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Efficient white polymer light-emitting diodes (WPLEDs) based on 
double emitting layers of PVK:Eu(III)-complex and Alq3 

Yani He,a‡ Lin Liu,a,b‡ Guorui Fu,a Wentao Li,a Xingqiang Lüa,*, Hongshan Hec,* and Wai-
Yeung Wongd,* 

Colour-tunable polymer light-emitting diodes (PLEDs) were realized by tuning the concentration of a Eu3+-complex in the 
emitting-layer (EML) and the thickness of the hole-blocking BCP layer (BCP = 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) in a double-emitting-layer (dEML) configuration. The dEML used PVK:complex 2 (PVK = poly(N-
vinylcarbazole); H2Salen = N,N’-bis(salicylidene)cyclohexane-1,2-diamine and HDBM = dibenzoylmethane for [Zn(Salen)(µ-
OAc)Eu(DBM)2)] (2)) as the EML1 and Alq3 as the EML2. The efficiencies (0.32-0.39 cd A-1, 0.54-0.56% and 0.99-1.10 lm W-1) 
were obtained from organo-Eu3+ incorporated WPLEDs with the complex-2-doping content of 20 or 30 wt% and 20 nm of 
the BCP thickness. The WPLEDs exhibited low turn-on voltage (6.0-7.5 V) and low efficiency-roll-off, which are 
advantageous to organo-Eu3+ doped WOLEDs. 

1. Introduction 

White-light from the facile integration of di-, tri- or tetra-chromatic 
colour1 with primary red-light from Eu3+ ion is highly attractive 
owing to its potential applications2 in full-colour flat-panel display 
and solid-state lighting. For example, commercially-available white 
light-emitting diodes (WLEDs) used inorgano-Eu3+ as the red-light 
source and the technology is pretty mature.3 However, several 
shortcomings especially the formation of clusters, are difficult to 
overcome. By contrast, organo-Eu3+ based counterparts4 offer 
several distinctive advantages including broadened photo- and 
electro-luminescent spectra and versatile structural modifications. 
Extensive researches of organo-Eu3+ incorporation using small-
molecule Eu3+-complex,5 Eu3+-based coordination polymer6 and 
doping of Eu3+-complex7 or grafting system8 are focused on 
inorganic-chip-hybridized UV or near-UV (NUV) WLEDs, while the 
realization of typically reliable and efficient white organic light-
emitting diodes (WOLEDs)9 based on organo-Eu3+ phosphor is much 
less explored. 

Several approaches for organo-Eu3+ incorporated WOLEDs have 
been reported. The milestone work10 by using an organo-Eu3+ active 
emitting-layer (EML) by Kido et al. has been devoted to organo-Eu3+ 

complexes with specific structures for WOLEDs as potential high-
performance alternatives to the existing low-efficiency 
incandescent and fluorescent lights. The approach relied on volatile 
organo-Eu3+ complexes capable of fabricating single-molecule11 or 
single-component white-light.12 The WOLEDs from this approach 

showed low EQE ( 0.1%) due to incomplete energy transfer for 
organo-Eu3+ single-molecule white-light.11 Some WOLEDs showed 

relatively higher efficiency (EQE
max up to 1.1%), however, notorious 

crystallization and thermal-dissociation induced efficiency-roll-off 
(up to 50%) was observed.12 In addition, inevitable high-cost from 
vacuum-deposition procedure impedes its popularity. To 
circumvent such problems, it is desirable to dope organo-Eu3+ guest 
into a small-molecule or polymer host for a solution-processed 
WOLED13 or WPLED14 (white polymer light-emitting diode). Colour-
tuning white-light could be smoothly modulated within the host-
guest-constituted mono-emitting-layer (mEML), however, it is 
difficult to choose proper host materials to ensure the low-lying 
highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) aligned properly.15 Effective carrier 
injection and balance for satisfactory electro-luminescent 
efficiencies are also much difficult to be guaranteed.13-14 Moreover, 
the long phosphorescent lifetimes of the excited state of organo-
Eu3+ complexes often undergo the excitons’ saturation16 particularly 
at high current density. Severe triplet-triplet annihilation resulted 
from localized excitons’ aggregation and doping-induced phase 
separation give rise to a detrimental inconsistent performance 
(colour and efficiency).13-14 Inspired by a conceptual strategy to 
double-EML (dEML)  device architecture,17 which was known to be 
effective in both improving efficiency and delaying efficiency-roll-off 
for transition-metal-complex based OLEDs,18 we used a Eu3+-
complex as high colour-purity red-light source coupled with Alq3 to 
address these problems. On one hand, holes in the EML1 and 
electrons in the EML2 are provided to broaden the recombination 
zone, from which confinement of charge carriers at the interface of 
hole- and electron-dominant EMLs with stepwise energy levels, 
significant performance improvement should be considerably 
favoured.  
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Herein, we reported the synthesis of a [Zn(Salen)]-based Eu3+-
complex, [Zn(Salen)(µ-OAc)Eu(DBM)2)] (2) shown in Scheme 1, and 
its application of dEML-characteristic devices. The WPLEDs with 
PVK:complex 2 as the EML1 and Alq3 as the EML2 of Alq3 were 

fabricated. The blue-light19 (em = 420 nm) from PVK, red-light (em 

= 613 nm) from complex 2 and green-light20 (em = 512 nm) from 
Alq3 enabled the typical tri-chromatic white-light production. Upon 
the distribution of complex 2 into the PVK host, effective Förster 
energy transfer21 from PVK to complex 2 can be activated. The high 
hole mobility19 of the PVK host renders the EML1 characteristic of 
hole-domination. The modest triplet energy20 of the separated 
EML2 (Alq3) between PVK and complex 2, suppresses energy back 
transfer from complex 2 to Alq3.22 More importantly, the electron-
transporting20 Alq3 (EML2) could act as energy transfer ladder.17-18 
As a result, carriers can be confined within that dEML zone. Further 
thorough optimization of the doping concentration of complex 2 in 
the EML1 and the thickness of BCP to elaborate the hole-blocking 
for desirable carriers’ balance, high-efficiency with low efficiency-
roll-off are specifically pursued. 

2. Experimental section 

The information for starting materials and general characterization 
methods has been described in the Electronic Supporting 
Information (ESI). The Schiff-base ligand H2Salen was rationally 
synthesized from the condensation reaction between an equimolar 
mixture of cis- and trans-1,2-diaminocyclohexane and 
salicylaldehyde according to the literature.23 

Synthesis of precursor [Zn(Salen)(MeCN)] 

To a stirred solution of the ligand H2Salen (0.645 g, 2 mmol) in dry 
MeCN (20 mL), an equivalent amount (0.440 g, 2 mmol) of solid 

Zn(OAc)22H2O was added, and the resulting mixture was heated 
under reflux for 3 h. After cooling to room temperature, the 
insoluble yellow precipitate was filtered, washed with absolute 

CH2Cl2 (5 mL) three times, and dried at 45 C under vacuum to a 
constant weight. Yield: Yield: 0.776 g (91%). Anal. Calcd for 
C22H23N3O2Zn: C, 61.91; H, 5.43; N, 9.84%. Found: C, 61.83; H, 5.52; 
N, 9.79%. FT-IR (KBr, cm-1): 3051 (w), 2933 (w), 2858 (w), 2360 (w), 
1629 (s), 1600 (w), 1571 (m), 1537 (m), 1465 (w), 1444 (s), 1396 (w), 
1338 (w),1307 (m), 1186 (m), 1145 (w), 1122 (w), 1020 (w), 983 (w), 
906 (m), 854 (w), 792 (w), 756 (vs), 673 (m), 601 (w), 559 (w), 530 

(w), 505 (w), 455 (w), 408 (w). 1H NMR (400 MHz, DMSO-d6):  
(ppm) 8.31 (s, 2H, -CH=N), 7.19 (t, 2H, -Ph), 7.11 (t, 2H, -Ph), 6.60 
(m, 2H, -Ph), 6.40 (t, 2H, -Ph), 3.17 (s, 2H, -Cy), 2.44 (m, 2H, -Cy), 

2.08 (s, 3H, -CH3), 1.89 (m, 2H, -Cy), 1.37 (m, 4H, -Cy). ESI-MS 
(MeCN) m/z: 426.12 (100%, [M-H]+). 

Synthesis of complexes [Zn(Salen)(µ-OAc)Ln(DBM)2)] (Ln = La, 1; Ln 
= Eu, 2, Ln = Tb, 3 or Ln = Gd, 4) 

To a dry CHCl3 solution (10 mL) of the typical -diketonate ligand 
HDBM (dibenzoylmethane; 0.8 mmol, 0.180 g) deprotonated by an 
equimolar amount of solid KOH (0.8 mmol, 0.044 g), another MeOH 

solution (4 mL) of Ln(OAc)36H2O (0.4 mmol; Ln = La, 0.170 g; Ln = 
Eu, 0.174 g; Ln = Tb, 0.172 g; Ln = Gd, 0.176 g) was added, and the 
resultant mixture was refluxed for 3 h. After cooling to room 
temperature, the complex precursor [Zn(Salen)(MeCN)] (0.4 mmol, 
0.170 g) was added, and the resulting mixture was refluxed for 
another 3 h. Each of the clear yellow solutions was cooled to room 
temperature and filtered. Diethyl ether was diffused into the 
respective filtrate at room temperature and pale yellow 
microcrystalline solids of complexes 1-4 were obtained in about 
three weeks, respectively. 

[Zn(Salen)(µ-OAc)La(DBM)2)] (1): Yield: 0.326 g (79%). Anal. 
Calcd for C52H45N2O8ZnLa: C, 60.62; H, 4.40; N, 2.72%. Found: C, 
60.60; H, 4.42; N, 2.74%. FT-IR (KBr, cm-1): 3059 (w), 2935 (w), 1637 
(w), 1598 (m), 1550 (s), 1519 (vs), 1478 (s), 1456 (m), 1399 (s), 1305 
(w), 1223 (w), 1193 (w), 1155 (w), 1125 (w), 1071 (w), 1024 (w), 941 
(w), 905 (w), 847 (w), 785 (m), 753 (w), 722 (m), 689 (w). 1H NMR 

(400 MHz, DMSO-d6):  (ppm) 8.42 (s, 1H, -C=N), 8.32 (s, 1H, -C=N), 
8.02 (d, 8H, -Ph), 7.40 (m, 12H, -Ph), 7.20 (t, 2H, -Ph), 7.12 (m, 2H, -
Ph), 6.73 (m, 2H, -CH=), 6.62 (m, 2H, -Ph), 6.41 (t, 2H, -Ph), 3.72 (s, 
1H, -Cy), 3.20 (s, 1H, -Cy), 2.46 (d, 1H, -Cy), 2.04 (d, 1H, -Cy), 1.90 (d, 
1H, -Cy), 1.74 (s, 3H, -OAc), 1.56 (d, 1H, -Cy), 1.42 (m, 4H, -Cy). ESI-
MS (MeCN) m/z: 1029.16 (100%, [M-H]+); 969.14 (23%, [M-OAc]+). 

[Zn(Salen)(µ-OAc)Eu(DBM)2)] (2): Yield: 0.338 g (81%). Anal. 
Calcd for C52H45N2O8ZnEu: C, 59.86; H, 4.34; N, 2.68%. Found: C, 
59.84; H, 4.37; N, 2.63%. FT-IR (KBr, cm-1): 3058 (w), 2932 (w), 1638 
(w), 1598 (m), 1549 (s), 1518 (vs), 1478 (s), 1455 (m), 1397 (s), 1303 
(w), 1221 (w), 1193 (w), 1155 (w), 1125 (w), 1071 (w), 1024 (w), 941 
(w), 906 (w), 847 (w), 785 (m), 754 (m), 722 (m), 689 (w). ESI-MS 
(MeCN) m/z: 1043.18 (100%, [M-H]+); 983.15 (27%, [M-OAc]+). 

[Zn(Salen)(µ-OAc)Tb(DBM)2)] (3): Yield: 0.344 g (82%). Anal. 
Calcd for C52H45N2O8ZnTb: C, 59.47; H, 4.32; N, 2.66%. Found: C, 
59.45; H, 4.35; N, 2.68%. FT-IR (KBr, cm-1): 3059 (w), 2932 (w), 1640 
(m), 1598 (m), 1549 (s), 1517 (vs), 1478 (s), 1455 (m), 1398 (s), 1303 
(m), 1221 (w), 1193 (w), 1156 (w), 1125 (w), 1070 (w), 1024 (w), 941 
(w), 905 (w), 849 (w), 785 (m), 753 (m), 721 (m), 691 (w). ESI-MS 
(MeCN) m/z: 1049.18 (100%, [M-H]+); 989.16 (19%, [M-OAc]+). 

[Zn(Salen)(µ-OAc)Gd(DBM)2)] (4): Yield: 0.336 g (80%). Anal. 
Calcd for C52H45N2O8ZnGd: C, 59.56; H, 4.32; N, 2.67%. Found: C, 
59.54; H, 4.35; N, 2.70%. FT-IR (KBr, cm-1): 3059 (w), 2932 (w), 1639 
(w), 1598 (m), 1549 (s), 1518 (vs), 1478 (s), 1455 (m), 1398 (s), 1303 
(w), 1221 (w), 1193 (w), 1155 (w), 1125 (w), 1071 (w), 1025 (w), 941 
(w), 906 (w), 851 (w), 785 (m), 754 (m), 721 (m), 689 (w). ESI-MS 
(MeCN) m/z: 1050.18 (100%, [M-H]+); 988.16 (24%, [M-OAc]+). 

Fabrication of PLEDs-I-II based on EML1 of PVK:complex 2 and 
EML2 of Alq3 

Details of the fabrication and testing of the PLEDs-I-II are presented 
in the ESI. In these materials, ITO (Indium tin oxide)-coated glass 
was used as a substrate, and PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)) was used as the 
hole injection material. BCP (2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) was used to block hole-transport. With the doping 

 

 

Scheme 1. Structure scheme of complex [Zn(Salen)(µ-OAc)Eu(DBM)2)] 
(2). 
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system of complex 2 in PVK as the EML1 and Alq3 as the EML2, two 
series of PLEDs-I-II were fabricated by a typical spin-coating 
procedure with the same configuration of ITO/PEDOT:PSS (40 
nm)/PVK:complex 2 (x, wt% versus PVK) (EML1, 40 nm)/Alq3 (EML2, 
20 nm)/BCP (y nm)/LiF (1 nm)/Al (100 nm). For the reference PLED-
I, x = 30% and y = 10 nm were adopted. As to PLEDs-II for device 
optimization, factors of x = 20% and y = 20 nm for PLED-II-A, x = 
30% and y = 20 nm for PLED-II-B and x = 40% and y = 20 nm for 
PLED-II-C were considered, respectively.  

3. Results and discussion 

Synthesis, characterization and photo-physical properties of 
complexes [Zn(Salen)(µ-OAc)Ln(DBM)2)] (Ln = La, 1; Eu, 2; Tb, 3 or 
Gd, 4) 

The precursor [Zn(Salen)(MeCN)] was obtained with a high yield of 
91% from the reaction of the typical Salen-type Schiff-base lignd 

H2Salen and Zn(OAc)22H2O in dry MeCN. As shown in Scheme 1S, 
further reaction of the precursor with the deprotonated ligand 

(DBM)- and Ln(OAc)36H2O (Ln = La, Eu, Tb or Gd) in a stipulated 
molar ratio of 1:2:1, afforded the targeted complexes [Zn(Salen)(µ-
OAc)Ln(DBM)2)] (Ln = La, 1; Ln = Eu, 2, Ln = Tb, 3 or Ln = Gd, 4) in 
the appreciable yields of 79-82%, respectively.  
 The compositions of the precursor [Zn(Salen)(MeCN)] and its 
complexes 1-4 were well-characterized by EA, FT-IR, 1H NMR and 
ESI-MS. The 1H NMR spectrum of the anti-ferromagnetic Zn2+-La3+-
based complex 1 showed a stipulated 1:2 molar ratio of protons 
from (Salen)2- to (DBM)- in the region of  8.42-1.42 ppm. A singlet 
peak at 1.74 ppm indicated the presence of OAc-. Moreover, ESI-MS 
spectra of complexes 1-4 exhibited a strong mass peak at m/z 
1029.16 (1), 1043.18 (2), 1049.18 (3) or 1050.18 (4) assigned to the 
major species [M-H]+ of complexes 1-4, respectively. These 
observations show that the respective discrete hetero-binuclear 
[Zn(Salen)(µ-OAc)Ln(DBM)2)] unit of complexes 1-4 is stable in the 
corresponding dilute solution. Molecular structure of complex 3 
was also confirmed by X-ray single-crystal diffraction analysis with 
crystallographic data in Tables 1-2S. The complex 3 crystallizes in 
the monoclinic P2(1)/n space group. As shown in Figure 1, the Zn2+ 
ion (Zn1) located in the inner cis-N2O2 core of the (Salen)2- ligand is 
five-coordinate, and its distorted square pyramidal geometry is 
composed of the cis-N2O2 cavity as the base plane and one O atom 

(O7) of the -OAc- anion at the apical position. The seven-
coordinate sphere of the Tb3+ ion (Tb1) is saturated by two phenolic 

O atoms (O1 and O2) from one [Zn(Salen)] portion, four O atoms 

(O3-O6) from two -diketonate (DBM)- ligands and one O atom (O8) 

from the -OAc- anion. Two metal ions are bridged by the bidentate 

-OAc- anion and two phenolic O atoms of the [Zn(Salen)] portion, 
leading to the formation of a hetero-binuclear host framework with 

a Zn1Tb1 distance of 3.277(3) Å. The hetero-binuclear structure of 
complex 3 is almost comparable to the reported complex 

[Zn(Salen)Eu(tta)2(-tfa)]24 with a similar dual-bridging feature. It is 
quite different from [Zn(Salen)(4-vinyl-Py)Ln(BA)2(NO3)]25 we 
reported early. In this structure, two metal ions were just bridged 
with two phenolic O atoms from one [Zn(Salen)] portion. The Zn2+-

Ln3+-bis--diketonate characteristic configuration26 is due to the 
involvement of one bulky [Zn(Salen)] fragment, from which, the 
optical absorbance is strengthened and the direct oscillator-
vibrated quenching effect27 of Ln3+ ion is completely prevented. 
More importantly, the incorporation of the light-harvesting 
[Zn(Salen)] portion capable of both sensitizing and electron-
transporting, should have remarkable effects24-25 on the desirable 
optoelectronic property for its heterometallic Zn2+-Ln3+ complexes. 
Furthermore, thermogravimetric (TG) analysis (Figure 1S) of 
complex 2 shows its favourable thermal stability with a 
decomposition temperature (Td, corresponding to 5% weight loss) 

up to 200 C.  
Photo-physicial properties of complexes 2-4 were measured in 

dilute MeCN solution at room temperature or 77 K, and 
summarized in Figures 2 and 2-3S. As shown in Figure 2S, within the 
similar ligands-centered absorption spectra (235-236, 259-261 and 

348-349 nm) of complexes 2-4, the -*-transited lowest energy 
absorption is red-shifted by 6-7 nm as compared to that of the free 
HDBM ligand while slightly blue-shifted relative to that of the 
precursor [Zn(Salen)(MeCN)] after the coordination of Zn2+ and/or 

Ln3+ ions. For complex 2, the photoluminescence (Figure 2) upon ex 
= 406 nm just exhibits the Eu3+-centered characteristic emissions 

(5D0 → 7FJ, J = 0-4), giving a bright colour-pure red-light with a CIE 
(Commission International de l’Éclairage) chromaticity coordinate (x 
= 0.632, y = 0.344). Its outstanding photoluminescence of complex 2 

is further validated from the attractive quantum efficiency (L
Eu) of 

40.2%, which is much greater than those28 of Eu3+-tris--diketonate 
complexes. As to complexes 3-4, photo-excitation of the 
chromophores gives rise to the similar ligand-based fluorescence 

(em = 449 nm;  = 1.2 or 1.6 ns) assigned to the intra-ligand -* 
transition, and no Tb3+-centered characteristic emissions are 
observed for complex 3. In contrast, the Zn2+-Gd3+-complex 4 

exhibits the 0-0 transition phosphorescence (em = 496 nm and  = 

 
 

Figure 2. Emission and excitation spectra of complexes 2-4 in MeCN 
solution (10-5 M) at room temperature or 77 K. 

 

 

 

Figure 1. Perspective drawing of the hetero-binuclear structure 
framework in complex 3; H atoms are omitted for clarity. 
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700 s; also Figure 2) at 77 K, from which, the 3-* triplet energy 

level of 20161 cm-1 is obtained. Therefore, the relatively lower 3-

* triplet energy level (20161 cm-1) than the first excited state 5D4 
(20545 cm-1) of Tb3+ ion should be responsible to the quenching of 
Tb3+-centered characteristic emissions of complex 3 through non-
radiative deactivation.27 However, regulated with Latva’s empirical 

rule,29 the suitable energy gap (3-* - 5D0; 17286 cm-1 of 5D0 (Eu3+)) 
of 2875 cm-1 within the ideal 2500-4500 cm-1 range, confirms the 
effective sensitization (Figure 3S) of the Eu3+-centered colour-pure 
red-light for complex 2.  

Structural design of PLEDs-I-II based on EML1 of PVK:complex 2 
and EML2 of Alq3 

To elucidate the electronic structure of colour-pure red-light 
complex 2, its electrochemical property in anhydrous CH2Cl2 
solution was investigated and the HOMO and LUMO energy levels 
were calculated. In the cyclic voltammogram shown in Figure 3, a 
reversible oxidation process was detected at a half-wave potential 
of 0.39 V versus Fc+/Fc for complex 2, which could be assigned to a 
Eu3+-centered predominant process. Due to no distinctive reduction 
wave for complex 2, a reasonable Eg

OPT of 3.05 eV estimated from 
the absorption edge (406 nm; also Figure 1S) renders the calculated 
HOMO and LUMO energy levels of -5.19 and -2.14 eV, respectively. 
Both the HOMO and LUMO energy levels of complex 2 fall within 
those (-5.50 and -2.00 eV) of PVK with the shallow trap depths of 
0.31 and 0.14 eV, respectively. This shows that PVK characteristic of 
excellent hole-transporting is an ideal host for phosphorescent 
complex 2 in the EML1 as shown in Figure 4. As to the EML2, Alq3 

possesses a high electron mobility. Its HOMO (-6.20 eV) energy level 

lies between those (HOMO level: -5.50  -5.19 eV for the EML1; -
6.70 eV for BCP) of the EML1 and the hole-blocking BCP, and the 
LUMO (-2.70 eV) energy level is also perfectly within those (LUMO 

level: -2.14  -2.00 eV for the EML1; -3.20 eV for BCP) of them. This 

peculiar stepwise alignment of HOMO levels from the EML1 (-5.50  
-5.19 eV) to the EML2 (-6.20 eV) and to BCP (-6.70 eV), facilitates 
the transport of injected holes, whereas the stepwise LUMO levels 

of BCP (-3.20 eV) to the EML2 (-2.70 eV) and to the EML1 (-2.14  -
2.00 eV) are helpful in promoting the transport of injected 
electrons. As a result, charge carriers can be well confined within 
the wide recombination zone.18 From the viewpoint of electro-
luminescence, the following carrier-trapping and colour-
compensation should occur as expected. 

Electroluminescent performance of PLEDs-I-II with double-EML 
configuration 

To realize the electroluminescent white-light, a typical dEML-
configured reference device PLED-I was fabricated with the 
enactment of the complex-2 doping concentration at 30% (wt% 
versus PVK) in the EML1, the Alq3-adopted EML2 thickness of 20 nm 
and the stipulated 10 nm thickness of BCP. The electroluminescent 
results are summarized in Table 1 and Figure 5. As shown in Figure 
5(a), the normalized electroluminescent spectra from the PLED-I 

consist of the simultaneous emissions of PVK-based blue-light (em 

= 414 nm), Alq3-centered green-light (em = 512 nm) and Eu3+-

centered red-light (em = 613 nm), which indicates that the carrier-
combination area is located at the EML1/EML2 interface. Contrary 

to the weak enough emission of PVK-based blue-light (em = 414 

 
 

Figure 4. Double-EML-configured device structure for PLEDs-I-II with 
energy level diagram. 

 

 

Table 1 EL properties of PLED-I electroluminescent properties of PLED-I with the doping content of 20 wt% complex 2 and BCP thickness of 10 nm and 
PLEDs-II-A-C with the doping content of complex 2 (20 wt%  for PLED-II-A, 30 wt% for PLED-II-B) or 40 wt% for PLED-II-C) and BCP thickness of 20 nm 

 

 
 

Figure 3. Cyclic voltammogram of complex 2 recorded versus Fc+/Fc in 
solution at room temperature under a N2 atmosphere (scan rate = 
100 mV/s). 
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nm) throughout the whole applied bias voltage range (9.0-12.0 V), 
the domination of the two lower energy emissions shows that 
effective Förster energy transfer21 (further elucidated from the 
significant spectra overlap between the emission of PVK host with 
the absorption of complex 2 within the EML1 as shown in Figure 1S) 
should actually occur within the electroluminescent process. It was 
found that the relative intensity of the two lower energy emissions 
is voltage-hypersensitive. The dominated contribution of Eu3+-

centered red-light (em = 613 nm) at the low applied bias voltage of 
9.0, 9.5 or 10.0 V is replaced by that of Alq3-centered green-light 

(em = 512 nm) in the high applied voltage range of 10.5-12 V. We 
believe this arises from the emulative hole- and electron-
trappings30 within the EML1/EML2. As a result, the tri-chromatic 
colour-integrations only render the reference PLED-I undesirable 
yellow-green lights (CIE coordinates: x = 0.410-0.415, y = 0.503-
0.508; Figure 5(b)). At the turn-on voltage (Von at 1 cd m-2; Figure 
5(c)) of 9.0 V, the reference PLED-I is stable. With an increase of the 
applied bias voltage, both the luminance (L, cd m-2) and the current 
density (J, mA cm-2) monotonously increase, exhibiting a maximum 
luminance Lmax of 5.98 cd m-2 at 12.0 V with a current density of 
82.8 mA cm-2. Even though the dEML-configured PLED-I exhibited a 
much lower Von than those of Eu3+-complex incorporated red-light 
PLEDs28 or WPLEDs,14 its inferior electroluminescent efficiencies 

(Table 1 and Figure 5(c); c
max = 0.028 cd A-1 (10.0 V); p

max = 0.09 lm 

W-1 (10.0 V) and EXE
max = 0.03% (10.5 V)), should result from the 

unbalanced carrier injection and transport within the EML1/EML2.  
In consideration of the inherently higher mobility (10-3 cm2 V-1 s-

1) of holes than that (10-6 cm2 V-1 s-1) of electrons during excitions’ 
formation,31 three dEML-configured devices PLEDs-II-A-C were 
fabricated with the increased BCP thickness (20 nm) for the 
strengthened hole-blocking32 and the judicious adjustment of the 
doping content (20%, 30% or 40%; wt% versus PVK) of complex 2 in 
the EML1. The PLED-II-A with 20 wt% doping of complex 2 as shown 
in Table 1 and Figure 6 exhibited a strong enough blue-elementary 
component from excess PVK in the EML1, Eu3+-centered red-light 
and Alq3-based green-light. As a result, the desirable 
electroluminescent white-light (CIE coordinates: x = 0.294-0.321, y = 
0.352-0.393; Figures 6(a) and 6(b)) in a wide range of illuminating 
voltages (6.0-10.0 V) was obtained. Similar to PLED-I, the three 
primary colour emissions are voltage-dependent. With an increase 
of the applied bias voltage, the contribution of the two higher 

energy emissions of PVK in EML1 and Alq3 of EML2 dominates. 
Convincingly, all the colour-limited white-lights for PLED-II-A while 
not yellow-green lights for PLED-I, should further be benefited from 
the increased thickness (20 nm) of BCP, enabling charge carrier 
balance with effective hole-blocking. As a result, the superior 
performance of white-light-emitting device PLED-II-A lies in the 
decreased Von of 6.0 V and the significantly increased luminance 
(Lmax = 96.83 cd m-2 at 10.0 V). Moreover, with an increase of 
current density or luminance, as shown in Figures 6(g) and 6(h), all 

the efficiencies (c, p
 and EXE) of PLED-II-A increase first, and 

insistently decrease with the c
max of 0.39 cd A-1 (8.0 V); p

max of 

0.99 lm W-1 (8.5 V) and EXE
max of 0.56% (8.5 V), respectively.  

Electroluminescence of devices with higher concentration of 
Eu3+-complex was also studied. The PLED-II-B with 30 wt% Eu3+-
complex 2 in PVK gave the electroluminescent white-lights with 
modified CIEs coordinates (x = 0.311-0.371, y = 0.332-0.396; Figures 
6(c) and 6(d)) throughout the entire voltage range (7.5-12.0 V). 

Under the low voltage region (7.5  9.5 V), the emission intensity of 
Eu3+-centered red-light is relatively higher than that of Alq3-

centered green-light. In the high voltage region (10.0  12.0 V), the 
emission intensity of Alq3-centered green-light increases and that of 
Eu3+-centered red-light seems to be saturated. By comparing the L-

 
 

Figure 6. EL performances of PLEDs-II-A-C: (a): EL spectra of PLED-II-A; 
(b) CIE chromatic coordinates of PLED-II-A; (c): EL spectra of PLED-II-B; 
(d) CIE chromatic coordinates of PLED-II-B; (e): EL spectra of PLED-II-C; 
(f) CIE chromatic coordinates of PLED-II-C; (g) J-V-L of PLEDs-II-A-C; (d) 

c-L, p-L and EQE-L of PLEDs-II-A-C. 

 

 

 

 
 

Figure 5. EL performance of PLED-I: (a): EL spectra; (b) CIE chromaticity 

coordinates; (c) J-V-L; (d) c-L, p-L and EQE-L. 
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J-V characteristics of PLED-II-B and PLED-II-A shown in Figure 6(g), 
the relatively higher turn-on voltage of 7.5 V and the slightly 
decreased Lmax of 71.35 cd m-2 at 12.0 V should be due to the 
saturation16 of Eu3+-centered red-light within the EML1/EML2. 
Nonetheless, because the energies tend to transfer that red 
dopants owing to the lower energy than the blue-light-emitting PVK 
host and the green-light-emitting Alq3, PLED-II-B also exhibits the 

comparable efficiencies of c
max of 0.32 cd A-1 (10.0 V); p

max of 1.10 

lm W-1 (10.5 V) and EXE
max of 0.54% (10.0 V) to those of PLED-II-A. 

Encouragingly, the EXE
max (0.54-0.56%) of the two white-light-

emitting PLEDs-II-A-B represents a record efficiency from the 

previously reported organo-Eu3+-based WPLEDs (EXE
max  0.1%),14 

to the best of our knowledge.  Moreover, in comparison with 
organo-Eu3+ incorporated WOLEDs,11-13 the advantages of the 
PLEDs-II-A-B lie in the good stability of white-light and the 
distinctively low turn-on voltages (6.0-7.5 V). Especially with the 
dEML-configuration with stepwise energy levels, their efficiency-

roll-off is also significantly alleviated, where the EXE of 0.32% (10.0 
V) for PLED-II-A or 0.35% (12.0 V) for PLED-II-B is appreciably 
retained, respectively. Increasing the doping content (40 wt%) of 
complex 2 in the EML1 for PLED-II-C shows that the domination of 
the Eu3+-centered red-light makes its electroluminescent colours 
(CIE coordinates: x = 0.387-0.468, y = 0.468-0.498) spanning within 
greenish-yellow to yellow-green throughout the entire illuminating 
voltage range (7.5-14.0 V) as shown in Figures 6(e) and 6(f). Serious 
triplet-triplet annihilation and field-induced quenching effect33 
caused by the red-light-emitters’ aggregation in the EML1 were 
observed for PLED-II-C, well confirming the significant decrease of 

photo-luminescent efficiency (Figure 4S; em = 15.6% for 20 wt%, 
12.3% for 30 wt% or 10.4% for 40 wt%) of the reference light-
emitting layer PVK:complex 2 at a high doping concentration. 
Consequently, with the carrier imbalance like that in PLED-I, the 
inferior electroluminescent performance (Lmax = 8.16 cd m-2 (14.0 V), 

c
max = 0.19 cd A-1 (9.5 V), p

max = 0.52 lm W-1 (9.5 V) and EXE
max = 

0.22% (9.0 V)) for PLED-II-C is also demonstrated. 

4. Conclusions 

In summary, colour-tunable PLEDs were realized by tuning the 
concentration of a Eu3+-complex in the EML and the thickness of the 

hole-blocking BCP layer. The [Zn(salen)] in the Zn2+-Eu3+-bis--
diketonate complex 2 involving decent optical absorbance and 
compatible triplet energy level, gives rise to the high-efficiency 

sensitization (L
Eu = 40.2%) of Eu3+-centered colour-pure red-light. 

Using PVK:complex 2 as the EML1 and Alq3 as the EML2 for the 
dEML device configuration under the optimized condition (20 or 30 
wt% of doping content for complex 2 and 20 nm of BCP thickness), 
the electroluminescent efficiencies (0.32-0.39 cd A-1, 0.54-0.56% 
and 0.99-1.10 lm W-1), give the record of organo-Eu3+ incorporated 
WPLEDs. This result, together with the advantages of low turn-on 
voltage (6.0-7.5 V) and low efficiency-roll-off in comparison with 
organo-Eu3+ contributed WOLEDs, renders that organo-Eu3+ based 
dEML-configuration a new approach to organo-Eu3+ incorporated 
WPLEDs.  
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