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low energy-consumption property. [ 1,2 ]  
Still improving the device performance is 
one of the main concerns for successful 
commercialization of PLEDs. In PLEDs, 
generally injected holes tend to be accu-
mulated at the interface between emissive 
layer (EML) and cathode electrode rather 
than injected electrons building up at the 
anode interface. [ 3–8 ]  The use of cathode 
interfacial layer (CIL) is essential in order 
to not only provide better electron injec-
tion/transport abilities but also block the 
excess holes and minimize the loss in 
injected charge carriers not being able to 
form excitons, thus maximize radiative 
recombination rate. A strategy to develop 
solution-processable charge injection 
material for CIL is highly demanded for 
realizing high-effi ciency PLEDs. [ 3–9 ]  

 In this context, many approaches 
have been reported in the literature 
up to date. Zinc oxide (ZnO) has been 

extensively investigated as a CIL in organic optoelectronics 
to enhance device performance by taking advantage of deep 
valence band (VB) of ≈7.8 eV with a large band gap of ≈3.4 eV 
and high intrinsic electron mobility of ≈200 cm 2  V −1  S −1 . [ 7,10,11 ]  
ZnO nanoparticles (NPs) can be prepared through facile syn-
thetic methods in ambient conditions and are stable in colloidal 
state when dispersed in common polar organic solvents. [ 12–14 ]  
This allows ZnO NPs to be deposited on top of typical organic 
semiconducting layers without damaging the underlying layer. 
However, ZnO NPs have a signifi cant number of surface defects 
likely oxygen vacancy due to a large surface-to-volume ratio that 
could be potential electron trap sites. [ 15–18 ]  It is also known that 
ZnO NPs can induce exciton quenching of light-emitting pol-
ymer (LEP) in two different paths; (i) energy transfer process 
from LEP to the defect level of ZnO NPs and (ii) exciton dis-
sociation via excited-state electron transfer process from LEPs 
to ZnO NPs. [ 9,19–22 ]  Furthermore, a large energy barrier between 
the lowest unoccupied molecular orbital (LUMO) of light-emit-
ting polymers and the conduction band (CB) of ZnO makes 
electron injection diffi cult and less favorable. [ 5–9,23 ]  It is reported 
that an additional thin interfacial layer, such as cesium car-
bonate (Cs 2 CO 3 ), self-assembled monolayers (SAMs), and con-
jugated polyelectrolytes (CPEs), on ZnO layer helps to lower the 
energy barrier by introducing interfacial dipole effect. [ 5–8,23,24 ]  
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  1.     Introduction 

 Polymer light-emitting diodes (PLEDs) have attracted a great 
attention as a possibility for next-generation large-area dis-
play and lighting devices due to solution processability and 
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 Herein, we present CPE-hybridized ZnO NPs (CPE:ZnO 
hybrid NPs), so-called organic/inorganic hybrid material, 
as a solution-processable CIL for high-effi ciency PLEDs. 
Alkoxy side-chain tethered polyfl uorene CPE, poly[(9,9-
bis((8-(3-methyl-1-imidazolium)octyl)-2,7-fluorene)-alt-(9,9-
bis(2-(2-methoxyethoxy)ethyl)-fl uorene)] dibromide (F8imFO 4 , 
 Figure    1  a), was synthesized in order to offer not only good 

miscibility with ZnO NPs for preventing 
phase separation but also make use of the 
charged nature of CPE for better electron 
injection at EML/electrode interface. X-ray 
photoelectron spectroscopy (XPS) analysis 
results reveal that the surface defects of 
ZnO NPs are passivated by forming two 
different kinds of coordination bond with 
functional groups, alkoxy side-chains and 
bromide anions, from F8imFO 4 . We fi nd 
that a specifi c CPE concentration (4.5 wt% 
to the weight of ZnO NPs) shows the 
most effi cient passivation effect of ZnO 
NPs and reduces photoluminescence (PL) 
quenching of yellow-emitting PPV layer 
(commercial name “Super Yellow,” SY). 
Consequently, the device effi ciencies of SY-
based PLEDs are greatly increased with 
the CPE:ZnO hybrid NPs (11.7 cd A −1  at 
5.2 V and 8.6 lm W −1  at 3.8 V) compared to 
the PLEDs with ZnO NPs only (4.8 cd A −1  
at 7 V and 2.2 lm W −1  at 6.6 V) or F8imFO 4  
CPE only (7.3 cd A −1  at 5.2 V and 4.9 lm W −1  
at 4.2 V).   

  2.     Results and Discussion 

 F8imFO 4  CPE was synthesized through 
Suzuki cross-coupling polymerization, fol-
lowed by substitution reaction using  n -meth-
ylimidazole to functionalize imidazolium 
bromide ionic pendent group on alkoxy 
side-chain tethered polyfl uorene. [ 25,26 ]  The 
resulting polymer, F8imFO 4 , is soluble in 
typical polar organic solvents such as 2-meth-
oxyethanol. F8im CPE was similarly pre-
pared. For the preparation of colloidal ZnO 
solutions, ZnO NPs were synthesized using 
zinc acetate dihydrate and lithium hydroxide 
monohydrate as precursors in ethanol. [ 14 ]  
The X-ray diffraction (XRD) result identi-
fi es that the crystal structure of the ZnO 
NPs is corresponding to wurtzite structure 
of ZnO (Figure S1, Supporting Informa-
tion). F8imFO 4  at desired concentration to 
the weight of ZnO NPs was added to the col-
loidal solution in 2-methoxyethanol to obtain 
the CPE:ZnO hybrid NPs. (See the details of 
the synthetic procedures in the Supporting 
Information.) 

 Figure  1 b,c shows the transmission elec-
tron microscopy (TEM) images of CPE:ZnO hybrid NPs using 
two different CPEs; F8imFO 4  and F8im, respectively. It is 
observed that ZnO NPs are uniformly dispersed in the case of 
the hybrid NPs with F8imFO 4 , whereas ZnO NPs blended with 
F8im form agglomerated clusters. Note that the concentration 
of CPEs was fi xed at 9 wt% for both hybrid NPs. The particle 
size distribution results in Figure  1 d, analyzed by dynamic 
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 Figure 1.    a) Chemcial structure of F8imFO 4  and F8im CPEs. TEM images of CPE:ZnO hybrid 
NPs with different CPEs; b) F8imFO 4 :ZnO NPs and c) F8im:ZnO NPs. The scale bar is 60 nm. 
d) Particle size distribution of ZnO NPs and CPE:ZnO hybrid NPs in 2-methoxyethanol. The 
concentration of CPE is fi xed at 9 wt% in both cases.
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light scattering (DLS) technique, clearly indicate that CPE:ZnO 
hybrid NPs with F8imFO 4  show a better dispersion of the par-
ticles (13.4 nm) than that of CPE:ZnO hybrid NPs with F8im 
(820 nm). The particle size distribution of ZnO NPs on its own 
(5.5 nm) matches well with the diameter confi rmed in the TEM 
image (Figure S2, Supporting Information). Although the size 
of ZnO NPs for the CPE(F8imFO 4 ):ZnO hybrid NPs seem to 
be the same in the TEM image, the particle size distribution 
is increased to 13.4 nm, implying that the hybrid NPs possibly 
form nanoclusters with 3–5 of particles combined together. In 
contrast, in the case of CPE(F8im):ZnO hybrid NPs, both the 

TEM image and the particle size distribution show the sub-
micrometer-sized agglomerates. This result potentially suggests 
that the incorporation of alkoxy side-chains from F8imFO 4  CPE 
plays a key role in interacting with ZnO NPs and therefore pre-
venting ZnO NPs being aggregated each other. 

 To give insight into the chemical interaction between ZnO 
NPs and F8imFO 4  CPE, we utilzed XPS technique for thin fi lms 
of the ZnO NPs, CPE, and CPE(9 wt%):ZnO hybrid NPs depos-
ited on top of indium-tin-oxide (ITO) substrates ( Figure    2  ).    

 The O 1s core level spectra of the ZnO NPs, CPE, and 
CPE:ZnO hybrid NPs are shown in Figure  2 a–c. The ZnO NPs 

Adv. Funct. Mater. 2015, 25, 7450–7456

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    XPS core level spectra of O 1s; a) ZnO NPs, b) F8imFO 4 , and c) CPE(9 wt%):ZnO hybrid NPs. XPS core level spectra of Br 3d; d) F8imFO 4 , 
e) CPE(9 wt%):ZnO NPs, and f) CPE(4.5 wt%):ZnO NPs. Black and red curves are experimental data and fi tted plots, respectively. g) A schematic 
illustration of CPE:ZnO hybrid NPs.
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possess three distinctive states appearing at 530.2, 531.4, and 
532.3 eV, which correspond to oxygen anion (O 2− ) species in 
ZnO lattice (O L , blue curve), oxygen vacancy (O V , green curve), 
and chemisorbed moieties on the surface (O C , organge curve), 
respectively. [ 4–6 ]  The chemisorbed sites are likely to be hydroxyl 
and/or carbonate groups being attached to the ZnO NP sur-
face. [ 15,16,27 ]  F8imFO 4  also contains a considerable amount of 
the chemisorbed oxygen component appearing at the same 
binding energy region of 532.3 eV, which is possibly due to 
hydrophilic nature of the CPE. [ 28 ]  The stronger peak centered 
at 533.1 eV in the O 1s core level spectrum of F8imFO 4  is 
assigned to carbon–oxygen bond (O alkoxy , magenta curve) in the 
alkoxy side-chain of the CPE structure. [ 29 ]  The O 1s spectrum 
of the CPE:ZnO hybrid NPs consists of the four features from 
both ZnO NPs and CPE with no additional peaks, implying that 
the blending of these two materials does not lead to the forma-
tion of new chemical speices. 

 The oxygen vacancy ratio (O V /O L ), defi ned as a ratio of oxygen 
vacancy and lattice oxygen, is introduced in  Table    1  . The chem-
isorbed component is excluded as this is likely infl uenced by 
surroundings such as residual solvent molecules and/or mois-
ture in air. [ 15,16,27 ]  It is estimated that the oxygen vacancy ratio 
for ZnO NPs is 0.782 whereas the value is 0.429 for CPE:ZnO 
hybrid NPs. Note that the difference in the relative percentage of 
oxygen lattice in ZnO NPs between with and without F8imFO 4  
CPE is only 3% (41.0 vs 44.0%). Based on the fact that the 
oxygen lattice is mostly concentrated in the inner crystalline 
core of ZnO NPs and therefore is less affected by the addition 
of F8imFO 4 , the oxygen vacancy is scattered at the outer sur-
face and would have more chance to interact with the oxygen of 
the alkoxy side-chain. [ 15,16 ]  As a result, the addition of F8imFO 4  
seems to help reducing oxygen vacancies in ZnO NPs.  

 Figure  2 d–f shows the Br 3d core level spectra of the CPE 
and CPE(9 wt%):ZnO hybrid NPs. The CPE only fi lm has 
two coupled peaks centered at 67.5 (Br 3d 5/2 ) and 68.3 eV 
(Br 3d 3/2 ), corresponding to non-coordinated bromide state 
(Br free , blue curve) from bromide counter anions of the imi-
dazolium cations. [ 30 ]  There is an evolution of a higher binding 
energy shoulder at 69 eV (green curve) for the CPE:ZnO hybrid 
NP cases. The 69 eV peak can be considered as a lithium–bro-
mine bond character because there might be a trace amount 
of the lithium residues left in the ZnO NP solution from the 
synthesis process. [ 31 ]  However, no lithium signal observed in 
the XPS survey and thus no impurities involved (Figure S3, 
Supporting Information). It is likely to be the case that the 

bromide anions are coordinated to the zinc cations on the 
surface of ZnO NPs. The weaker binding energy (69 eV) 
observed for zinc-bromine bond in our study compared with 
the value reported in the literature (70 eV) on zinc bromide 
(ZnBr 2 ) compounds would be due to a large difference in the 
ionic radius between bromide anion (196 pm) and oxygen 
anion (138 pm). [ 32–34 ]  

 Bromide bonding ratio (Br bond /Br free ) is defi ned as a ratio of 
bromide in coordination with the zinc of ZnO NPs to bromide 
in non-coordinated state (Table  1 ). It is estimated that the bro-
mide bonding ratio is 0.610 for 4.5 wt% CPE added hybrid NPs 
while it is 0.414 for the 9 wt% CPE case. The decrease in the 
ratio for higher CPE concentration in the blend is possibly due 
to an excessive amount of the bromide anions, leaving the non-
coordinated bromide state. 

 Our XPS study suggests that not only the alkoxy side-chain 
but also the bromide counter anion of F8imFO 4  have ability to 
form coordination bonding with the zinc cations on the sur-
face of ZnO NPs and therefore reduce the oxygen vacancies. 
Contact angles of a water drop on the ZnO NP and CPE only 
layers on top of SY-PPV thin fi lm are 56° and 60°, respectively. 
However, contact angles are ranging around 60° for the 
CPE:ZnO hybrid NPs regardless of the CPE concentrations 
(Figure S4, Supporting Information). This provides the idea 
that ZnO NPs are being covered with F8imFO 4  CPE by taking 
account of the chemical interactions examined in the XPS anal-
ysis (Figure  2 g). 

 In order to explore the impact of the CPE:ZnO hybrid NPs 
on device performance of organic electronics, standard PLEDs 
with SY-PPV EML were investigated ( Figure    3  a). Figure  3 b 
shows the current density–voltage–luminance ( J–V–L ) charac-
teristics of SY-PPV PLEDs with CPE:ZnO hybrid NPs as a CIL 
at different CPE concentrations; 4.5, 9, 18 wt%. Devices incopo-
rating ZnO NP and F8imFO 4  CPE layers were also fabricated as 
a reference, respectively.  Table    2   summarizes the device perfor-
mance of these fi ve PLEDs.  

 There is a noticeable change in the current density below 
turn-on voltage which is defi ned as voltage required achieving 
1 cd m −2 . The level of leakage current is the highest for the 
ZnO NP only device and tends to decrease systematically 
with an increasing CPE concentration in the CPE:ZnO hybrid 
NPs. Atomic force microscopy (AFM) topography images of 
ZnO NP only and CPE(9 wt%):ZnO hybrid NP layers on top 
of SY-PPV thin fi lm demonstrate a uniform morphology with 
similar surface roughness values (root mean square of 1.71 and 
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  Table 1.    XPS binding energies of O 1s and Br 3d and their relative percentages.  

 O 1s binding energy [eV] 
(relative percentage [%])

Oxygen 
vacancy ratio

Br 3d binding energy [eV] 
(relative percentage [%])

Bromide 
bonding ratio

 Lattice oxygen 
(O L )

Vacant oxygen 
(O V )

Chemisorbed 
oxygen (O C )

C–O (O alkoxy ) O V /O L Free Br (Br free ) Zn–Br (Br bond ) Br bond /Br free 

      3d 5/2 3d 3/2 3d 5/2 3d 3/2  

ZnO NPs 530.2 (44.0) 531.4 (34.4) 532.3 (21.6) – 0.782 – – – – –

F8imFO 4 – – 532.2 (32.4) 533.1 (67.6) – 67.5 (59.2) 68.3 (40.8) – – 0

CPE(9 wt%):ZnO NPs 530.2 (41.0) 531.4 (17.6) 532.3 (18.4) 533.1 (23.0) 0.429 67.5 (41.8) 68.2 (28.9) 68.8 (17.6) 69.6 (11.7) 0.414

CPE(4.5 wt%):ZnO NPs – – – – – 67.4 (37.2) 68.2 (24.9) 69.0 (22.7) 69.8 (15.2) 0.610
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1.65 nm, respectively) (Figure S5, Supporting Information). This 
suggests that interfacial contact at the CIL/cathode electrode is 
identical and thus has a negligible effect on the leakage current. 
The turn-on voltage turned out to be around 2.4 V for all CPE-
incorporated devices including the CPE only case, while it is 
2.8 V for the ZnO NP only device. Considering the current den-
sity of the ZnO NP only device (0.15 mA cm −2 ) is higher than 
that of the CPE(4.5 wt%):ZnO hybrid NP device (0.11 mA cm −2 ) 
at 2.4 V. Such a high leakage current could be the case where 
the injected electrons are trapped at the oxygen defects of ZnO 
NPs and/or transferring along the lateral direction within ZnO 
NPs. [ 35,36 ]  However, the CPE:ZnO hybrid NP devices show 
higher current density (18.80, 15.29, and 13.59 mA cm −2  for the 
CPE concentrations of 4.5, 9, and 18 wt%, respectively) than the 
ZnO NP only device (12.18 mA cm −2 ) at 5 V. We observed that 
change in the luminance is even more dramatic at the same 
voltage of 5 V; 2202, 1504, and 809 cd m −2  for the CPE concen-
trations of 4.5, 9, and 18 wt%, respectively, and 328 cd m −2  for 
the ZnO NP only. 

 The electron-only devices (EODs) also demonstrate that the 
CPE:ZnO hybrid NPs regardless of the CPE concentration 
show higher current density than the ZnO NP only, implying 
that the addition of small amount of CPE provides better elec-
tron injection capability of ZnO NPs at SY-PPV/Al interface 
(Figure S6, Supporting Information). Kelvin prove microscopy 
(KPM) analysis revealed that the workfunction of ZnO NP layer 
is decreased from 5.09 to 4.90 eV by an addition of 9 wt% of 
F8imFO 4  CPE (Table S1, Supporting Information), indicating 
that the CPE can induce vacuum level shift of ZnO. [ 9,37 ]  There-
fore, the increase in the current density for the CPE:ZnO hybrid 
NP devices compared to the ZnO NP only device is considered 
as a consequence of the reduction of the electron injection bar-
rier at the cathode interface of the PLEDs. This is mainly due 
to interfacial dipolar polarization induced by the oxygen–ZnO 
and bromide–ZnO coordination bonding as proved in XPS 
survey. [ 23,37,38 ]  

 Figure  3 c displays the luminous and power effi ciencies as a 
function of the applied bias of the SY-PPV PLEDs. The highest 
device effi ciency is obtained with the CPE(4.5 wt%):ZnO hybrid 
NPs; 11.7 cd A −1  at 5.2 V and 8.6 lm W −1  at 3.8 V. The device 
effi ciencies decrease as the CPE concentration increases in 
the CPE:ZnO hybrid NPs. The ZnO NP only device shows the 
lowest effi ciencies of 4.8 cd A −1  at 7 V and 2.2 lm W −1  at 6.6 V. 

  Figure    4   shows the transient PL decay curves of SY-PPV thin 
fi lms with different CILs measured using a time-correlated 
single photon counting (TCSPC) technique. The transient PL 
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 Figure 3.    a) Device confi guration of SY PLED and its energy level diagram 
(in the unit of eV). The energy levels of CPE:ZnO hybrid NPs refer to the 
data obtained on UPS analysis in Figure S7 of the Supporting Informa-
tion. b)  J–V–L  characteristics of SY PLEDs with different cathode inter-
facial layers. c) Luminous (cd A −1 ) and power (lm W −1 ) effi ciencies as a 
function of applied voltage of the SY PLEDs.

  Table 2.    The device performance of SY-PPV PLEDs with various cathode interfacial layers.  

Cathode interfacial layer Turn-on voltage 
[V @ 1 cd m −2 ]

Luminous effi ciency Power effi ciency

  [cd A −1  @ bias] [L, cd m −2 ] [lm W −1  @ bias] [L, cd m −2 ]

ZnO NPs 2.8 4.8 @ 7 3,804 2.2 @ 6.6 2533

F8imFO 4 2.4 7.3 @ 5.2 1,044 4.9 @ 4.2 294

CPE(4.5 wt%):ZnO NPs 2.4 11.7 @ 5.2 2,682 8.6 @ 3.8 441

CPE(9 wt%):ZnO NPs 2.4 9.9 @ 5.4 2,294 6.5 @ 4.2 513

CPE(18 wt%):ZnO NPs 2.4 6.0 @ 5.0 809 4.2 @ 3.8 170
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decays were recorded at the maximum PL peak of SY-PPV 
(550 nm) excited by 470 nm in vacuum. The PL decay time 
of SY-PPV with ZnO NP layer is only 0.70 ns, whereas that of 
SY-PPV with the CPE:ZnO hybrid NP layers at difference CPE 
concentrations of 4.5, 9, and 18 wt% are 1.20, 1.00, and 0.99 ns, 
respectively. (Table S2, Supporting Information). Note that 
charge separation and/or energy transfer process at the inter-
face of LEP/ZnO is responsible for the PL quenching due to 
the deep-lying CB and surface defects of ZnO NPs. [ 9,19–22 ]  The 
CPE:ZnO hybrid NP at lower CPE concentration of 2.25 wt% 
showed a rather fast PL decay curve with the PL decay time 
of 0.84 ns (Figure S9, Supporting Information) and the device 
effi ciencies for the corresponding PLED turned out to be only 
9.1 cd A −1  at 6.8 V and 5.2 lm W −1  at 4.4 V (Figure S10, Sup-
porting Information). The PL decay time was signifi cantly 
enhanced, more specifi cally, in the case of CPE(4.5 wt%):ZnO 
hybrid NPs. These results indicate that an optimal amount of 
CPE is necessary for CPE:ZnO hybrid NPs to effectively pas-
sivate ZnO NPs, thereby improving chances of exciton recom-
bination in PLEDs.  

  3.     Conclusion 

 We have prepared CPE-hybridized ZnO NPs by blending alkoxy 
side-chain tethered F8imFO 4  CPE into ZnO NP colloidal solu-
tion. The incorporation of alkoxy side-chains to CPE backbone 
is benefi cial for CPE:ZnO hybrid NP system in that it not 
only enables coordination interactions offering good misci-
bility between the two organic/inorganic heteromaterials but 
also reduces the surface defects of ZnO NPs. The CPE:ZnO 
hybrid NPs are uniformly dispersed in common polar organic 
solvents and readily deposited onto typical organic semicon-
ductor thin fi lms using solution process. Our results success-
fully demonstrate that the CPE:ZnO hybrid NPs can be used 
as an effi cient CIL in yellow-emitting SY PLEDs. We found 
that the device effi ciencies vary with the amount of F8imFO 4  
CPE added in the CPE:ZnO hybrid NPs, which is considered 
mainly due to the alteration in the defect nature of ZnO NPs 

with different level of the coordination interactions. Finally, the 
PLED with CPE:ZnO hybrid NPs at the optimum CPE concen-
tration of 4.5wt% (11.7 cd A −1  at 5.2 V and 8.6 lm W −1  at 3.8 V) 
outperforms the devices with ZnO NPs only (4.8 cd A −1  at 7 V 
and 2.2 lm W −1  at 6.6 V) or CPE only (7.3 cd A −1  at 5.2 V and 
4.9 lm W −1  at 4.2 V). Our results highlight the fact that a spe-
cifi c amount of CPE is required for CPE:ZnO hybrid NPs in 
order to effectively passivate ZnO NPs and offer better electron 
injection for high performance organic electronics. The detailed 
study of the electronic structure of the CPE:ZnO hybrid NPs is 
in progress to aid the understanding of the device properties 
investigated here.  

  4.     Experimental Section 
  Material Characterizations : TEM images were recorded with a JEOL 

JEM 3010 at 300 kV. DLS was used on a Malvern Instruments ZEN 3600 
Nano-ZS. XPS spectra were achieved using a Sigma Probe (Thermo VG 
Scientifi c) with a monochromatic X-ray source of Al Kα 1486 eV at a base 
pressure of 1 × 10 −10  Torr. The XPS spectra were calibrated by carbon–
carbon bond as an internal standard of 284.8 eV and deconvoluted by 
Gaussian–Lorentzian fi tting via Advantage software. AFM topographic 
images were recorded on a XE-70, Park Systems. TCSPC technique 
was conducted on a FL920, Edinburgh Instruments at a base pressure 
of 1 × 10 −4  Torr.  

  PLED Device Fabrication and Characterizations : ITO-patterned glass 
substrates were sonicated in three different solvents (methanol, 
acetone, and isopropyl alcohol) for 30 min and dried in oven at 120 °C 
for 30 min, followed by oxygen plasma treatment. A 30 nm thick poly
(ehtylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Clevios 
P VP AI4083) layer was spin-coated and then annealed at 150 °C for 
30 min. A 80 nm thick SY-PPV (Merck, PDY 132) emissive layer was 
spin-coated from 6 mg mL −1  of toluene solution. Subsequently, CILs 
were spin-coated using either ZnO NP, F8imFO 4  CPE or CPE:ZnO 
hybrid NP solutions in 2-methoxyethanol to obtain 10 nm thick fi lm 
on top of the SY-PPV layer. All spin-coating and thermal annealing 
processes were performed in a nitrogen-fi lled glovebox. Finally, 120 nm 
of Al cathode layer was deposited via thermal evaporation method at 
a base pressure of 1 × 10 −7  Torr to complete the device fabrication. 
The  J – V – L  and effi ciencies of PLED devices were measured on a 
Keithley 2635A source meter unit integrated with a Minolta CS2000 
spectrophotometer.  
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 Figure 4.    Transient PL decay curves of SY-PPV thin fi lms (≈10 nm) con-
tacted with different cathode interfacial layers.
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