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a  b  s  t  r  a  c  t

We  fabricate  by  solution  processed  methods  organic  light  emitting  diodes  with  single-layer  structure
(ITO/(PEDOT:PSS)/co-polymer/Ba/Al)  and  study  the  transport  properties  of  the  final  devices.  The co-
polymer  is  novel  poly(fluorene-alt-phenylene)  (PFP)  derivatives  containing  co-monomers,  involving
red-emitting  1,8-naphthalimide  units  as  pendant  groups  (0.0005,  0.005,  0.02  and  0.08  wt%)  covalently
attached.  All  the  devices  exhibited  emission  at very  low  driving  currents  in  the �A range  (47–73  �A).
White  emission  with  luminous  efficiency  of  9.42  Cd/A  at 50 �A  is  obtained  for the co-polymer  with  the
smallest  amount  of  chromophore.  Commission  Internationale  de  L’Eclairage  (CIE)  coordinates  evolve
OLEDs
olution  processed
harge  transport

from  almost  pure  white  color  (0.26,  0.30)  for  low  currents  to  stable  cool  white  (0.21,  0.23).  Increasing
naphthalimide  contents  leads  to stable  green  and  orange  emission  with  3.07,  19.5  and  6.7  Cd/A  efficien-
cies.  The  current–voltage  response  of  the  devices  is  analyzed  by  means  of  a numerical  model  that  includes
an  injection  mechanism  based  in  the  microscopic  hopping  theory  and  a  field-dependent  carrier  mobility
for  the  bulk  transport  regime.  The  fitting  results  allow  to  estimate  the  dependence  of  carrier  mobility  on
polymer  composition  in  the  diodes.
. Introduction

White organic light emitting diodes (WOLEDs) have been
ecently considered one of the top 10 technologies of the decade [1]
ue to their potential ability for energy saving, and the key proper-
ies of lightness, optimum heat dissipation and flexibility, seeking
o replace conventional white light sources by means of large area
anels. Since 2008, WOLED designed lamps are already available
2] and, in the near future, organic solid-state lighting is expected
o move from decorative applications to technical lighting and gen-
ral illumination. This will however require higher efficiency, color
urity and lifetime, as well as improvements of processed materials
nd architectures to reduce production costs.

Since white light emitting polymers are solution-processed,
hey have become a strategic issue within the solid-state light-
ng (SSL) context [3]. Currently, white polymer light emitting diode
WPLED) technology is mainly focused in reducing manufacturing

osts as well as to improve procedures for mass-production lines.
n this context, solution-processed methods are receiving much
ttention due to their compatibility with profitable manufactur-
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ing techniques for large area production, such as roll-to-roll (R2R).
In fact, the old dichotomy between molecules and polymers has
been replaced by evaporated or solution processed capability of
the materials. WPLED efficiency is still a major concern, achieving
so far lower scores than those obtained by phosphorescent mate-
rials [4], or molecule-based active layers deposited by evaporation
[2]. Currently high efficiency values in WPLEDs are considered to be
around a few Cd/A [5]. Consequently there is currently a significant
need for new organic semiconducting materials that combine the
ability to perform good processability and stability with efficient
charge transport and light emission.

Recently, we have demonstrated tunable fluorescence emission
from novel poly(fluorene-alt-phenylene) (PFP) derivatives con-
taining co-monomers, involving red-emitting 1,8-naphthalimide
units as pendant groups (0.0005, 0.005, 0.02 and 0.08 wt%) [6]
covalently attached. The integration of chromophore within the
polymer structure avoids phase separation and formation of aggre-
gates. In spite of the naphthalimide content all polymers showed
similar electrochemical properties, with HOMO–LUMO levels of
−4.93 and −2.1 eV respectively. However, variation of naph-
thalimide chromophore concentration in the polymers induces

significant changes in the current–voltage (I–V) response of the
devices based on these materials. In this work, we have fab-
ricated solution processed WPLEDs with single-layer structure
(ITO/(PEDOT:PSS)/co-polymer/Ba/Al) to study the effect of the

dx.doi.org/10.1016/j.synthmet.2011.08.010
http://www.sciencedirect.com/science/journal/03796779
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Fig. 1. Chemical structure of co-polymers P1–P4.

aphthalimide amount on the device properties, that is, the elec-
roluminescence emission (EL) and transport properties. For this
urpose, we use a numerical model that includes field-dependent
arrier mobility to analyze the devices I–V responses, which allows
s to estimate the carrier mobility of the novel copolymers.

.  Material and experimental

We  use a blue-emitting poly(fluorine-alt-phenylene) (PFP) con-
aining co-monomers bearing red-emitting 1,8-naphtalimide units
s pendant groups. The synthetic route is reported elsewhere [4].
he naphtalimide dopant has been covalently attached to the pen-
ant chain of the host with an alkyl spacer. See structure of the
aterial in Fig. 1.

.1.  Devices fabrication

Pre-patterned ITO glass plates were extensively cleaned, using
hemical and UV-Ozone methods, just before the deposition of the
rganic layers. A hole transport layer, PEDOT:PSS (from Baytron), is
pin-cast at 6000 rpm an dried at 110 ◦C for 30 min. The measured
hickness of this layer was 75 nm.  The thicknesses were mea-
ured using an Alpha-step IQ profilometer (Tenkor Instruments).
he active layer was then deposited using chloroform (CHCl3) as

 solvent in the precursor solution. Precursor solutions (10 mg/ml)
ere kept in an ultrasonic bath for 10 min  and filtered through

 0.2 �m polytetrafluoroethylene (PTFE) syringe filter, prior to be
pin coated at 6000 rpm for 45 s, and then cured for 30 min  at 50 ◦C
n a hot plate to ensure solvent evaporation. The resulting layers
hicknesses were: 78 nm,  163 nm,  99 nm and 121 nm for P1, P2, P3
nd P4 respectively (Fig. 1). We  have found that heating the sam-
le just below the solvent boiling point reduces aggregation and
esults in an improved film uniformity (highly reflecting surfaces)
7]. The Al cathode was thermally evaporated in an atmosphere of

 × 10−5 mbar, after a thin layer of Ba (few nm), on top of the organic
ayer surface and the structure is encapsulated using a glass cover
ttached by a bead of epoxy adhesive [EPO-TEK(302-3M)]. All the
rocess is carried out in an inert atmosphere glovebox (<0.1 ppm
2 and H2O).

.2.  Optical measurements

Raman  measurements at room temperature were obtained col-
ecting the light through an Olympus microscope (objectives ×20

nd ×100) and a Jobin-Yvon HR 460 monochromator coupled to

 N2 cooled CCD. The 647 nm line of an Ar–Kr laser was used in
aman measurements with a Kaiser Super-Notch-Plus filter to sup-
ress the elastic scattered light. The incident power was reduced
to  few mW in order to avoid local heating of the samples. The elec-
troluminescence (EL) spectra, luminance, spectral radiance and the
Commission Internationale de L’Eclairage coordinates (CIE coordi-
nates) from diodes were recorded with a Konica-Minolta CS-2000
spectroradiometer in the same excitation conditions as those used
to measure the I–V characteristics.

2.3.  Electrical measurements

The  device I–V characteristics were measured using a semi-
conductor parameter analyzer Agilent 4155C and a SMU  pulse
generator Agilent 41501B. A pulse train was  used as input signal.
The duty cycle was set to be 0.2%, with a pulse width of 0.5 ms  for
a period of 100 ms.  Refresh time between two  consecutive pulses
ensures long time operation without significant device degrada-
tion. Furthermore, the I–V curve stability was  achieved by gradually
increasing the pulse amplitude up to the point where reproducible
measurements were observed. The voltage range shown is below
the onset for the electroluminescence (EL).

3. Results and discussion

A  detailed study [4] of the material optical response, that
includes absorption, emission and time resolved emission, and
electrochemical characterization in diluted solution, revealed that
neither the photophysical properties not electrochemical prop-
erties of the copolymers in diluted solution are affected by the
introduction of the naphthalimide chromophore. Minimal inter-
action between chromophores (PFP and naphthalimide) in the
ground state of the resulting copolymers were observed in absorp-
tion spectra and the same blue emission of PFP at 420 nm plus
emission associated with naphthalimide pendant group peaking at
622 nm were observed. However, emission of P1–P4 copolymers
thin films is dominated by an orange broad band (500–650 nm)
centered at 530 nm and the blue PFP-related band (420 nm) almost
vanishes when increasing the naphthalimide content. This orange
band arises from a center associated to the naphtalimide chro-
mophore significantly enhanced by molecular interactions due to
increased energy transfer efficiency in solid state compared to solu-
tions.

In order to check if the naphthalimide content in the copolymer
induces conformational or morphological changes in solid state
that could influence the transport properties, micro-Raman spec-
tra recorded at 647 nm excitation wavelength from the pristine
materials (powder) have been recorded and are shown in Fig. 2.
No significant changes in the vibrational modes and no new modes
comparing to PFP spectrum, that could be indicative of conforma-
tional or morphological changes, are detected. Modes associated
with the naphthalimide pendant group are not detected at the
concentrations of our compounds. The assignment of the main
vibrational peaks of the PFP pristine material due to C C vinyl
group stretching, the C C phenyl stretching and the backbone C–C
stretch modes are indicated in the figure [8,9]. Thus, the naphthal-
imide content does not introduce conformational changes in the
co-polymers at the concentration used.

EL spectra of the devices fabricated with structure
ITO/PEDOT/PSS/active layer/Ba/Al using P1 (x = 0.0005), P2
(x = 0.005), P3 (x = 0.05) and P4 (x = 0.08) as active layers are
shown in Figs. 3 and 4. The P1 based OLED, exhibits the blue
band (418 nm)  related to PFP (x = 0) and the broad orange band
(centered at 520 nm) associated with naphthalimide in solid state

[6], resulting in white emission (see CIE (x, y) diagram in inset of
Fig. 3a). The 418-band to 520-band intensity ratio evolves with
driven current resulting in almost pure white color (0.26, 0.30) for
low currents to stable cool white (0.21, 0.23) as we can observe in
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ig. 2. Raman spectra of the copolymers as-synthesized (powder) recorded at room
emperature, �exc = 647 nm (spot size around 5 �m).

IE diagram and Fig. 3b. The device exhibits a maximum luminous
fficiency of 9.42 Cd/A at 50 �A and 7.5 V with a brightness of
02 Cd/m2.

The EL emission of the P2, P3 and P4 based devices (Fig. 4)
s dominated by the naphthalimide contribution that red-shifts

ith increasing chromophore concentration, peaking at 531 nm
P2), 536 nm (P3) and 552 nm (P4). Only for P2 is observed a
oticeable contribution of the blue band associated with PFP. The
mission color is quite stable in these devices as can be observed
n the CIE diagrams. The slight variation in the blue/red emission
atio observed in this sample with increasing current injection is
ttributed to a saturation of the blue-to-red energy transfer rate,
ue to the small amount of naphtalimide concentration. In P2,
3 and P4 samples, with a higher chromophore concentration,
he orange contribution associated to naphtalimide dominates and

he emission is very stable with applied voltage. The maximum
uminous efficiencies are 3.0, 19.5 and 6.7 Cd/A for P2, P3 and P4
espectively at driving currents of 73 �A, 39 �A and 400 �A (14 V,

ig. 3. (a) EL spectra of the P1 based device and their evolution with driving current. CIE
ith current in the device.
Fig. 4. Normalized EL spectra of the P2, P3 and P4 based devices and. CIE coordinates
are  shown in the inset.

14 V and 11 V) and brightness of 72, 130 and 850 Cd/m2. The lowest
value corresponds with the lowest PL quantum yield obtained for
P2 thin film [6]. Fig. 5 shows the luminous efficiency dependence
on the driving current of the devices. The luminous efficiency of
P4-based OLED shows a continuous increase with driving current.
We remark the low driving currents (�A) in these solution pro-
cessed single layers devices, allowing to be controlled by organic
field effect transistors (OFETs).
ide in different concentrations affects the conductivity properties of
the final co-polymers, namely carrier mobilities, the I–V character-
istics have been recorded. In Fig. 6 experimental I–V curves (symbol

 coordinates are shown in the inset. (b) Evolution of the 419 nm and 520 nm bands
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ig. 5. Luminance efficiency dependence on the current density of the devices.

ines) of diodes based on P1, P2, P3 and P4 materials, with active
ayer thicknesses of 78 nm,  163 nm,  99 nm and 121 nm respectively,
re shown. In all cases the I–V are plotted up to a current slightly
bove the onset for EL. Solid lines represent the theoretical fit to a
odel explained further down.
We can deduce that the introduction of the naphthalimide chro-

ophore has a significant effect on the I–V response, however,
his effect is obscured by the layer thicknesses dispersion. Layer
hickness determines de internal electric field that affects bulk and
njection current which determines electrical OLED response in any
onduction regime, bulk or injection limited [10]. Thus the use of a
onduction model is required to interpretate the I–V response. We

ave chosen a single-carrier, numerical model that includes a field-
ependent carrier mobility, and the presence of an electric field at

ig. 6. Experimental I–V curves of the OLED based on ITO/PEDOT:PSS/active
ayer/Ba/Al (symbol) and theoretical fill to a model described in the text (solid lines).
he thickness of the active layers for each device is also showed.
the injection interface [11]. The carrier mobility is considered upon
the Murgatroyd classical expression [12,11],

�(E) = �0� exp(
√

E/Ef ) = �∗ exp(k
√

E) (1)

where  �0 is the mobility at zero field, � accounts for the fraction of
injected carriers that should contribute to transport in the absence
of field, and k = (Ef)−1/2 is a phenomenological factor related to the
lowering of the hoping barrier in the presence of an electric field,
caused by Frenkel effect [13]. We use a quasi-Newton algorithm to
fit the experimental data, considering �0 and k as the only physical
parameters in the classical expression of mobility. Details of the
model can be seen elsewhere [14,15]. In view of the energetic level
diagram for both materials [4], it is expected that conduction is
mainly carried out by electrons. We  have been careful to use the
experimental I–V interval below the onset for EL.

The k values obtained are 1.99 × 10−3, 2.32 × 10−3, 1.48 × 10−3,
1.9 × 10−3 (V/m)−1/2 for P1, P2, P3 and P4 respectively. The
k value obtained for similar OLEDs based on a commer-
cial polyfluorene, poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO), is
kPFO ≈ 3 × 10−3 (V/m)−1/2. Such a lower k in our materials leads to
a noticeable increase of the threshold voltage (several volts) for a
similar structure, as we  have obtained. The higher threshold volt-
age for P2-based device corresponds with the thicker active layer,
163 nm (Fig. 6).

With respect to �* values, the resulted values are 7.5 × 10−14,
1.66 × 10−14, 1.2 × 10−11 and 2.91 × 10−12 (m2/V s) for P1, P2, P3
and P4 respectively. These small values could be explained by a very
low � factor. Although this is not a direct measurement of mobil-
ity, which may  be more accurately determined by time-of-flight or
by admittance measurements, this method provides a quick esti-
mation which allows to observe a rough increase in the electron
mobility values with concentration of the chromophore. Several
authors [16] pointed out that dealing with a hoping-based trans-
port, the density of localized states (site density) is one of the main
factors involved in the carrier mobility. Thus, an increase of the
localized states derived by a higher chromophore concentration
would to imply that the electron mobility is favored.

4. Conclusions

White emission with high luminous efficiency of 9.42 Cd/A is
obtained for the x = 0.0005% co-polymer (where x means the frac-
tion of monomers with naphtalimide pendant groups) at very
low driving currents (47 �A) in a single-layer, single-component
WPLED fabricated by solution methods. It makes these materials
promising candidates for being integrated in flat panel displays.
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