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In order to obtain high-efficiency monochromatic red emission in polymer light-emitting
devices, a tris(dibenzoylmethanato)(dipyrido(3,2-a:20,30-c)phenazine) europium [Eu(DBM)3

(DPPZ)] doped single-emissive-layer devices were fabricated using a blend of poly(9,9-dioc-
tyl-fluorence) and 2-tert-butyl-phenyl-5-biphenyl-1,3,4-oxadiazole as a host matrix by
solution process. Significantly improved electro-luminescent properties with sharp red
emission at 611.5 nm were displayed in the Eu(DBM)3(DPPZ)-doped devices at dopant con-
centrations from 1 to 8 wt.%. The highest luminance up to 1783 cd/m2 at 2 wt.% dopant con-
centration, as well as the maximum external quantum efficiency of 2.5% and current
efficiency of 3.8 cd/A were obtained at 1 wt.% dopant concentration.

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

Since the initial work about lanthanide complex was
reported by Kido et al. [1], the light-emitting devices used
europium(III) complexes as the emitters have been attract-
ing widely interest because they can emit highly monochro-
matic red light at around 612 nm with half peak bandwidths
of 5–10 nm resulting from the 5D0 ?

7F2 electronic transi-
tions of Eu3+ ion, together with a 100% intrinsic quantum
efficiency in theory [2]. Among these europium(III) com-
plexes-doped devices, the OLEDs (organic light-emitting
devices) fabricated by vacuum deposition have made a great
deal of progress in recent decades [3–18]. The maximum
external quantum efficiency (EQE) of 7.5% at 0.02 mA/cm2

in the OLEDs with tris(dibenzoylmethanato)-(4,7-biphe-
nyl-1,10-phenanthroline)europium(III) doped into N,N0-di-
phenyl-N,N0-bis(3-methylphenyl)-1,1-biphenyl-4,4-diamine
. All rights reserved.
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and the highest brightness of 2450 cd/m2 at 20 V in another
OLEDs with tris(dibenzoylmethanato)(3,4,7,8-tetramethyl-
1,10-phenanthroline) europium(III) doped into 4-(dicyano-
methylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolid-yl-9-
enyl)-4H-pyran were obtained by Kido and Ma groups,
respectively [6,9]. However, the reported maximum EQE
levels were attained only at low current density (�0.01 mA/
cm2). In all case, the EQE and brightness of these europium
complexes-doped OLEDs were much lower than ones of those
iridium complexes-doped OLEDs.

Compared to the europium(III) complexes-doped OLEDs
made by vacuum deposition, those europium(III) com-
plexes-doped PLEDs (polymer light-emitting devices) fabri-
cated by spin-coating and printing technique have been
developed sluggishly and exhibited much low EQE and
brightness [19–32]. A highest EQE of 4.3% in the PLEDs with
4,4,4,-trifluoro-1-(9,9-dihexylfluoren-2-yl)-1,3-butane-
dione)(1,10-phen-anthroline)europium(III) doped into a
blend of poly(N-vinylcarbazole) (PVK) and 2-(tert-butyl-
phenyl)-5-biphenyl-1,3,4-oxadiazole (PBD) was reported
by Cao group [31]. Recently, we also exhibited a maximum
EQE of 1.8% and a brightness over 1300 cd/m2 in the
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Fig. 1. TG and DSC curves of Eu(DBM)3(DPPZ) recorded in dynamic
nitrogen atmosphere (50 mL/min) and at heating rate 10 �C/min for TG
and 30 �C/min for DSC test.
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triphenylamine-functionalized ternary europium(III) com-
plex doped PLEDs using a blend of poly(9,9-dioctylfluorene)
(PFO) and PBD as the host matrix [32]. It is obvious that the
europium(III) complexes-doped PLEDs still remains a sig-
nificant challenge in EQE and brightness.

It is well-known that in rare earth complexes, secondary
ligands often play a significant role in tuning optophysical
property because of an additional energy transfer from
the secondary ligand to the primary ligand or to the
central rare earth ions [9]. Compared to the common sec-
ondary ligand of phenanthroline (Phen), dipyrido(3,2-
a:20,30-c)phenazine (DPPZ) has an extended p-conjugation
and a larger absorption coefficient. It is expected to make
its europium complexes have increasing absorption
and improving electroluminescent properties in the de-
vices. Therefore, Sun made tris(4,4,4-trifluoro-1-(2-thie-
nyl)-1,3-butanedionato)(dipyrido(3,2-a:20,30-c)phenazine)
europium(III)[Eu(TTA)3(DPPZ)] and exhibited a high EQE of
2.1% and brightness of 1670 cd/m2 in the Eu(TTA)3(DPPZ)-
doped OLEDs using (4,40-N,N0-dicarbazole-bi-phenyl) as
host matrix [7].

In this paper, to obtain high-efficiency and high-bright-
ness europium(III) complexes-doped PLEDs, we chose
tris(dibenzoylmethanato)(dipyrido(3,2-a:20,30-c)phenazine-
europium(III) [Eu(DBM)3(DPPZ)] as a dopant to make some
double-layer PLEDs using a blend of PFO and PBD as host
matrix. As Eu(DBM)3(DPPZ) has red-shifted UV absorption
spectrum than Eu(TTA)3(DPPZ), bigger spectral overlap be-
tween the absorption profile of europium complex and the
emission profile of the PFO–PBD blend is inevitable for
Eu(DBM)3(DPPZ). It is suggested that bigger spectral overlap
is available to improve device performance for the guest–
host-based luminescent devices. For this reason,
Eu(DBM)3(DPPZ) is expected to present improved electro-
luminescent (EL) performance in the made double-layer
PLEDs. As expected, highly efficient monochromic red
emissions at 611.5 nm with an EQE of 2.5% and a brightness
of 1445 cd/m2 were obtained in the Eu(DBM)3(DPPZ)-
doped device at 1 wt.% dopant concentration. Furthermore,
the maximum brightness is up to 1783 cd/m2 in the device
at 2 wt.% dopant concentration. To the best of our knowl-
edge, these EL efficiency and brightness levels are highest
among the reported europium complex-doped PLEDs.
2. Results and discussion

2.1. Physical properties (TGA, DSC and AFM)

The thermal properties of Eu(DBM)3(DPPZ) were stud-
ied by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) under nitrogen atmosphere,
and the TGA and DSC curves are shown in Fig. 1. A high
decomposition temperature (Td) at 300 �C, which corre-
sponds to a 5% weight loss, and a temperature of glass
transition (Tg) as high as 328 �C were observed. This Tg le-
vel is higher than that of the other reported Eu(III) com-
plexes. It indicates that Eu(DBM)3(DPPZ) with extended
rigid structure has an excellent thermal stability property.

To investigate the dispersibility of Eu(DBM)3(DPPZ)
in polymer host matrix, the Eu(DBM)3(DPPZ)-doped
PBD–PFO film at 8 wt.% doping concentration was made.
The surface morphology was recorded by atomic force
microscopy (AFM) and is shown in Fig. 2. A roughness with
Ra = 0.739 nm is observed in the Eu(DBM)3(DPPZ) doped
film. It indicates that Eu(DBM)3(DPPZ) has a good dispersi-
bility in the PFO–PBD host matrix [32]. In general, the ex-
tended p-conjugated system is available to enhance the
intermolecular p–p effect between the dopant and host
matrix, further facilitate the dopant to disperse in the host
matrix. As a result, the good dispersibility is considered to
be related to the extended p-conjugation of DPPZ.

2.2. Optical analysis

The normalized UV–vis absorption spectrum of
Eu(DBM)3(DPPZ) in thin film, and the photoluminescence
(PL) spectrum of the PFO–PBD (30 wt.%) blend film are
shown in Fig. 3. Two typical UV–vis absorption peaks at
260 and 361 nm are observed, where the former is attrib-
uted to the DPPZ ligand-centered p–p⁄ electron transition
and the latter is assigned to the DBM ligand-centered p–
p⁄ electron transition. Compared to the low-lying absorp-
tion peak (at 340 nm) of Eu(TTA)3(DPPZ) [7], this
Eu(DBM)3(DPPZ) exhibited a red-shifted UV–vis absorption
profile. Consequently, a bigger spectral overlap between
the emission spectrum of the PFO–PBD blend film and
the absorption spectrum of Eu(DBM)3(DPPZ) rather than
Eu(TTA)3(DPPZ) is displayed. It is suggested that the en-
hanced spectral overlap are useful for Förster energy trans-
fer from the host to the europium complex [20,31].

Fig. 3 also shows the PL spectrum of Eu(DBM)3(DPPZ) in
dichloromethane (DCM). An intense sharp emission peak
at 612 nm with a full width at half maximum (FWHM) of
8 nm is observed under 346 nm photo-excitation, which
corresponds to the 5D0 ?

7F2 transition of Eu3+ ion. No
emission from the DPPZ ligand was exhibited. This means
that an efficient energy transfer occurs from DPPZ to Eu3+

ion [6]. To further understand the influence of the second-
ary ligand on PL of its europium complex, the PL quantum
yield (UPL) of Eu(DBM)3(DPPZ) was measured in degassed
DCM by using EuCl3�6H2O (Uf = 0.73% in water) as the stan-
dard at ambient temperature [33]. A UPL of 27.1% was ob-
tained in the degassed DCM solution of Eu(DBM)3(DPPZ).
This level is bout 35 times higher than that of



Fig. 2. Atomic force microscope images of the Eu(DBM)3(DPPz)-doped PFO–PBD film at 8 wt.% dopant concentration. The scanning range is 10 lm by
10 lm, and the film thickness was about 80 nm.

Fig. 3. The normalized UV–vis absorption spectra of Eu(DBM)3(DPPZ) in
thin film, and the normalized PL spectrum of the PFO–PBD (30 wt.%)
blend film and Eu(DBM)3(DPPZ) in DCM (kex = 346 nm), respectively.

Fig. 4. (a) The normalized PL spectra of the Eu(DBM)3(DPPZ)-doped PFO–
PBD (30 wt.%) films at different concentrations from 1 to 8 wt.%,
respectively. (b) The normalized EL spectra of the Eu(DBM)3(DPPZ)-
doped PFO–PBD (30 wt.%) devices at different concentrations from 1 to
8 wt.%, respectively. CIE 1931 chromaticity diagrams of these corre-
sponding devices.
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Eu(DBM)3(Phen) [32]. The improved UPL may be related to
complex symmetry and more efficient sensitization of Eu3+

ion by the secondary ligand of DPPZ. While the large rigid
DPPZ ligand was introduced into europium complex, its
site isolation effect is evident for its europium complex
in DCM solution, which is available for the antenna effect
from the ligand to the center Eu3+ ion. Therefore, the UPL

of Eu(DBM)3(DPPZ) was effectively improved [34].
To investigate Förster energy transfer under solid state,

the Eu(DBM)3(DPPZ)-doped PFO–PBD (30 wt.%) films at
various dopant concentrations from 1 to 8 wt.% were made.
Fig. 4a shows the normalized PL spectra of these
Eu(DBM)3(DPPZ)-doped PFO–PBD (30 wt.%) films under
excitation of He–Cd laser (325 nm). Two intense emission
peaks at about 416 and 515 nm are observed in all of these
doped films, which are similar to those of the PFO–PBD
blend film. In additional, a serious of weak emission peaks
at about 592, 612 and 652 nm, coming from Eu3+ emission
are also observed at the given dopant concentrations.
Furthermore, the emission intensity at 612 nm increases
gradually with increasing dopant concentrations from 1
to 8 wt.%. This indicates that PL processes of the
Eu(DBM)3(DPPZ)-doped PFO–PBD films are dominated by
the PFO–PBD blend. As the spectral overlap between
PFO–PBD emission and Eu(DBM)3(DPPZ) absorption is



Fig. 5. The energy levels diagram of the PLED used in this study.
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small and the theoretical Förster radius (R0) is only 1.5 nm
in the blending system between PFO and europium com-
plex [23], the inefficient Förster resonance energy transfer
(FRET) from the PFO–PBD to the central Eu3+ ion is bound
to occur in the Eu(DBM)3(DPPZ)-doped PFO–PBD films un-
der photo-excitation [21,23–27].

It is noted that the absolute PL quantum efficiencies of
the Eu(DBM)3(DPPZ)-doped films gradually decrease with
increasing dopant concentrations. The measured PL quan-
tum efficiencies were 39.10%, 32.87%, 31.47% and 31.28%
for these doped films at doping concentrations of 1, 2, 4,
and 8 wt.%, respectively. Here, the host matrix PL is some-
what quenched but the Eu-complex emission is enhanced
in this doped system by increasing the doping concentra-
tion. This similar phenomenon was also observed by
Giovanella and Rothe groups, which is related to singlet
energy transfer from PFO to Eu-complex and triplet en-
ergy transfer from the ligand of Eu-complex back to PFO
[23,35]. As the Dexter-type energy transfer process from
the ligand of europium complex to the host PFO triplets
(backflow of excitation or back-transfer) is competitive
with the singlet energy transfer process, the emission effi-
ciency of the system was strongly reduced in this doped
system.

2.3. Electrochemistry property

In order to understand why Eu(DBM)3(DPPZ) presented
high efficiency and luminance in the devices, the electro-
Table 1
Device performances of the Eu(DBM)3(DPPZ)-doped PFO–PBD (30 wt.%) devices at

Dopant ratioa (wt.%) Turn-on voltage (V) Maximum EQEb

J (mA/cm2) EQE (%) LEc (c

1 7.3 2.5 2.5 3.8
2 10.4 4.4 1.8 3.6
4 13.6 1.7 1.6 2.4
8 16.1 1.3 1.5 2.3

a The doping concentrations of Eu(DBM)3(DPPZ) in the device with a configu
80 nm/Ba, 4 nm/Al, 150 nm.

b At the current density of 50 mA/cm2.
c The luminance (L) and luminous efficiency (LE) were measured with a silicon

(Photo Research).
chemical property of Eu(DBM)3(DPPZ) was examined by
cyclic voltammetry (CV). Its reversible oxidation wave
(Eox) and reduction wave (Ered) were measured to 0.86 V
and �2.04 V, respectively. According to an empirical for-
mula [36,37], the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) energy levels for Eu(DBM)3(DPPZ) were calculated
to be �2.70 and �5.60 eV, respectively. Fig. 5 shows the
energy level diagram of the devices. The HOMO and LUMO
energy levels for the other used materials were obtained
from the previous reports [38,39]. Since the HOMO and
LUMO energy levels of PFO respectively are �5.8 and
�2.1 eV, it indicates that Eu(DBM)3(DPPZ) as dopant can
more efficiently trap carriers with respect to PFO.

2.4. Electroluminescent properties

The normalized EL spectra of the Eu(DBM)3(DPPZ)-
doped PFO–PBD devices at different dopant concentrations
from 1 to 8 wt.% are shown in Fig. 4b. A significantly sharp
EL emission peak at 611.5 nm with a FWHM of 10 nm is
observed at the different dopant concentrations, which
generates from the 5D0 ?

7F2 electronic transition. At the
same time, three weak emission peaks were also exhibited,
which is assigned to the 5D0 ?

7F0 (579 nm), 5D0 ?
7F3

(651 nm) and 5D0 ?
7F4 (702 nm) transitions of Eu3+ ion,

respectively. In additional, a minor high-lying emission
peak at 515 nm from the PFO–PBD blend was appeared
and reduced with increasing dopant concentrations. The
corresponding CIE chromaticity coordinates (X, Y) varied
from (0.607, 0.349) to (0.647, 0.331) (Table 1) with increas-
ing dopant concentrations from 1 to 8 wt.%. Hence, the EL
spectra in these devices are dominated by Eu(DBM)3(DPPZ)
and have changed very little. The substantial difference be-
tween PL spectra of the doped films and EL spectra is sug-
gested to be attributed to charge-trapping effect on
Eu(DBM)3(DPPZ) and is further supported by above elec-
tro-chemical properties of Eu(DBM)3(DPPZ) [25,26,30–32].

Fig. 6 shows the current densities (J)–voltage (V)–
brightness (B) characteristics of the europium complex-
doped PFO–PBD devices, and the electroluminescence data
are summarized in Table 1. A maximum brightness of
1783 cd/m2 at 183.2 mA/cm2 was obtained in the device
at 2 wt.% doping concentration. Even at the 100 mA/cm2,
the device remained brightness as high as 1445 cd/m2.
On the other hand, the turn-on voltage of the devices
different dopant concentrations from 1 to 8 wt.%.

J = 100 mA/cm2 Maximum B CIE (X, Y)

d/A) Lc (cd/m2) EQE (%) L (cd/m2) J (mA/cm2)

1381 0.90 1445 124.4 0.607, 0349
1445 0.96 1783 183.2 0.617, 0.335
1058 0.70 1137 120.7 0.628, 0.338
451b 0.57b 606 84.9 0.649, 0.321

ration of ITO/PEDOT:PSS, 50 nm/PVK, 40 nm/Eu(DBM)3(DPPZ) + PFO–PBD,

photodiode and calibrated using a PR-705 SpectraScan Spectrophotometer



Fig. 6. The current density–voltage–brightness (J–V–B) characteristics of
the Eu(DBM)3(DPPZ)-doped PFO–PBD (30 wt.%) devices at different
dopant concentrations from 1 to 8 wt.%, respectively.

Fig. 7. The external quantum efficiency–current density characteristic of
the Eu(DBM)3(DPPZ)-doped PFO–PBD (30 wt.%) devices at different
dopant concentrations from 1 to 8 wt.%, respectively.

1042 Y. Liu et al. / Organic Electronics 13 (2012) 1038–1043
increases from 7.2 to 16.1 V with increasing doping level
from 1 to 8 wt.%. This also indicates that the devices are
mainly operated by the carrier-trapping mechanism based
on the identical phenomenon observed previously by
Chang et al. [39]. To the best of our knowledge, this is
one of the best EL properties in the PLEDs used europium
complex as a single dopant [19–32].

Fig. 7 shows the external quantum efficiency–current
density characteristics of the Eu(DBM)3(DPPZ)-doped
PFO–PBD devices at different doping concentrations. The
device with 1 wt.% doping concentration demonstrated
the best device performance. The maximum luminous effi-
ciency of 3.8 cd/A and external quantum efficiency of 2.5%
at current density of 2.5 mA/cm2 are exhibited, respec-
tively. Even at the dopant concentration of 8 wt.%, the de-
vice still maintained a maximum EQE as high as 1.5%. This
phenomenon indicates that the concentration quenching
of the Eu(DBM)3(DPPZ) dopant was efficiently suppressed
at high dopant concentrations compared to our previous
work [26,32]. Distinctly, increasing the rigid structure of
the neutral ligand is available to improve the devices per-
formance and suppress the emission quenching for euro-
pium complexes.
3. Conclusions

In summary, we investigated the photophysical and
electrochemical properties of Eu(DBM)3(DPPZ), further
the electroluminescent properties of its double-layer doped
PFO–PBD PLEDs. The maximum luminance of 1783 cd/m2

at 183.2 mA/cm2, as well as the maximum EQE of 2.5%
and luminous efficiency of 3.8 cd/A were obtained in the
devices using Eu(DBM)3(DPPZ) as dopant. Our results dem-
onstrate that it is possible to achieve high-efficiency sharp
red emission of europium complex in the PLEDs by extend-
ing rigid conjugation secondary ligand.
4. Experimental section

4.1. Materials

The europium complex of Eu(DBM)3(DPPZ) was synthe-
sized following the literature method and its molecular
structure is shown in Fig. 1(inset) [23]. The complex of
Eu(DBM)3(DPPZ) was characterized by elemental analysis.

4.2. Methods

Elemental analyses (C, H, N) were performed with a Per-
kin-Elmer 240 instrument. Thermogravimetric analyze
(TGA) was carried out with a NETZSCH STA 449 in nitrogen
atmosphere at a heating rate of 10 �C/min from 10 to 700 �C.
Differential scanning calorimetry (DSC) was carried out
with a NETZSCH DSC 204 at a heating rate of 30 �C/min from
25 to 700 �C under nitrogen atmosphere. UV–vis spectra
were recorded with a HP-8453 system. Photoluminescence
(PL) spectra were recorded under excitation of a He:Cd laser
at 325 nm. Cyclic voltammetry experiments were per-
formed using a CHI660A electro-chemical work station at
room temperature. A conventional three-electrode configu-
ration consisting of a glassy carbon working electrode, a
platinum wire auxiliary electrode, and an anhydrous Hg/
Hg2Cl2 reference electrode was used. The supporting elec-
trolyte was tetrabutyl ammonium hexafluorophosphate
(Bu4N-PF6) (0.1 M) in acetonitrile. Ferrocene was added as
a calibration after each set of measurements and all
reported potentials were quoted with reference to the ferro-
cene/ferrocenium (Fc/Fc+) couple at a scan rate of 50 mV/s.
As a result, the highest occupied molecular orbit (HOMO)
and the lowest unoccupied molecular orbit (LUMO) energy
levels of this complex, EHOMO and ELUMO are calculated
according to the following equation, ELUMO = �(Ered +
4.74) eV and EHOMO = �(Eoxd + 4.74) eV, where �4.74 eV is
energy level of the SCE with respect to the zero vacuum
level [36,37].

4.3. Device fabrication and characterization

PLEDs were fabricated on a cleaned indium-tin oxide
(ITO) glass substrate with a sheet resistance of 15 X/sq
and a thickness of 120 nm in a controlled N2-filled dry box
(Vacuum Atmosphere Co.) under N2 circulation with oxygen
and water contents less than 1 ppm, which had a configura-
tion of ITO/PEDOT:PSS, 50 nm/PVK, 40 nm/Eu(DBM)3
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(DPPZ) + PFO–PBD, 80 nm/Ba, 4 nm/Al, 150 nm. In the made
process, a 50 nm hole-injection layer of poly(3,4-ethylene-
dioxy-thiophene):poly(styrenesulfonic acid) (PEDOT:PSS,
Batron-P4083, purchased from Bayer AG) was firstly spin-
coated onto a precleaned ITO surface and then baked at
80 �C for 12 h under vacuum to improve hole injection and
to increase substrate smoothness. Secondary, a 40 nm
poly(N-vinylcarbazole) (PVK, Mw = 1 � 106 g/mol) was used
as hole-transporting layer was spin-coated onto the PED-
OT:PSS layer from chlorobenzene solution, and annealed
for 2 h at 80 �C. To prevent dissolving the hole-transporting
PVK layer, the emitting layer containing PFO (Mw = 5.8 �
104 g/mol)/PBD/europium complex was spin-coated onto
the PVK layer from toluene solution, in which PVK is nearly
insoluble, thus the two layers may stay relatively separated.
The doping concentrations of europium complex in emitting
layer were 1, 2, 4 and 8 wt.%, respectively. The spin-coated
thickness was measured with an Alpha-step 500 surface
profiler (Tencor, Alfa-Step 500). Finally, 4 nm barium layer
used as the cathode and 150 nm aluminum used as capping
layer were successively deposited on the top of emitting
layer through a shadow mask in vacuum (3 � 10�4 Pa). The
deposition speed and thickness of barium and aluminum
layers were monitored with a thickness/rate meter Model
STM-100 (Sycon Instrument, Inc.).

Current density (J)–voltage (V) data were collected
using a Keithley 236 source meter. Absolute PL efficiencies
for the doped films were measured in the integrating
sphere (IS-080, Labsphere) under the 325 nm line of a
He–Cd laser. The luminance (cd m–2) was measured by
using a Si photodiode. EQE were obtained by measuring
the total light output in all directions in an integrating
sphere (IS-080, Labsphere). PL and EL spectra were re-
corded by using a charge-coupled device (CCD) spectro-
photometer (Instaspec 4, Oriel) and CIE coordinates were
recorded using PR-705 SpectraScan spectrophotometer
(Photo Research).
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