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ABSTRACT: In this work, we experimentally demonstrated the new functions of trivalent rare earth complex in improving the
electroluminescent (EL) performances of iridium complex by codoping trace Eu(TTA)3phen (TTA = thenoyltrifluoroacetone,
phen = 1,10-phenanthroline) into a light-emitting layer based on PQ2Ir(dpm) (iridium(III)bis(2-phenylquinoly-N,C2′)-
dipivaloylmethane). Compared with a reference device, the codoped devices displayed higher efficiencies, slower efficiency roll-
off, higher brightness, and even better color purity. Experimental results demonstrated that Eu(TTA)3phen molecules function as
electron trappers due to its low-lying energy levels, which are helpful in balancing holes and electrons and in broadening
recombination zone. In addition, the matched triplet energy of Eu(TTA)3phen is instrumental in facilitating energy transfer from
host to emitter. Finally, highly efficient red EL devices with the highest current efficiency, power efficiency and brightness up to
58.98 cd A−1 (external quantum efficiency (EQE) of 21%), 61.73 lm W−1 and 100870 cd m−2, respectively, were obtained by
appropriately decreasing the doping concentration of iridium complex. At certain brightness of 1000 cd m−2, EL current
efficiency up to 51.94 cd A−1 (EQE = 18.5%) was retained. Our investigation extends the application of rare earth complexes in
EL devices and provides a chance to improve the device performances.
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■ INTRODUCTION

Since the demonstration of electroluminescence (EL) origi-
nated from triplet excited state, transition metal complexes have
been extensively investigated due to their potential application
in organic light-emitting devices (OLEDs).1−4 Both singlet and
triplet excitons can be harvested by transition metal complexes,
therefore, 100% internal quantum efficiency was expected.
Among these complexes, iridiumIII (IrIII) complexes are most
interesting because of their high phosphorescent efficiencies
and relatively short excited state lifetimes.5−7 In recent decades,
many groups have given attention to the design of IrIII

complexes and the optimization of device structures.8−12

Significant enhancement of the maximum electroluminescent
(EL) efficiencies has been achieved, but the EL efficiencies of
most reported devices drop rapidly with increasing current
density due to triplet−triplet annihilation, triplet−polaron
annihilation, and electric field induced dissociation of
excitons.13,14 The efficiency roll-off is quite severe in
phosphorescent OLEDs, and it detrimentally degrades the

device performances for practical applications particularly at
high brightness.
Recently, Che et al. have reported the significantly improved

EL performances of red platinumII (PtII) complex realized by
codoping wide energy gap IrIII complex into electron dominant
light-emitting layer (EML) as electron trapper and energy
transfer ladder.15 Experimental results revealed that the
codoped IrIII complexes are helpful in balancing the carriers’
distribution, broadening the recombination zone, and facilitat-
ing the energy transfer from host to emitter because of their
low-lying LUMO levels and matched triplet energies.
Consequently, the codoped devices displayed significantly
improved EL performances. On the basis of the optimization
of codoping concentration, highly efficient pure red OLEDs
with current efficiency and power efficiency as high as 20.43 cd
A−1 and 18.33 lm W−1, respectively, were obtained. Even at the
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high brightness of 1000 cd m−2, a high current efficiency of
14.69 cd A−1 could be retained.
Alternatively, the relatively cheaper trivalent rare earth

complexes have once attracted great interest throughout the
world, owing to their highly monochromatic emission and
theoretically 100% internal quantum efficiency.16−19 Previously,
much important effort has been paid to doping rare earth
complexes into host materials due to their poor carriers’
transporting ability and poor film-forming ability.20,21 However,
the low-lying highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels of most
rare earth complexes make it difficult to choose proper host
materials.22,23 Consequently, electrons and holes are generally
the majority carriers on rare earth complexes and host
materials, respectively. Finally, the complicated carriers’
distribution within EML strongly influences the EL processes,
and even causes the conversion of dominant EL mecha-
nism.24,25 In addition, the long excited state lifetimes of rare
earth complexes often cause the saturation of excitons
particularly at high current density; therefore, a high density

of triplet excitons results in severe triplet−triplet annihilation,
thus the rapid efficiency roll-off.26

In this work, the well-known wide band gap trivalent
europium complex Eu(TTA)3phen (TTA = thenoyltrifluor-
oacetone, phen = 1,10-phenanthroline) was selected as
sensitizer and minutely codoped into electron dominant EML
of the double-EMLs devices based on red IrIII complex
iridium(III) bis(2-phenylquinoly-N,C2′)dipivaloylmethane
(PQ2Ir(dpm)) due to its relatively low-lying energy levels.23,27

Experimental results demonstrated that the codoped Eu-
(TTA)3phen molecules act as electron trappers and energy
transfer ladders. Compared with the reference device, the
Eu(TTA)3phen codoped devices displayed higher EL efficien-
cies, slower efficiency roll-off, higher brightness, and even
higher color purity attributed to improved carriers’ balance,
wider recombination zone, and faster energy transfer between
host and emitter molecules. More interestingly, the lower
doping concentration of PQ2Ir(dpm) was needed by the
codoped devices due to their wider recombination zone and
faster energy transfer. By optimizing the concentrations of
Eu(TTA)3phen and PQ2Ir(dpm), an efficient red EL device

Figure 1. (a) Proposed energy level diagram of the devices used in this work and the molecular structures of PQ2Ir(dpm) and Eu(TTA)3phen.
Within EMLs, the dash dot and dot lines represent the energy levels of PQ2Ir(dpm) and Eu(TTA)3phen, respectively. (b) Injection and transport
processes of holes and electrons in the designed codoped devices.
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with the highest current efficiency, power efficiency, and
brightness up to 58.98 cd A−1 (external quantum efficiency
(EQE) of 21%), 61.73 lm W−1 and 100 870 cd m−2,
respectively, has been obtained. A current efficiency as high
as 51.94 cd A−1 (EQE = 18.5%) was retained at the certain
brightness of 1000 cd m−2.

■ EXPERIMENTAL SECTION
Materials. All the organic materials used in this study were

obtained commercially and used as received, whereas Eu(TTA)3phen
was synthesized and purified in our laboratory.
Fabrication of OLEDs. Indium−tin−oxide (ITO) coated glass

with a sheet resistance of 10 Ω sq−1 was used as the anode substrate.
Prior to film deposition, patterned ITO substrates were cleaned with
detergent, rinsed in deionized water, dried in an oven, and finally
treated with oxygen plasma for 5 min at a pressure of 10 Pa to enhance
the surface work function of ITO anode (from 4.7 to 5.1 eV).28 All of
the organic layers were deposited with the rate of 0.1 nm s−1 under
high vacuum (≤2 × 10−5 Pa). The doped and codoped layers were
prepared by coevaporating dopant(s) and host material from two or
three individual sources, and the doping concentrations were
modulated by controlling the evaporation rates of dopant(s). MoO3,
LiF, and Al were deposited in another vacuum chamber (≤8.0 × 10−5

Pa) with the rates of 0.01 and 1 nm s−1, respectively, without being
exposed to the atmosphere. The thicknesses of these deposited layers
and the evaporation rate of individual materials were monitored in
vacuum with quartz crystal monitors. A shadow mask was used to
define the cathode and to make ten 10 mm2 devices on each substrate.
Measurements. Current density−voltage−brightness (J−V−B)

characteristics were measured by using a programmable Keithley
source measurement unit (Keithley 2400 and Keithley 2000) with a
silicon photodiode. The EL spectra were measured with a calibrated
Hitachi F−7000 fluorescence spectrophotometer. On the basis of the
uncorrected EL fluorescence spectra, the Commission Internationale
de l’Eclairage (CIE) coordinates were calculated using the test
program of Spectrascan PR650 spectrophotometer. The EQE of EL
devices were calculated based on the photo energy measured by the
photodiode, the EL spectrum, and the current pass through the
device.29

■ RESULTS AND DISCUSSION
The device structure and HOMO/LUMO levels diagram of the
designed OLEDs are depicted in Figure 1(a). Due to the high
hole mobility (1 × 10−2 cm2 V−1 s−1) and high-lying LUMO
level (−1.8 eV), di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane
(TAPC) was used as hole transport and electron block layers
(HTL/EBL).30 1,3,5-Tri(m-pyrid-3-yl-phenyl)benzene
(TmPyPB), which possesses the low-lying HOMO level
(−6.7 eV) and high electron mobility (1 × 10−3 cm2 V−1

s−1), was used as hole block/electron transport layer (HBL/
ETL).31 The host materials of EML1 and EML2 were p-type
material 4,4′,4″-tris(carbazole-9-yl)triphenylamine (TcTa) and
n-type material 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine
(26DCzPPy), respectively.31,32 A widely used red IrIII complex
PQ2Ir(dpm) was doped into EMLs as emitter, while the typical
europium complex Eu(TTA)3phen was codoped into electron
dominant EML2 as sensitizer.23,27 The molecular structures of
Eu(TTA)3phen and PQ2Ir(dpm) were also shown in Figure
1(a). In this case, the HOMO and LUMO levels (−5.0 and
−2.7 eV, respectively) of PQ2Ir(dpm) are within those of TcTa
and 26DCzPPy;27 therefore, carrier trapping will be the
dominant EL mechanism of these devices.23,33

According to the previous reports, the stepwise HOMO
levels of TAPC (−5.5 eV), TcTa (−5.7 eV), and 26DCzPPy
(−6.1 eV) are helpful in facilitating the injection and transport
of holes,30−35 while the stepwise LUMO levels of TmPyPB

(−2.7 eV), 26DCzPPy (−2.6 eV), and TcTa (−2.4 eV) are
helpful in facilitating the injection and transport of
electrons.31−35 Therefore, balanced carriers’ distribution and
wide recombination zone were expected. More importantly, the
LUMO level of TAPC is 0.6 eV higher than that of TcTa, while
the HOMO level of TmPyPB is 0.6 eV lower than that of
26DCzPPy; thus, holes and electrons would be well confined
within EMLs.34,35 Within EML2, electrons will be first trapped
by Eu(TTA)3phen molecules due to its lower LUMO level
(−3.27 eV) than that of PQ2Ir(dpm) (−2.7 eV); however,
holes would be well trapped by PQ2Ir(dpm) molecules due to
its higher HOMO level (−5.0 eV) than that of 26DCzPPy
(−6.1 eV). However, the transfer of holes from TcTa or
26DCzPPy to Eu(TTA)3phen molecules will be insignificant
because the HOMO level (−6.3 eV) of Eu(TTA)3phen is even
0.2 eV lower than that of 26DCzPPy (−6.1 eV).
To optimize the doping concentration of PQ2Ir(dpm), a

series of double-EMLs devices with the structure of ITO/
TAPC (40 nm)/PQ2Ir(dpm) (x wt %):TcTa (10 nm)/
PQ2Ir(dpm) (x wt %):26DCzPPy (10 nm)/TmPyPB (40
nm)/LiF (1 nm)/Al (100 nm) was first fabricated and
investigated. Where ITO substrate (−5.1 eV) with low-pressure
oxygen plasma treatment was utilized as the anode.
Experimental results displayed that 4 wt % is the optimal
concentration, as listed in Table 1, the 4 wt % doped device

(defined as reference device (RD)) achieved the maximal
brightness, current efficiency, and power efficiency up to 73 993
cd m−2, 43.34 cd A−1 (EQE = 15.4%), and 36.65 lm W−1,
respectively. The turn-on voltage (Vturn‑on, which was defined as
the voltage on which the brightness of 1 cd m−2 was obtained)
of RD is 3.3 V. At an operation voltage of 5.2 V, RD obtained
the certain brightness of 1000 cd m−2 with the current
efficiency up to 40.44 cd A−1 (EQE = 14.4%).
Then, three codoped devices with the structure of ITO/

TAPC (40 nm)/PQ2Ir(dpm) (4 wt %):TcTa (10 nm)/
Eu(TTA)3phen (y wt %): PQ2Ir(dpm) (4 wt %):26DCzPPy
(10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm) were
fabricated and investigated by controlling the concentrations of
Eu(TTA)3phen to be 0.2, 0.4, and 0.6 wt %, respectively. With
increasing concentration of the codopant Eu(TTA)3phen, as
shown in Figure 2(a), EL efficiency increased to a maximum
and then decreased gradually. As listed in Table 1, the highest
brightness, current efficiency, and power efficiency up to 91 109
cd m−2, 56.02 cd A−1 (EQE = 19.9%), and 48.93 lm W−1,
respectively, were obtained by the 0.4 wt % codoped device.
The same device retained the EL efficiency as high as 49.72 cd
A−1 (EQE = 17.7%), which was 22.9% higher than that of RD,
at the certain brightness of 1000 cd m−2 (5.0 V). EL spectra of
these codoped devices operating at 5 mA cm−2 are given in

Table 1. Key Performances of Co-doped Devices with
Eu(TTA)3phen at Different Co-doping Concentrations

device
Vturn‑on
(V)

Ba

(cd m−2)
ηc
b

(cd A−1)
ηp
c

(lm W−1)
ηc (cd A−1)d

(1000 cd m−2)

0% 3.3 73 993 43.34 36.65 40.44 (5.2 V)
0.2% 3.3 85 315 53.67 46.18 46.60 (5.1 V)
0.4% 3.4 91 109 56.02 48.93 49.72 (5.0 V)
0.6% 3.4 85 345 49.43 43.02 45.22 (5.0 V)

aThe data for maximum brightness (B). bMaximum current efficiency
(ηc).

cMaximum power efficiency (ηp).
dCurrent efficiency (ηc) at the

certain brightness of 1000 cd m−2.
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Figure 2(b). Apart from the characteristic emission (590 nm) of
PQ2Ir(dpm), these codoped devices displayed the weak
emission (612 nm) of Eu(TTA)3phen. The intensity of 612
nm emission increases monotonously with increasing codoping
concentration of Eu(TTA)3phen because more and more
electrons were trapped by Eu(TTA)3phen molecules within
EML2 (as discribed in the inset of Figure 2(b)).
With increasing current density, it is interesting to find the

relative density of Eu(TTA)3phen emission in the codoped
devices decreased gradually. When the current density is higher
than 100 mA cm−2, as shown in Figure 3, no marked
Eu(TTA)3phen emission was observed in the 0.4 wt %
codoped device. This phenomenon can be interpretated as
the saturation of holes and electrons on Eu(TTA)3phen
molecules (as shown in the inset of Figure 3) due to the long
excited state lifetime and low codoping concentration of
Eu(TTA)3phen.

26 Even at very high current density of 300 mA

cm−2, only weak 26DCzPPy emission was observed.15,35

Correspondingly, the Commission Internationale de l’Eclairage
(CIE) coordinates change gradually from (0.59, 0.39) at 1 mA
cm−2 to (0.57, 0.42) at 300 mA cm−2. These experimental
results demonstrated the efficacy of this device design strategy
in improving EL performances of OLEDs.
To examine the EL mechanisms of these codoped devices,

injection and transport processes of holes and electrons were
first investigated. According to our previous investigation,15 as
shown in Figure 1(b), holes will be injected from anode into
EML1 via HTL, and some holes could be injected into EML2
through hopping of holes among PQ2Ir(dpm) molecules.
Alternatively, electrons will be injected from cathode into
EML2 via HBL/ETL, and some electrons could be injected
into EML1 through electron hopping among PQ2Ir(dpm)
molecules. The LUMO level (−3.27 eV) of Eu(TTA)3phen is
0.57 eV lower than that of PQ2Ir(dpm) (−2.7 eV), which
means the codoped Eu(TTA)3phen molecules in EML2 will
function as a deeper electron trapper. Consequently, electrons
within EML2 will first be trapped by the codoped Eu-
(TTA)3phen molecules, while holes in both EMLs could be
well trapped by PQ2Ir(dpm) molecules due to its higher
HOMO level. In this case, the emergence of 26DCzPPy
emission demonstrated that some holes and electrons
recombine on 26DCzPPy molecules, which means that the
transfer of holes from TcTa to 26DCzPPy molecules is still
possible. The undiscernable Eu(TTA)3phen emission in EL
spectra suggested that few holes and electrons recombine on
Eu(TTA)3phen molecules, which confirms that the transfer of
holes from 26DCzPPy to Eu(TTA)3phen molecules is very
difficult.
To make the improvement mechanisms of EL performances

in these codoped devices clear, carriers’ distributions in RD and
in the codoped double-EMLs devices were analyzed in detail.
For RD, as shown in Figure 4, holes and electrons would be the
major carriers in EML1 and EML2, respectively, which causes
the unbalanced carriers’ distribution on PQ2Ir(dpm) molecules
within both EMLs. However, for the codoped double-EMLs
devices, most holes were trapped by PQ2Ir(dpm) molecules,
while some electrons within EML2 will be trapped by

Figure 2. (a) The EL efficiency-current density (η−J) curves of the
devices with Eu(TTA)3phen at different codoping concentrations.
Insert: Brightness−current density−voltage (B−J−V) characteristics of
the devices with Eu(TTA)3phen at different codoping concentrations.
(b) Normalized EL spectra of the devices with Eu(TTA)3phen at
different codoping concentrations operating at the current density of 5
mA cm−2. Insert: Schematic representation of carriers’ distribution
within EML2 of the devices with Eu(TTA)3phen at different codoping
concentrations. Symbols − and + represent electrons and holes,
respectively.

Figure 3. Normalized EL spectra of the 0.4 wt % codoped device
operating at different current densities. Insert: Schematic representa-
tion of carriers’ distribution within EML2 of the 0.4 wt % codoped
device operating at different current densities. Symbols − and +
represent electrons and holes, respectively.
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Eu(TTA)3phen molecules. Within EML2, more and more
electrons were trapped by Eu(TTA)3phen molecules with
increasing codoping concentration, leading to the decreased
electrons on PQ2Ir(dpm) molecules. Theoretically speaking,
improved balance of holes and electrons on PQ2Ir(dpm)
molecules within EML2 could be realized if the codoping
concentration of Eu(TTA)3phen was well optimized. There-
fore, the improved balance of holes and electrons on emitter
molecules accounts for the significant enhancement of EL
efficiency in the Eu(TTA)3phen codoped devices.
Within EML2, as has been previously discussed,15 it is

difficult for electrons to hop between Eu(TTA)3phen
molecules due to its low doping concentration. However, the
transport of electrons through 26DCzPPy molecules is slow
because most electrons will be trapped by PQ2Ir(dpm) and
Eu(TTA)3phen molecules. In other words, the dominant
electron transport mechanism within EML2 would be electron
hopping between PQ2Ir(dpm) molecules. Therefore, the
codoping of Eu(TTA)3phen into EML2 would reduce the
amount of electrons trapped by PQ2Ir(dpm) molecules, thus
delaying the transport of electrons within EML2 because
electron mobility is proportional to the density of electrons
involved in the transport process.
To confirm this proposition, electron-only devices with the

structure of ITO/TmPyPB (30 nm)/Eu(TTA)3phen (z wt
%):PQ2Ir(dpm) (4 wt %):26DCzPPy (50 nm)/TmPyPB (30
nm)/LiF (1 nm)/Al (100 nm) were designed. In this case,
TmPyPB functions as a hole blocker and electron transporter at
the anode and cathode, respectively; therefore, only electrons
would be transported in these devices. Four devices were
fabricated and examined by controlling the doping concen-
trations of Eu(TTA)3phen to be 0, 0.2, 0.4, and 0.6 wt %,
respectively. As shown in Figure 5, current density−voltage
curve shifted monotonously toward high voltage with
increasing Eu(TTA)3phen doping concentration, which dem-
onstrates the delay of electron transport. In this case, most
holes and electrons recombine near the interface between
EML1 and EML2. As shown in the inset of Figure 5, the delay
of electron transport will shift the recombination center toward
cathode, thus broadening the recombination zone. Conse-
quently, the wider recombination zone cause the significant
decrease of exciton density, which helps to mitigate the

annihilation of excitons and thus delay the roll-off of EL
efficiency.
Furthermore, we have also examined the photophysical

properties of these codoped systems. The PL spectrum of 50
nm 4 wt % PQ2Ir(dpm) and 0.4 wt % Eu(TTA)3phen codoped
26DCzPPy film was compared with that of the 50 nm 4 wt %
PQ2Ir(dpm) doped 26DCzPPy reference film. As shown in
Figure 6, the codoped film showed weaker 26DCzPPy emission
compared with the reference film. In addition, the EL spectra of
RD and the 0.4 wt % Eu(TTA)3phen codoped device operating
at the current density of 100 mA cm−2 were also compared in
Figure 6. RD displayed weak 26DCzPPy emission, while the 0.4
wt % codoped device displayed undiscernable 26DCzPPy
emission. These results altogether revealed that the codoped
Eu(TTA)3phen molecules function as the ladders of energy
transfer, thus facilitating the energy transfer from 26DCzPPy to
PQ2Ir(dpm). As shown in the inset of Figure 6, this is
supported by the matched triplet energy of the ligand TTA
(2.39 eV), which is 0.29 eV higher than that of PQ2Ir(dpm)
(2.10 eV) and is 0.32 eV lower than that of 26DCzPPy (2.71

Figure 4. Schematic diagram showing carriers’ distribution within the EMLs of RD (a), 0.4% codoped device (b), and 0.6% codoped device (c). The
dash dot and dot lines represent the energy levels of PQ2Ir(dpm) and Eu(TTA)3phen, respectively. Symbols − and + represent electrons and holes,
respectively.

Figure 5. Current density−voltage (J−V) characteristics of the
electron-only devices with Eu(TTA)3phen at different doping
concentrations. Insert: Schematic representation of relative recombi-
nation zones in reference and codoped devices.
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eV).26,27,36 Consequently, the improved energy transfer from
host to dopant helps to harvest exciton energy particularly at
high current density, thus improving the color purity and
delaying the roll-off of EL efficiency.
On the basis of the 0.4 wt % Eu(TTA)3phen codoped device

mentioned above, another device (here defined as Device A)
was fabricated by incorporating 3 nm MoO3 anode modified
layer between ITO anode and HTL to facilitate the injection of
holes.37−39 Compared with RD, as shown in Figure 7(a) and
Table 2, device A displayed lower Vturn‑on and operation voltage.
Although the maximum current efficiency decreased to 53.52
cd A−1 (EQE = 19.0%), device A obtained the higher maximum
power efficiency of 54.21 lm W−1 due to the lower operation
voltage, thus achieving a maximum brightness of 98 627 cd m−2.
At the brightness of 1000 cd m−2 (4.5 V), this device retained
the EL efficiency as high as 48.92 cd A−1 (EQE = 17.4%), which
was 21.0% higher than that of RD.
With a broadening recombination zone of holes and

electrons, theoretically speaking, more and more emitter
molecules will participate in EL processes,40 thus decreasing
the needed concentration of the emitter. By keeping the doping
concentration of Eu(TTA)3phen constant at 0.4%, three
codoped devices were fabricated, decreasing the doping
concentration of PQ2Ir(dpm) to be 3.5 wt % (Device B), 3.0
wt % (Device C), and 2.5 wt % (Device D), respectively. With a
decreasing doping concentration of PQ2Ir(dpm), as shown in
Figure 7(a), both current density−voltage curve and bright-
ness−voltage curve shifted gradually toward high voltage, while
EL efficiency increased gradually to a maximum at 3.0% and
then decreased rapidly. As listed in Table 2, the highest EL
current efficiency and power efficiency of 58.98 cd A−1 (EQE =
21.0%) and 61.73 lm W−1, respectively, were obtained by
device C, while the highest brightness of 100 870 cd m−2 was
realized by device B due to its slower efficiency roll-off. Even at
the certain brightness of 1000 cd m−2 (4.5 V), device B can
retain the current efficiency up to 51.94 cd A−1 (EQE = 18.5%),
which was 28.4% higher than that of RD. Interestingly, as
shown in Figure 7(b), 26DCzPPy emission decreases first and
then increases gradually with a decreasing doping concentration
of PQ2Ir(dpm). Among these devices, device B displayed the

best color purity. These results demonstrate the lower needed
doping concentration of PQ2Ir(dpm) in Eu(TTA)3phen
codoped devices attributed to the broadening of recombination
zone.

■ CONCLUSIONS
In summary, we have demonstrated an efficient device design
strategy by codoping low-lying energy levels rare earth complex
Eu(TTA)3phen into an electron dominant EML. Experimental
results revealed that the codoped Eu(TTA)3phen molecules

Figure 6. PL spectra of reference and 0.4 wt % codoped films, EL
spectra of reference device and 0.4 wt % codoped devices operating at
the current density of 10 mA cm−2. Insert: Schematic representation of
energy transfer processes from 26DCzPPY to PQ2Ir(dpm) with
Eu(TTA)3phen as the ladder.

Figure 7. (a) The EL efficiency−current density (η−J) curves of
devices A, B, C, and D. Insert: Brightness−current density−voltage
(B−J−V) characteristics of devices A, B, C, and D. (b) Normalized EL
spectra of devices A, B, C, and D operating at the current density of
200 mA cm−2. Insert: Comparison of 26DCzPPy emission intensity in
devices A, B, C, and D.

Table 2. Key Performances of Devices A, B, C, and D

device Vturn‑on (V)
Ba

(cd m−2)
ηc
b

(cd A−1)
ηp
c

(lm W−1)
ηc (cd A−1)d

(1000 cd m−2)

A 3.0 98 627 53.52 54.21 48.92 (4.5 V)
B 3.0 100 870 58.08 60.79 51.94 (4.5 V)
C 3.0 94 229 58.98 61.73 47.84 (4.5 V)
D 3.1 86 722 50.22 50.86 44.33 (4.6 V)

aThe data for maximum brightness (B). bMaximum current efficiency
(ηc).

cMaximum power efficiency (ηp).
dCurrent efficiency (ηc) at the

certain brightness of 1000 cd m−2.
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function as deeper electron trappers, thus causing the
broadening of the recombination zone as well as facilitating
the balance of holes and electrons on the emitter molecules.
Due to the matched triplet energies of 26DCzPPy, Eu-
(TTA)3phen, and PQ2Ir(dpm), the codoped Eu(TTA)3phen
molecules also function as the energy transfer ladders between
26DCzPPy and PQ2Ir(dpm). Compared with the control
device, the Eu(TTA)3phen codoped devices displayed sig-
nificantly improved EL performances. Furthermore, the
codoping of Eu(TTA)3phen molecules decreased the needed
doping concentration of PQ2Ir(dpm). The optimized codoped
device exhibited the maximum EL current efficiency, power
efficiency, and brightness up to 58.98 cd A−1 (EQE = 21.0%),
61.73 lm W−1, and 100 870 cd m−2, respectively. At a certain
brightness of 1000 cd m−2, the current efficiency up to 51.94 cd
A−1 (EQE = 18.5%) was retained.
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