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Electrical properties of polymer/metal interface

in polymer light-emitting devices: electron injection
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The electrical characterization of a high efficient multilayer polymer light emitting diode using
poly[(2-methoxy-5-hexyloxy)-p-phenylenevinylene] as the emissive layer and an anionic
fluorinated surfactant as the electron transport layer was performed. For the sake of
comparison, a conventional single layer device was fabricated. The density current vs. voltage
measurements revealed that the conventional device has a higher threshold voltage and lower
current compared to the surfactant modified device. The effective barrier height for electron
injection was “suppressed”. The influence of the interfaces and bulk contributions to the dc and
high frequencies conductivities of the devices was also discussed.
C© 2006 Springer Science + Business Media, Inc.

The electroluminescence in poly(p-phenylene-vinylene)
(PPV) reported in 1990 [1] has attracted attention on
the use of conjugated polymers in light-emitting diodes.
In such device, the density of injected carriers into the
polymer is mainly controlled by the energy barriers be-
tween the work function of the metallic electrodes and
the electronic affinity (ionization potential) of the poly-
mer. The manipulation of these factors can improve the
both, the quantum efficiency as well as the operating volt-
age of the devices [2, 3]. In order to improve the de-
vices characteristics by enhancing the carrier injection,
an additional hole/electron transport layers has been used
[4, 5]. Among the materials used recently as transport
layer, ion containing organic polymers [6–9] where the
ionic groups are fixed to the molecule backbone have
demonstrated an high performance. The reasons why
these ion-containing materials, which are fixed at the cath-
ode/emissive layer interface, can improve PLEDs per-
formance are not yet completely understood. However
two main reasons for this behavior are considered [9]:
(i) The improvement of the interfacial adhesion between
the polymer and the metal; (ii) polarization effects due
to the strong dipole from the ion pair at the interface
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interfering with the electrical field, which makes the elec-
tron injection from the Al cathode easier [7]. The sec-
ond reason seems to be the most important considering
the performance of PLEDs. Tight packing of monolayers
of ionic groups at the interface polymer/metal could be
a more efficient way to improve electron injection phe-
nomena. Fluorinated surfactants are known to be very
effective to self-organize into supramolecular assemblies
and can be an interesting candidate as electron-injecting
material [10]. Hydrocarbon surfactants based on lithium
salts of anionic ether sulfates have been applied success-
fully for increase the performance of PLEDs [11] that
was attributed to the alignment of the surfactant dipoles
induced by the ethyleneoxide groups of the surfactant
molecule at the interface with the aluminum cathode.
Recently neutral surfactants also have been applied in
PLEDs structures, obtaining an improvement of approxi-
mately one order of magnitude in the current density of the
devices [12].

In this work we report on a series of current vs.
voltage (J vs. V) and impedance spectroscopy mea-
surements of multilayer PLED using ITO as the anode,
poly[(2-methoxy-5-hexyloxy)-p-phenylene-vinylene]
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Figure 1 Schematic illustration of (A) multilayer polymer light-emitting
diode and (B) the surfactant structure.

(OC1OC6-PPV) as the emissive layer, an anionic
fluorinated surfactant (ammonium salt of perfluo-
roalkylethylphosphate, Zonyl FSJ) as the electron
transport layer, and aluminum as the cathode. The results
aimed to determine the influence of electron transport
layer on the electrical characteristics of the devices by
fitting the results using models of equivalent circuits.

The PPV derivative OC1OC6-PPV was chemi-
cally synthesized using methods described elsewhere
[13], while the surfactant material was obtained
from DuPont (Zonyl-FSJ R©) and has the general
formula CF3(CF2)nCH2CH2OP(O)(O−NH4

+)2 and/or
[CF3(CF2)nCH2CH2O]2P(O)(O−NH4

+)). OC1OC6-PPV
films (200 nm thick) was cast from chloroform (1% wt)
solution onto the ITO layer. The surfactant layer was pre-
pared by spin-coating an aqueous solution (0.1% wt.) onto
the deposited emissive layer. The aluminum electrode was
vacuum evaporated (A = 0.17 cm2). Fig. 1 shows the
scheme for the multilayer device fabricated. For com-
parison, a conventional single layer device, without the
surfactant layer, was also fabricated. Impedance measure-
ments were carried out using a 1260 Solartron Frequency
Response Analyzer in the 1 to 105 Hz frequency range
with amplitude voltage (Va) kept equal to 100 mV. Den-
sity current vs. voltage (J vs. V) curve was carried out in
a Keithley 238 unity. All measurements were performed
at room temperature, under vacuum and in the dark.

In order to figure out the role of the surfactant layer,
current density vs. voltage characteristics of the devices
were carried out and shown in Fig. 2. The curves were
obtained in forward bias where ITO is positively bi-
ased and Al electrode grounded. The current density
of the multilayer device is three orders of magnitude
higher at 10 V than the conventional single layer device.
The electron transport layer (surfactant) plays an impor-
tant role on improving the injection negative carriers,
respectively.

It is important to note that the threshold voltages for
light emission are high compared to other multilayer

Figure 2 J vs. V curves obtained from single (o) and multilayer (�) devices.

devices reported in the literature [12, 14]. In this case,
were not used hole transport layers or lower work func-
tion metals cathode or special film forming techniques in
order to improve the device performance. The device was
constructed in the simplest way in order to turn the con-
clusion about the effect of the surfactant layer clearer to be
taken. Thus, the 10 V decrease in the threshold voltages
for light emission can be considered as highly significant.

The hypothesis of enhanced electron injection was con-
firmed by impedance spectroscopy measurements, which
allow one to distinguish between bulk and interface pro-
cesses. At high frequencies the process is governed by the
bulk of the polymer and at low frequencies by the inter-
face [15, 16]. Fig. 3A shows the real impedance curve for
the device without any electron injection material where
two plateaus can be observed, one at low frequencies and
one at high frequencies. The low frequency plateau ( ∼ 1–
8 Hz) is correlated to the impedance of the OC1OC6-
PPV/Al interface, presenting a slightly variation with the
bias voltage due to the decreasing in the potential barrier
(from ∼ 8 × 107 � at 0 V to ∼ 1 × 107 � at 3 V) and the
high frequencies plateau ( ∼ 4 × 104 − 105 Hz), which re-
mains unchanged for all bias voltage, is related to the ITO
resistance. Fig. 3B shows the real impedance curve for
the device with the surfactant layer displaying only one
plateau. The real impedance at low frequencies, in such
device is approximately one order of magnitude lower
than for the device without the surfactant layer evidenc-
ing the enhancement in the electron injection. The real
impedance at low frequencies (<30 Hz) decreases from
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Figure 3 Real part of the impedance versus frequency for differ-
ent bias voltages for (A) ITO/OC1OC6-PPV/Al and (B) ITO/OC1OC6-
PPV/Surfactant/Al devices. The full lines are fits to the data for an equivalent
circuit described by Equation 1.

1.5 × 106 � to 1 × 105 � at 0 V and 3 V bias voltages,
respectively.

The real impedance data can be modeled using equiva-
lent electric circuits, as described elsewhere [14]. For the
single device two parallel resistor-capacitor networks are
connected in series, one representing the OC1OC6-PPV
layer (Rp, Cp) and another the OC1OC6-PPV/Al interface
(Rint, Cint). Also included in the equivalent circuit is a
small series resistance RS( ∼ 50 �) that is probably due
to an ohmic contact at the hole injecting ITO/OC1OC6-
PPV interface. Equation 1 gives the real part of the
impedance, where α has been incorporated to account for
a distribution of relaxation times expected for polymer
samples [17].

Z∗ = Rint

1 + (iωRintCint)1−αint
+ Rp

1 + (
iωRpCp

)1−αp
+ RS

(1)
Table I exhibits the parameters employed in the fitting.

When the bias voltage is varied, the parameters in Equa-
tion 1 used for fitting the data remain practically the same,

with the exception of the network representing the inter-
face (Rint and Cint). One could expect that the insertion of
a surfactant layer would bring additional interface effects.
On the contrary, a visual inspection of the data in Fig. 3B
for the multilayer device indicates that interface effects
(at low frequencies) appear to be suppressed. The data
can then be modeled with just one parallel arrangement
of resistor and capacitor (Rp, Cp) with a small resistance
RS in series. As for the fitting parameters, given in Table I,
it is now observed that Rp decreases with bias voltage. In
conclusion, these results indicate that the insertion of the
surfactant layer affects the Al interface of the device, thus
improving electron injection.

The surfactant dipoles could assume at least two orien-
tation in the deposited layer; (i) oriented by the electrical
field, thus forming a positive layer due to the NH4+ ionic
species and (ii) in an orientation dictated by the bond an-
gles and molecular structure imposed by the specific inter-
action between ethyleneoxide group and aluminum [11].
The dipoles oriented at the interface leads to a decrease in
the barrier for electron injection. Campbell et al. studied
the use of self-assembled monolayer (SAM) of polar com-
pounds in electroluminescent devices (EL) with the archi-
tecture: glass-Ag/ polar compounds/EL polymer/Ca [18].
These authors showed that dipoles with negative charge
placed at the Ag anode of organic electronic devices, de-
creases the Schottky energy barriers at the interface.

In our surfactant EL-polymer/Al interface modified de-
vices the dipoles formed by ion pairs (O−NH4

+) are not
linked to Al or to the EL-polymer, thus they orient them-
selves with an applied electrical field [9]. The electrostatic
interaction between NH4

+ of the surfactant and the elec-
trons of the cathode (Al) cause an increase of the injection
of these carriers from the interface. This is called switch-
ing effect [19]. The mechanisms through which the elec-
trons reach the EL polymer layer are difficult to establish
though. One possibility would be these electrons moving
toward the anode until reaching the EL layer, overcoming
the repulsion from the negative charges in the surfactant
due to the electrical field strength.

In conclusion, polymer light emitting diodes (PLEDs)
using ITO as the anode, poly[(2-methoxy-5-hexyloxy)-
p-phenylene-vinylene] (OC1OC6-PPV) as the emissive
layer, a fluorinated anionic surfactant as the electron trans-
port layer, and aluminum as the cathode (ITO/OC1OC6-
PPV/Surfactant/Al) were constructed and characterized
with respect to its electrical performance. The effect of
the surfactant in decreasing the resistance and increasing
the current is notable, supporting its use as an electron
injection layer. The energy barrier for electron injection

T AB L E I Parameters used in fitting the experimental data of Fig. 3 to Equation 1. (RS = 50 (�)

Device ∗Rint (�) ∗Cint (F) αint
∗Rp (�) Cp (F) αp

Single layer <7.5 × 107 (0 V) >6 × 10−9 (0 V) 0.01 1 × 106 3 × 10−8 0.008
Multi-layer – – – 1.5 × 106 (0 V) 4.6 × 10−8 0.2

∗Rint decreases from 7.5 × 107 at 0 V to 2 × 107 � at 3 V. Cint increases from 5 × 10−8 � at 0 V to 8 × 10−7 at 3 V. Rp decreases from 1.5 × 106 at 0 V to
9 × 104 � at 3 V.
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was suppressed and the best adjustment was achieved
considering a zero resistance barrier at the interface. The
improvement in the device with the anionic surfactant was
also observed visually by the intense and more constant
light emission. The device with surfactant showed less
dark spots and a lower tendency to fail during operation,
even at higher voltages. The mechanisms which are in-
volved in the decrease of electron injection need further
experimentation; however it is clear the effect of dipoles,
including non metallic counterions, such as the ammo-
nium ion used in our experiments.
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