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a  b  s  t  r  a  c  t

Polymer  light  emitting  diodes  (PLEDs)  based  on  the  blend  of  90%  poly(9,9-dioctylfluorene)  (F8)  and
10%  Super  Yellow  (SY)  were  used  as the  emissive  layer  and it exhibited  high  luminous  efficiency  up
to  ∼27  cd  A−1.  Hole-trapping  nature  native  to the  proposed  blend  system  and  efficient  electron  injection
via  Al/Ca/Cs2CO3 cathode  was used  against  the  conventional  ITO/PEDOT:PSS  anode  which  provided  a
eywords:
olyfluorenes
oly(para-phenylenevinylenes)
ight emitting diodes

well-balanced  charge  transport  across  the  emissive  layer.  Thereby,  the  scheme  maximizes  the  radiative
recombination  of these  excitons  within  the  bulk and  away  from  the  cathode.  Consequently,  non-radiative
quenching  effects  at the cathode  surface  were  avoided  which  resulted  in  ultrahigh  efficiency  of  such
devices.
nterfacial engineering
athode modification

. Introduction

There has been considerable interest in interfacial engineering
f polymer light emitting diodes (PLEDs) in order to achieve per-
ect charge balance within the emissive layer and maximize the
ight output [1–3]. For this, different avenues have been explored
ncluding tuning the charge injection by introducing a hole trans-
ort layer at the anode surface [4,5], and use of an electron injection

nterlayer between the emissive layer and the cathode [6,7]. Emis-
ive layers have also been tailored: this include using blends of
olymers as emissive layer which offers the potential of energy
ransfer between the blended polymers and results in enhanced
ight output [8,9]. Multilayer light emitting diodes have also been
ealized [10,11]. Structural modifications in PLEDs have also been
roposed to enhance the efficiency [12]. There are encouraging suc-
ess stories for these methods and further research is being carried
ut not only to improve the performance of these devices, but also

o meet the stringent requirements of specialized applications [13].

In the field of polymer light emitting devices, there has always
een a quest to realize a system that combines all basic physical

∗ Corresponding author at: COMSATS Institute Information Technology, Shehzad
own, Park Road, Islamabad 44000, Pakistan.

E-mail address: muhammad umair@comsats.edu.pk (M.U. Hassan).
1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.apmt.2015.08.005
352-9407/© 2015 Elsevier Ltd. All rights reserved.
© 2015  Elsevier  Ltd. All  rights  reserved.

properties needed for high performance devices – efficient charge
injection, their balanced transport within the emissive layer,
high radiative recombination rate and excellent light outcoupling
[3,7,12]. Many times, a trade-off is noticed between electrical and
optical properties. The value for maximum possible current density
is generally considered to be around 10 A cm−2 under DC operation
[14]. However, PLEDs with ultrahigh efficiency show a much lower
current density [15,16], and vice versa [17]. Optimization of the
transport properties via tuning the electron and hole injections
gives a maximum current density of ∼2 A cm−2 in F8 based PLEDs,
but luminous efficiency of this system is low [17]. Oyamada et al.
achieved high current densities in organic light emitting diodes by
using Cs-doped phenyldipyrenylphosphine oxide layer as electron
injection layer, but the device had an external quantum efficiency
of <1% [18]. Kabara et al. used thick devices and enhance the lumi-
nance efficiency of the PLEDs, but with low current density [16].
This has been explained as an effect of shifting of the emission zone
away from the cathode that minimizes its non-radiative quenching
and results in enhanced luminous efficiency. Whereas, the trans-
port properties are worsened because of the large thickness of the
emissive layer – thick devices are more prone to resistive heating.
Ohmic contacts have also been exploited in order to enhance the

current injection as well as the efficiency of these devices [19,20].

Here, we describe PLEDs which offer ultrahigh luminous effi-
ciency, low operating voltage and reasonably large current density.
We used two  strategies in order to achieve these goals. Firstly,

dx.doi.org/10.1016/j.apmt.2015.08.005
http://www.sciencedirect.com/science/journal/00000000
www.elsevier.com/locate/apmt
mailto:muhammad_umair@comsats.edu.pk
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ig. 1. (a) Schematic diagram of F81−xSYx (x = 0, 0.1 and 1) based PLED pixels. (b)
ifferent layers in PLEDs. CCO interlayer is used in order to enhance the charge

njection in the blend emissive layer. (c) Chemical structure of F8 and SY molecules.

 new polymer–polymer blend system F81−xSYx (x signifies the
eight ratio) obtained by mixing poly(9,9-dioctylfluorene) (F8)

nd a poly (para-phenylenevinylene) (PPV) copolymer, Super Yel-
ow (SY) was used as emissive layer (only x = 0.1 will be discussed
n this work: this particular ratio (9:1) was selected because of its
est performance (∼21 cd A−1) in conventional PLEDs structure, i.e.
ithout CCO interlayer. Systematic evolution of the device perfor-
ance with increasing weight concentration using conventional

tructure is the subject of a separate report). Although, these two
olymers have already been studied extensively [21–24], here we
se their blend as an emissive layer in PLEDs. Mixing them allows
s to manipulate the hole-mobility by exploiting the difference
resent between their respective molecular orbital levels. We
lso considered the strong overlap between the emission spectra
f F8 and absorption spectra of SY – the key parameter for an
fficient Förster Resonance energy transfer (FRET) mechanism [25].
econdly, we modified the conventional Ca/Al cathode scheme
y introducing a thin Cs2CO3 (CCO) interlayer between F81−xSYx

missive layer and this cathode. Electron injection function and
-type doping effect of this interlayer is well-known [17,26–28].
e also investigated the role of CCO interlayer in our devices. Our

cheme offered a good charge balance and resulted in ultrahigh
fficiency of F80.9SY0.1 based PLEDs. Note that there are also
ther materials such as caesium fluoride, lithium fluoride (LiF)
nd calcium (2) acetylacetonate which could be used as efficient
lectron injection layers [7,29,30]. It will be interesting to see their
ehaviour with the proposed blend system.

In this work, we used three types of emissive layers, pure
8, F80.9:SY0.1 (9:1 being the weight ratio) and pure SY, and two
ifferent cathode assemblies, Ca/Al and CCO/Ca/Al (see schematics

n Fig. 1). A comparative studywas made, where the effects of
a/Al and CCO/Ca/Al cathode materials on luminous efficiency
f different emissive layers were investigated – F80.9SY0.1 based
LEDs will be the main focus. The 9:1 composition is selected after
he studying the systematic evolution of the luminous efficiency,

nd noticing that this composition shows the best results. It also
xhibits efficient Förster resonance energy transfer (however,
hese are the subjects of a separate report). F80.9SY01 based PLEDs
xhibit luminous efficiency � of ∼20 cd A−1 with Ca/Al cathode,
ials Today 1 (2015) 45–51

which is already considerably larger than the pure SY devices,
� ≈ 12.5 cd A−1. Considerable improvement was made via inter-
facial engineering and introducing a CCO interlayer between the
emissive layer and the cathode. CCO lowered the electron injection
barrier and significantly enhanced the performance of as-made
PLEDs – thereby, luminous efficiency of ∼27 cd A−1 was achieved
in F80.9SY0.1 based devices.

2. Results and discussion

2.1. Current–voltage–luminance properties polymer blend light
emitting diodes

Fig. 2a shows J–V characteristics of pure F8, F80.9SY0.1 and
pure SY based PLEDs with Ca/Al and CCO/Ca/Al cathodes. It was
observed that the CCO interlayer produced pronounced effects
on all kinds of devices. For F8 PLED, this interlayer reduced the
turn-on voltage (Von) from ∼3.1 to ∼2.8 V, and slightly increased
the current density from ∼1.1 × 102 to 2.8 × 102 mA  cm−2 (at
5 V). Von (∼2.9 V) for F80.9SY0.1 almost remained unchanged for
both cathode schemes. However, after turn-on, current density
ramps up more rapidly in CCO incorporated PLED and reach
its maximum, ∼1.5 × 103 mA cm−2 (at 9.5 V), and reaches only
∼3.2 × 102 mA cm−2 (at 9.5 V) in PLED without the interlayer. SY
gave a different picture: CCO interlayer did not change the turn-
on voltage (∼1.9 V with both cathode schemes), however, current
density was  reduced by one order of magnitude, from ∼1.5 × 103 to
2.5 × 102 mA cm−2 (at 9.5 V). The turn-on voltage for light output
(VL-on) shows a decrease when interlayer is used in F8 and F80.9SY0.1
based PLEDs, from ∼3.6 to 3.1 V and from ∼3.4 to 3 V, respectively,
see L–V characteristics in Fig. 2b. CCO also resulted in consider-
ably increased luminance across the whole voltage sweep for these
devices: the value increased from ∼1.1 × 102 to 3.2 × 103 cd m−2 (at
5 V) for pure F8, and from ∼2.5 × 104 to 2.4 × 105 cd m−2 (at 9.3 V)
for F80.9SY0.1 based PLEDs. Pure SY shows a contrasting picture
again: VL-on increased from ∼2.4 to 2.9 V with introduction of CCO
interlayer, while luminance reduced to ∼14 times smaller value
compared to the devices without this interlayer – there was a drop
from ∼1.3 × 105 to 9.4 × 103 cd m−2 (at 9.5 V). It was  also noticed
that, the luminous efficiency � for pure F8 and F80.9SY0.1 PLEDs
with CCO interlayer superseded the values without it, whereas,
the trend was reversed in the case of pure SY PLEDs, see �–V in
Fig. 2c. Using CCO interlayer increased the luminous efficiency for
pure F8 device from ∼1.7 (at 3.8 V) to 2.6 cd A−1 (at 3.2 V). The
most efficient PLEDs were obtained when F80.9SY0.1 blend was
used as emissive layer and CCO interlayer was used at cathode
side - we achieved highly efficient PLEDS, � ≈ 27 cd A−1 (at 4 V),
∼1.4 times larger than that obtained in blend PLED using Ca/Al
cathodes scheme, �max ≈ 20 cd A−1 (at 5 V). It was also observed
that the later value was the second highest value, ∼1.6 times larger
than pure SY PLEDs. Luminous efficiency of pure SY PLED with inter-
layer could only reach up to ∼8.1 cd A−1 (at 4.1 V), which showed a
poorer performance than that without CCO interlayer, ∼12.5 cd A−1

(at 4.7 V).

2.2. Possible mechanism for high efficiency

We  believe that it is the enhanced charge balance that enhanced
the efficiency of F80.9SY0.1 based PLEDs. There were two major
avenues by which this has been possible. Firstly, i the intrinsic hole
trapping nature of the blend slows down the hole transport, and

improves the balance between electron and hole transport. Sec-
ondly, CCO interlayer increased the electron injection from the
cathode side – thereby serving the same purpose. Energy band dia-
gram helps us understand the possible mechanism of enhanced
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Fig. 2. Optoelectronic properties of pure F8, F80.9SY0.1 and pure SY based PLEDs with (solid symbols) and without (open symbols) CCO interlayer: (a and b) Current density
(/luminance) for F8 and F80.9SY0.1 devices show increase with interlayer, but an opposite trend for SY devices across the whole voltage sweep, and (c) luminous efficiency
shows  the highest value, ∼27cd A−1 for F80.9SY0.1 PLED with CCO-interlayer and second highest for Ca/Al cathode. (d) Band diagrams for all kind of devices: blending F8 and
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Y  results in the increased performance because of hole traps offered by SY molec
nterlayer enhances the electron injection and consequently raises the efficiency. W
hows a smooth surface without any noticeable phase separation/preferred structu

fficiency, Fig. 2d: blue emitting F8 has a wider bandgap (∼3.2 eV),
s compared to SY (∼2.5 eV) which gives off yellowish green emis-
ion [31,32]. Both polymers have their respective lowest occupied
olecular orbital (LUMO) levels at ∼2.7 eV. Therefore, we spec-

lated that electron transport was negligibly hindered by the
nclusion of small amount (10%) of SY in F8 (90%). However, the
ifference between HOMO levels of F8 (∼5.8 eV) and SY (∼5.2 eV)

s considerably large (∼0.6 eV). Due to this difference, mixing of
Y molecules in F8 matrix results in the formation of strong hole
rapping sites that severely hamper the hole current. Given that
8 and SY are both hole dominant polymers, i.e. hole mobility is
arger than electron mobility in both pure systems [33–35]. How-
ver, hampered movement of holes in the blend offers a balance
etween electron and hole transport. Such balance, gives rise to
he excitonic recombination within the bulk of the film, away
rom the cathode surface, suppressing the quenching of the radia-
ive recombination at the cathode surface [36]. Subsequently, a
olumbic attraction between the opposite charge carriers improves
he chances of radiative recombination of these excitons, result-
ng in enhanced efficiency for these PLEDs. The morphological
etails are also important and could contribute towards the device
erformance. However, we observed a smooth surface and no

dentifiable phase separation/preferred architectures in F80.1SY0.9

lms, see atomic force microscopic (AFM) image in Fig. 2e. Because
f the enhanced electron injection from CCO/Ca/Al cathode, its
ncorporation into as-made PLEDs pushes the location of radiative
ecombination even further into the bulk of emissive layer, away
 the blend which introduces a balance between electron and hole transport. CCO
ash line in F8 depicts the � phase LUMO level ∼2.7 eV. (e) AFM image of F80.9SY0.1

from the cathode surface, and eventually augments the enhanced
efficiency. It is important to note that FRET mechanism in blend
LEDs has been extensively investigated and is considered a key
parameter for enhanced efficiency [37]. However, this work shows
that by modifying the transport via interfacial engineering at the
electrode surfaces combined with clever tailoring of the active film
can lead to significantly improved device performance. Here, effi-
cient electron injection from cathode side and weakening of the
hole dominant nature of the polymers were exploited successfully
to achieve the desired results.

The luminous efficiency of the F8 PLED was improved because
of increasing electron flux and hole blocking effect caused by the
CCO interlayer, as confirmed by our single charge carrier devices
(discussed later), consistent with Huang et al. [38]. However, the
poor performance of SY based PLEDs could be because of the thick-
ness of CCO interlayer (∼2 nm), and this could be attributed to the
narrowing of the emissive layer due to diffusion of CCO in pure
SY. Although this interlayer enhances the electron injection, its n-
type doping effect potentially quenches the excitonic emission via
exciton–dopant and exciton–polaron quenching mechanism [39].
Suhonen et al. optimized the CCO thickness to 0.15 nm for the max-
imum efficiency [40]. Nonetheless, this does not imply that 0.15 nm
thickness of interlayer should also be a preferable thickness for

F8 and F80.9SY0.1 devices (and this optimization needs a separate
investigation). We maintained the thickness of CCO interlayer at
2 nm across all kinds of devices in order to maintain the consistency.
Its role is investigated with help of single charge carrier devices,
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Fig. 3. Normalized EL spectra for F8, SY and F80.9SY0.1 blend PLEDs with CCO inter-
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l)
ayer (solid lines) compared with the devices that only have Ca/Al cathode (dashed
ines) without interlayer. These EL spectra are shown for devices driven at 4 V.

hich provides vital information about the interface behaviour of
his interlayer.

.3. Electroluminescent spectra

The EL spectra for F8, F80.9SY0.1 and SY PLEDs with and with-
ut CCO showed interesting features, Fig. 3. In both cases, F8 PLEDs
howed a peak at ∼441 nm beside its main peak, which indicated a
-phase embedded in F8 amorphous phase matrix [41]. In addition,
oth F8 EL spectra (with and without CCO) have broad, feature-

ess green emission located around 530 nm.  This additional green
mission is associated with on-chain defects incorporated dur-
ng the synthesis [42,43]. Their oxidation leads to the presence
f ketone defects and causes a trap behaviour for hole and elec-
ron transport [44]. In addition, this green emission may  also be
aused by interchain interaction [45]. The reason for the increas-
ng long wavelength emission from CCO incorporated devices may
ome from the increasing amount of electrons being trapped in the
8 emitting layer before recombination. As more electrons trans-
ort in the lowest unoccupied molecular orbital (LUMO) level, there

s an increased possibility of charges trapped at the lower energy
ites. For F80.9SY0.1 PLEDs, the EL spectra have slightly different
hapes in both cases: devices without (with) CCO interlayer showed
road electronic 0–0 peak at 536 nm (530 nm)  and first vibronic
–1 peaks at 562 nm (562 nm), respectively. A slight narrowing of
9 nm in full width half maximum was observed with the inter-

ayer. It was also noticed that there was almost no signature from
8 (90%) with merely a small mixture of SY (10%) in the EL spec-
ra for F80.9SY0.1 based devices. However, peaks were strongly blue
hifted compared with EL of pure SY PLED: the EL spectra for pure
Y PLED without (with) CCO interlayer showed the electronic 0–0
eak at 561 nm (570 nm)  and first vibronic peak 0–1 peak at 601 nm
606 nm), respectively, consistent with [46]. Emissions at longer
avelength in pure SY devices were attributed to the aggregate

ormation which resulted in interchange interactions at lower ener-
ies [47,48]. Whereas, this situation was diluted in farther spread
Y molecules present in F8 host, resulting the emission to shift at
igher energies.

The CIE (Commission Internationale de l’Eclairage) colour coor-
inates relative to the EL spectra shows clear colour change for (a)

ncorporation of CCO interlayer, and (b) incorporation of SY in F8:
or pure F8 device the colour is deep blue which somewhat moves
owards green and red sides with incorporation of CCO. There is

lmost no difference between the colours of F80.9SY0.1 devices
ith both cathode configurations. However, for pure SY devices,

ncorporation of CCO considerably moves the colour towards red
 resulting in orange colour. The snapshots have also been taken
ials Today 1 (2015) 45–51

during operation of these PLEDs, see CIE colour coordinates and
snapshots in Fig. 4.

2.4. Single charge carrier devices

Enhanced Electron Only Devices: In order to explain the role of
CCO interlayer and charge transport mechanism, we  fabricated
enhanced electron only (EEODs) and hole blocking devices (HBDs)
using pure and blended polymer (F81−xSYx, where x is 0 or 1 for
pure and 0.1 for the blend for convenience).

The schematics of EEODs (glass/ITO/ZnO/CCO/F81−xSYx/CCO/Ca/A
and its relative band diagram are shown in Fig. 5a. Reference
devices (glass/ITO/ZnO/CCO/F81−xSYx/Ca/Al) with no CCO inter-
layer were also made, and can be conceived by removing the
interlayer in above figure. ZnO is commonly used as electron injec-
tion layer such as in inverted PLEDs, energy levels are according to
Lee et al. [49]. Since CCO also works as electron injection layer, we
use it on both sides of the polymer layer in EEODs [27].

From the J–V curves of both kinds of devices we can immediately
appreciate that CCO interlayer caused dramatic effects on electron
injection, Fig. 5b. Its incorporation increased the electronic cur-
rent density Je of F8 based EEOD by an order of magnitude, from
∼87 to 7.9 × 102 mA  cm−2 (at 5 V), consistent with Lu et al. [19]. By
the same token, the effect was even more prominent for F80.9SY0.1
based EEOD – Je (∼1.2 × 102 mA cm−2 at 3.9 V) and it exhibited
2 orders of magnitude larger than the device with Ca/Al cathode
scheme. Je (∼38 mA  cm−2 at 3.9 V) was  also observed to be larger in
SY based electron only devices with CCO, compared to 0.4 mA  cm−2

without this interlayer. These experimental findings suggest that
CCO interlayer increases the electronic flux within the emissive
layer – it is one of the reasons which dictate higher efficiency of
PLEDs having this interlayer. This large increase in electron current
density in devices with SY content using CCO interlayer at cathode
interface is a known feature of PFOs and PPV derivatives [49].

Hole Blocking Devices: After the confirmation of Je enhance-
ment behaviour of CCO, we investigated if the interlayer can also
perform a hole blocking function. In order to probe this, HBDs
(Glass/ITO/PEDOT:PSS/F81−xSY/CCO/MoO3/Au) and reference hole
only devices (HODs) (Glass/ITO/PEDOT:PSS/F81−xSY/MoO3/Au)
were fabricated. The schematics of these devices and their rel-
ative energy band diagram can be conceived from Fig. 6a and
b. MoO3 has a deep work function (6.7 eV), and provides ohmic
contact with polymers having deep HOMO levels such as F8 and
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) [49,50] – its
holes injection properties are well-established. Au layer on top of
MoO3 serves as electrical connection as well as protective cap-
ping layer. The work function of Au is taken from Lee et al. [49].
In HBDs, the behaviour of CCO interlayer was  observed to be differ-
ent for each emissive layers. A comparison of J–V characteristics of
F8, F80.9SY0.1 and SY based HBDs with and without CCO interlayer
with positive biasing from the MoO3 side is given in Fig. 6c. The hole
blocking effect is clearly observed in the F8 (SY) devices devices –
Jh is suppressed by 7 (2) orders of magnitude with the introduc-
tion of CCO interlayer. The value dropped from ∼5 × 103 (∼15) to
5.6 × 10−4 mA cm−2 (0.2 mA cm−2) at 6 V. In contrast, hole blocking
function of CCO interlayer for F80.9SY0.1 based devices could not be
established – J–V curves almost retrace each other in both cases.

In order to double-check the hole blocking properties, these
devices were also positively biased from the PEDOT:PSS side,
Fig. 6d. In comparison with reference HBDs, CCO reduced the
Jh from ∼9 (∼9.8 × 102) mA  cm−2 to 5 (2) mA  cm−2 at 6 V, in pure

F8 (SY) HBDs. Interestingly, F80.9SY0.1 devices with CCO showed
an increase in hole current density: Jh increased from ∼2.5 to
∼1.3 × 103 mA cm−2 (at 6 V), compared to the devices without the
CCO interlayer.
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ig. 4. The CIE colour coordinates relative to the EL spectra (left) and photograph o
CO  and interlayer (right). F8 devices emit in deep blue region which changes to y
etween green and red, giving off an orange effect.
Efficient Electron injection and hole blocking of Cs2CO3 are
ell established [51]. For pure devices, our results were consis-

ent with the literature. However, behaviour of single charge carrier
evices suggest that CCO interlayer enhances the electron injection

ig. 5. (a) Energy band diagram (levels given in eV) of each layer in the enhanced
lectron only devices (glass/ITO/ZnO/CCO/F81−xSYx/CCO/Ca/Al) and their operation
ode. In the reference devices (glass/ITO/ZnO/CCO/F81−xSYx/CCO/Ca/Al), CCO is not

sed between the polymer blend and Ca/Al cathode. (b) J–V curves of electron only
evices with and without CCO interlayer at cathode, shown by solid and open sym-
ols, respectively. All three kinds of devices exhibit increase in the current density
s a result of enhanced electron injection from CCO/Ca/Al side.
e corresponding devices with pure F8, F80.95SY0.05 and pure SY emissive layers and
ish green upon mixing of 10% of SY in F8. Pure SY device with CCO interlayer lies

in F80.9SY0.1 based devices, but does not perform the hole blocking
function. This behaviour was  consistent in repeated experiments.
We  emphasize that understanding the exact nature of the inter-
face between CCO and polymer is important in order to make a
clear note on the observed behaviour of charge transport across
F80.9SY0.1/CCO interface.

We suggest that considerable improvement in efficiency can be
made by optimizing the thickness of the F80.9SY0.1 emissive layer
and CCO interlayer. This has been proven very useful in other poly-
mer  systems [20,32].

3. Summary

In summary we have presented F80.9SY0.1 based PLEDs, which
showed ultrahigh efficiency up to ∼27 cd A−1. This excellent per-
formance was  because of intrinsic hole trapping nature of the
blend system, which was further enhanced by accomplishing a
perfect charge balance via efficient electron injection. The differ-
ence (∼0.6 eV) between the HOMO levels of F8 (∼5.8 eV) and SY
(∼5.2 eV) facilitated the formation of hole traps within the blend,
resulting in significant reduction of hole transport. Because SY is
present only in a small amount (10%) F8 matrix, and LUMOs of both
polymers are almost at the same level (∼2.7 eV), the electron trans-
port is dominated by F8 molecules – therefore, remains unchanged.
Thus, a balance between the charges was  created, which dictated
most of the exciton formation and recombination within the bulk of
the film (away from the cathode surface). This charge balance was
further enhanced by increasing the electron injection via Cs2CO3
interlayer between Ca/Al cathode and the emissive layer. Conse-
quently, combined effect of the hole traps offered by SY molecules
and enhancement of electron injection by interface engineering
resulted into ultrahigh performance of F80.9SY0.1 based PLEDs.
4. Experimental

Fabrication: (Note: each layer was  synthesized under thesame
condition for uniformity in all fabricated devices.) Indium-tin-oxide
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Fig. 6. (a and b) Energy band diagram of each layer in the hole only devices (glass/ITO/PEDOT:PSS/F81−xSYx/CCO/MoO3/Au) and their two  operation modes (positively and
negatively biased from MoO3/Au side, respectively). In the reference device (glass/ITO/PEDOT:PSS/F81−xSYx/MoO3/Au), CCO layer is not used between the polymer blend and
M  MoO
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oO3/Au electrode. (c and d) J–V curves for hole only devices, positively biased from
nd  SY devices when CCO interlayer is used – current density is lesser as compared 

or  F80.9SY0.1 based devices when positively bias from MoO3, and there is increase f

ITO) substrates were cleaned in an ultrasonic bath using acetone
nd isopropanol (10 min  each). After cleaning, these substrates
ere treated with oxygen plasma. This was followed by spin-

oating of PEDOT:PSS (50 nm)  and then annealing under nitrogen
nvironment at 230 ◦C for 30 min. Blend of F8 (294 kg mol−1,
ambridge Display Technology,) and SY (Merk, 616 kg mol−1) in
hlorobenzene was prepared and spin-coated to obtain F81−xSYx

lms. The thickness of these films was optimized to around
00 ± 10 nm,  confirmed by Dektak profilometer (similar films were
lso coated on quartz substrates for optical measurements). After
he deposition of active layer, the devices were annealed at 70 ◦C
or 30 min  in nitrogen. Electron injection layer comprised of Ca/Al
3 nm/300 nm)  was thermally deposited in a vacuum chamber
ncorporated inside a nitrogen glovebox. Cs2CO3 (Sigma Alrich) was
issolved in 2-methoxyethanol (5 g L−1, Fluka) and spin-coated on
nO layer. We  obtained 2 nm thick Cs2CO3 layer by keeping spin-
peed at 6000 rpm. After completing the fabrication of active part,
lectrical contacts were made using push-fit leadframes. Finally,
he devices were encapsulated for stable air operation. For hole
njection layer in hole only devices, MoO3/Au (10 nm/70 nm)  elec-
rodes were made using thermal evaporation in the same chamber
s described above for electron injection layer. For electron only
evices, ZnO (50 nm)  layer was deposited by spray pyrolysis on
eated ITO substrates kept at 370 ◦C. Organic precursor zinc acetate
ihydrate (Fluka) dissolved in anhydrous methanol (80 g L−1) was
sed for this deposition.

Characterization: Current density–voltage–luminance (J–V–L)

easurements of PLEDs were performed in ambient tempera-

ure using computer controlled sourcemeter (Keithley 2400) and
hromameter (Minolta CS-200). Electroluminescence (EL) spec-
ra were taken using Ocean Optics spectrometer (USB2000). For
3 and PEDOT:PSS side, respectively: Both polarities show hole blocking effect for F8
he devices without this interlayer. There is almost no change in the current density

 opposite polarity – CCO does not act as a hole blocking layer for as-made devices.

photoluminescence experiments, the polymer films were excited
with 3–5 ns (10 Hz) laser pulses obtained from a compact hous-
ing of the nanosecond optical parametric oscillator (OPO) system
and Nd:YAG Q-switched laser (NT342B, EDSPLA). The spectra were
taken using 500 mm spectrograph, (SpectraPro2500i, Princeton
Instruments) with incorporated CCD camera (Pix 100-F, Princeton
Instruments).
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