EQE device was realized at 2% red and 2% green dop-
ing, which is equivalent to�1.35 times that of the optimized
solely red doped device (see Fig. 3b). The inset of Fig. 3b
shows the electroluminescence (EL) spectra of the opti-
mized co-doped device, which remain stable under a wide
range of current densities with constant Commission Inter-
nationale de l’Eclairage (CIE) coordinates of (0.61, 0.39).

2.2. Device working mechanism: exciton harvesting and
energy transfer

To acquire an in-depth understanding of the operating
principle governing these devices, we first examined the
dominant energy transfer processes taking place in the
EML (schematically drawn in the inset of Fig. 4) by compar-
ing the room temperature absorption spectra of Ir(ppy)2(a-
cac) and Ir(MDQ)2(acac), as well as the photoluminescence
(PL) spectra of CBP and Ir(ppy)2(acac) as shown in Fig. 4. The
considerable overlap of the CBP emission spectrum with the
absorption spectra of both Ir(ppy)2(acac) and Ir(MDQ)2(a-
cac) suggests effective Förster and/or Dexter energy transfer
from the host to both guest molecules. Due to the presence
of the heavy metal Ir atom in the emitters, intersystem
crossing (ISC) from the singlet charge transfer state to the
triplet metal ligand charge transfer state (3MLCT) occurs



Fig. 1. Schematic device structure and corresponding energy-level diagram of the devices considered in this work as well as the molecular structure and
triplet energies (T1) of the materials used. The EML consists of co-evaporated Ir(ppy)2(acac) and Ir(MDQ)2(acac) with various doping concentrations by
weight% into CBP.
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rapidly for both emitters [24,25]. More importantly, the
substantial phosphorescent emission spectrum overlap of
Ir(ppy)2(acac) with the 3MLCT absorption of Ir(MDQ)2(acac)
(at �525 nm) implies that efficient Dexter energy transfer
from the triplet state of the green emitter to the triplet state
of the red emitter is highly favorable. We note that energy
transfer from the singlet states of Ir(ppy)2(acac) to the sin-
glet states of Ir(MDQ)2(acac) is also possible, however, can-
not be dominant due to the efficient ISC process of each
emitter.

To shed more light on the energy transfer process, we
examined the normalized EL spectra at a fixed green dop-
ing level of 2% under a range of red doping levels as shown
in Fig. 5. We observe an increase in green emission inten-
sity with the reduction of red doping (inset), which can
be attributed to the saturation of the red triplet emission
sites by the excitons from the green emitter [26]. This is
expected since the Dexter energy transfer occurs on a
much faster time scale than the excited state lifetime of
the phosphors [27,28]. It is worth noting that the observed
blue shift arises from red doping concentration reduction,
resulting in a reduced aggregation [19], similar to the trend
observed for our devices without any green doping.

As shown above, there is efficient energy transfer from
the green to the red phosphor. We might therefore con-
clude that the incorporation of green dopants can enhance
the red emission by exciting an increased number of red
triplet emissive sites. However, if this is the case then
why cannot a similarly high efficiency be achieved by sim-
ply increasing the doping concentration of the solely red
doped device?

To address this question, we first eliminated the electri-
cal effects, such as carrier trapping by the green phosphors,
by comparing the absolute PL quantum efficiency (gPL) of
an isolated CBP thin film (100 nm in thickness) doped with
various Ir(ppy)2(acac) and Ir(MDQ)2(acac) concentrations.
The quantum efficiencies were measured following Ref.
[29], which are summarized in Table 1. Fig. 6b shows the
corresponding PL spectrum. From Fig. 6b, it is seen that
at 2% green and red co-doping, the PL spectrum is in excel-
lent agreement with the EL spectrum acquired from the
full device, which implies that proficient Dexter triplet
transfer from the green triplet states to the red triplet
states is maintained.

The gPL of the solely red doped film at 4% is indeed high-
er than that of the 2% red doped film, which is consistent
with the lower EL intensity observed in full devices,
although the enhancement ratio is not as high as that of
the corresponding EL intensity. However, surprisingly,
the gPL of the 2% green and red co-doping is lower than
the 4% solely red doping yet higher than the 2% solely
red doping (see Table 1), which is incommensurate with
the EL intensity observed in full devices (see Fig. 3). This
suggests that electrical effects by the green phosphors such
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as the carrier trapping could play a critical role. Moreover,
we also observed a clear red shift of the PL peak in the 4%
solely red doped film in comparison to the co-doped film
[see Fig. 6b]. Such a shift is an evidence of aggregation of
emitters in the 4% (and higher) solely red doped film,
which results in emitter self-quenching. Therefore, we
can exclude that the higher EL efficiency in the co-doped
(2% each of red and green) device is primarily due to the
reduced self-quenching induced by aggregation.

The analysis above implies that the green phosphors do
not simply function as a ‘‘sensitizer’’ [30]. It is generally
believed that the significantly lower energy gap of the
red dopants as compared to the typical host material re-
sults in charge trapping and requires higher doping con-
centrations in order to facilitate charge transport through
dopant molecules, which in turn leads to concentration
self-quenching and higher driving voltages [10,31–36].
However, in our devices, the current density of the 2%
green and red co-doped device is significantly lower than
that of the 2% and 4% solely red doped devices as shown
in Fig. 7, which suggests that even more charge traps exist
in the co-doped device [37,38], yet the efficiency of the
co-doped device is considerably higher (see Fig. 2). To
further illustrate that the green dopant does function as
traps, the driving voltage of the devices at 1 mA/cm2 is
plotted as a function of the green doping concentration
in Fig. 7b. At low doping concentrations, the hopping
among the green dopants is not preferable and the dopants
act mainly as carrier traps, i.e., carrier mobility decreases
significantly from 0% to 1% doping concentration which
leads to a significant increase in driving voltage (>0.7 V).
However, when the doping concentration increases, the
hopping among the dopants becomes favorable and the
mobility increases as a function of the doping concentra-
tion, which leads to a gradual decrease in driving voltage.
These results are consistent with the systematic studies
shown in Ref. [37].

Moreover, even though the red dopants tend to trap the
charges, the excitons are not directly formed on the red
dopant but rather in the host at the CBP/TPBi interface
and subsequently the energy is transferred to the dopant.
This is evidenced by the fact that the turn on voltage of
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Table 1
Absolute solid state PL quantum efficiency of organic thin films (100 nm).

Device structure PL peak (nm) Quantum efficiency (%)

CBP:R:2%, G:2% 606 73
CBP:R:2%, G:0% 606 70
CBP:R:4%, G:0% 612 77
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subtraction of the background) of CBP thin film (100 nm) doped with
selected concentrations of green and red dopants on a quartz substrate.
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3.1 V is significantly higher than the photon energy of the
red emission at �2.05 eV [39]. In the co-doped device,
however, the turn on voltage is roughly 0.2 V lower (see
the inset of Fig. 7), which indicates that the green phos-
phors help form excitons [40]. In fact, it has been shown
that excitons can be directly formed on Ir(ppy)2(acac)
[25], which is consistent with the results reported herein.
It is also worth noting that, as mentioned previously the
device structure employed in this study is without any
significant barrier or blocking layer, which has been
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believed to be necessary to confine the carriers and exci-
tons for high EL efficiency [41–43]. The high performance
of the co-doping device suggests that the green phosphors
function as carrier traps and exciton forming sites. We can
therefore conclude that the green phosphors are able to
harvest excitons and subsequently perform efficient triplet
exciton energy transfer to the red phosphors, thereby
enhancing the overall efficiency of the co-doped PHOLED
device.
3. Conclusions

In summary, we have realized simplified red PHOLEDs
with substantially enhanced efficiency by employing exci-
ton harvesting green molecules that perform efficient Dex-
ter energy transfer from the green triplet states to the red
triplet states. Particularly, a maximum current efficiency of
37 cd/A and EQE of 24.8% have been achieved without
additional out-coupling enhancements. The efficiency
roll-off of the devices is also excellent with a high EQE of
20.8% even at a high luminance of 5000 cd/m2, which
suggests minimal charge carrier accumulation that could
trigger various quenching processes. Further, we observe
a stable EL spectrum under a wide range of driving condi-
tions, which implies effective triplet exciton confinement
in the EML. The application of exciton harvesting mole-
cules followed by efficient energy transfer could spark
the development of higher performance OLEDs for full-col-
or displays and solid state lighting.
4. Experimental

All devices were fabricated by thermal evaporation in a
Kurt J. Lesker LUMINOS� cluster tool with a base pressure
of �10�8 Torr on a glass substrate (1.1 mm thick) that was
pre-coated commercially with 120 mm thick indium tin
oxide (ITO) having a sheet resistance of 15 O/h . Prior to
usage, the substrate was degreased with standard solvents
and cleaned in a UV–ozone chamber. The active area of
each device (�2 mm2) was verified with an optical micro-
scope to ensure device-to-device consistency. The depos-
ited layer thickness was monitored by a quartz crystal
microbalance calibrated by spectroscopic ellipsometry (So-
pra GES 5E). Both Ir(ppy)2(acac) and Ir(MDQ)2(acac) do-
pants were purified by vacuum sublimation before use to
ensure the highest purity attainable.

Current–voltage characteristics were measured using
an HP4140B pA meter, and luminance–voltage measure-
ments were carried out using a Minolta LS-110 Luminance
Meter. The EL spectra were measured using an Ocean Op-
tics USB4000 spectrometer whereas the luminous flux for
the EQE calculation was measured using an integrating
sphere equipped with a silicon photodiode with NIST
traceable calibration [44]. The solid state and solution PL
measurements were conducted using Perkin Elmer LS55
fluorescence spectrometer and the absorption measure-
ments were carried out using Perkin Elmer Lambda 25
UV–vis spectrometer. The absolute quantum yield mea-
surements were carried out in a custom built setup accord-
ing to the procedure reported in Ref. [29]. A 365 nm
collimated LED from Thorlabs (M365L2-C2) is used as the
excitation source, which is directed onto the sample con-
sisted of 100 nm thick organic film deposited on 1 mm
thick quartz substrate that is mounted inside a calibrated
integrating sphere, and the light generated is detected
using an Ocean Optics Maya 2000 Pro spectrometer.
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