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Poly(2-methoxy-5-(2'-ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) and poly(6-hexylpyridine-2,5-diyl)
(PHPY) Langmuir-Blodgett films have been used as emitting layer and electron transporting layer, respectively,
in light emitting diodes. The electrical and opto-electrical characteristics of the dual-layer devices have been
compared to single layer devices based on MEH-PPV. AC impedance measurements over the frequency range
5 Hz-13 MHz have been used to provide an insight into the electrical equivalent circuit of the devices. The
external quantum efficiency of the dual-layer structure was found to be approximately ten times higher than

that of the single layer device.

1. Introduction

Light-emitting devices (LEDs) based on conjugated polymers
have become the subject of intense research interest since the
first report of electroluminescence (EL) in poly(p-phenylene-
vinylene) (PPV).! For PPV, with a photoluminescence (PL)
quantum efficiency ranging from 10% to 30% in thin films, the
theoretical EL limit is expected to be between 2% and 7%.> The
measured EL quantum efficiencies in the early devices were
relatively low (<0.01%). Several methods have now been
developed to increase both the efficiency and brightness. For
example, electron and hole transporting films can be sand-
wiched between the cathode and the emitting layer, and
between the anode and the emitting layer, respectively, to
enhance the charge carrier injection from each electrode.’

Poly(2-methoxy-5-(2'-ethylhexyloxy)-p-phenylenevinylene)
(MEH-PPV) is an attractive material for polymer LEDs and
good progress has been made with devices in which the polymer
layer is deposited by spin-coating.* We have recently reported
some preliminary results by using the Langmuir-Blodgett film
(LB) technique to form MEH-PPV LEDs.’ This deposition
method makes it possible to build-up an ultrathin, ordered and
thickness-controllable polymer film and to use the expensive
organic material economically. The technique has already been
used to investigate LED devices based on other organic
compounds.5?

Here, we have followed up our work on spin-coated films
and attempted to increase the quantum efficiency of the MEH-
PPV single layer LEDs by inserting the electron-transporting
polymer poly(6-hexylpyridine-2,5-diyl) (PHPY) between the
MEH-PPV and cathode electrode.'®!! Structures based on
alternate-layers of MEH-PPV and PHPY were also investi-
gated. The electrical and opto-electrical behaviour of all these
devices is reported.

2. Experimental

The chemical structures of the two polymers used in this work
are shown in Fig. 1. The MEH-PPV was obtained from Aventis
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Fig. 1 Molecular structures of (a) poly(2-methoxy-5-(2'-ethylhexy-
loxy)-p-phenylenevinylene) (MEH-PPV) and (b) poly(6-hexylpyri-
dine-2,5-diyl) (PHPY).

(formerly Hoechst) and possessed a slightly higher molecular
weight than the material used in our previous study.’ PHPY
was synthesised in Durham using a modification of a
previously published method.'? The molecular weight was of
the order of 30000. Langmuir-Blodgett films were built up
using a constant perimeter trough located in a microelectronics
clean room. The subphase was water purified by reverse
osmosis, carbon filtration, two stages of deionisation and UV
sterilisation at a temperature of 20+ 1°C and pH of 5.8+0.2.
The MEH-PPV was deposited at a surface pressure of
17 mN m~'; other deposition parameters were as described
previously.” The LB deposition conditions for PHPY can be
found elsewhere.!

The thickness of the transferred films was measured by a
Tencor Instruments Alpha-step 200 stylus profilometer. Photo-
luminescence spectra were obtained with a Perkin Elmer 50B
luminescence spectrometer with xenon lamp excitation. The
electroluminescence spectra were recorded using a Jobin Yvon-
Spex Instruments S.A. Spectrum One CCD detector.
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Fig. 2 Schematic structures of (a) MEH-PPV-PHPY dual-layer device
and (b) device comprising MEH-PPV (1 LB cycle) alternated with
PHPY (1 LB cycle).

The light emitting devices were fabricated in a sandwich
configuration. The base electrode (anode) was glass coated with
indium-tin oxide (ITO) donated by the Samsung Co., with a
sheet resistance of 32 Q [J~'. This was patterned into 2 mm
wide stripes using hydrochloric acid (50%) to etch away
unwanted ITO regions, and then sonicated in ultrapure
water, isopropyl alcohol and acetone, each for 30 minutes.
Finally, the electrode arrangement was washed in ultrapure
water and dried in a flow of nitrogen. The construction of the
two types of device used in this study is shown in Fig. 2. For the
alternate-layer structure, two LB layers (one LB cycle) of MEH-
PPV were first deposited onto the ITO substrate; this was
followed by two LB layers of PHPY. This deposition sequence
was repeated using an alternate-layer LB trough. The top metal
electrode (cathode) was formed by vacuum evaporating
aluminium onto the organic film at a pressure below
10~® mbar. Aluminium was chosen in this preliminary study
because of its relative stability compared to other popular
electrode materials (e.g. Ca). The active area of LED device was
2 mm x 2 mm, defined by the overlap of the ITO and cathode
electrode. The EL devices were stored in a vacuum chamber to
protect them from atmospheric corrosion and degradation.'*

Electrical and opto-electrical measurements were undertaken
in a vacuum chamber. D.C. biases were supplied by a Farnell
type C2 stabilised voltage supply and currents were measured
using a Keithey 414A picoammeter. Impedance spectroscopy
measurements were performed with a Hewlett Packard 4192
impedance analyser.'®> The amplitude of the a.c. signal voltage
was 70 mV rms. Spectra of 51 points, logarithmically spaced in
the frequency range 5 Hz to 13 MHz, were obtained. For the
electrical measurements reported below, ‘forward bias’ is
defined as a positive voltage applied to the ITO electrode.

The EL devices were mounted over a large area silicon
photodiode detector. The light output was transmitted through
the ITO electrode, the glass substrate and the glass window of
the diode package onto the surface of the photodiode and the
photocurrent generated was recorded using a Keithley 485
digital picoammeter. For external quantum efficiency measure-
ments, the light power was calculated with a typical conversion
factor of 0.31 A W™! at 590 nm for the photodiode.

3. Results and discussion

The current versus voltage characteristics were found to depend
strongly on the history of the device. In agreement with our

164 J. Mater. Chem., 2000, 10, 163-167

4.0

o 0 Light Qutput
6.0x104 — —®— Current
=} .
S ;
w2 ‘
| o 1, E / r__:
s ™ g . P08
z ", [ e z
@ ® o
5 g [ g
40x10440 \.\.\ @ g .O,' g
< Vo < T
R " g [ fog
o o oy o < /o o
= b ‘ . =
5 ” i =1
O “é ‘m —I‘S b " (I‘r “ Vyﬂ l" 2 x A ’!O" 2
2.0x104 Voltage/V (+ve, ITO) o T
i
5 4103
P =
7 °L
$0
'...0 ..,d
By, ()
oy, ) o
» 0820
004  ©000000000088800000g goaoo0000088000 Joo
LA DL AR A B S Ut MR EA S ARG ML B SR SRR N

25 20 <15 -0 -5 0 5 10 15 20 25 30
Voltage/V (+ve, ITO)

Fig. 3 Current and light output versus voltage characteristics for
MEH-PPYV single layer device (50 LB cycles; thickness 212 nm). The
inset shows the logarithm (current) and the logarithm (light output)
versus voltage characteristics.

previous results and those of other workers, peaks in the
current were noted on the first voltage scan.'>!® However, these
disappeared after two or three measurement cycles. All the
electrical and opto-electrical data shown below were taken
after the third voltage scan, after which reproducible
characteristics had been obtained.

The current and light output versus voltage curves for the
ITO/MEH-PPV/ALI devices (50 LB deposition cycles; polymer
thickness 212 nm) for both forward and reverse biases are
shown in Fig. 3; the inset shows the same data plotted on a
logarithmic current scale. A distinct change of slope in the log
(forward current) versus voltage plot is evident at approxi-
mately 15 V. This forward characteristic was reproducible
from one device to the next. However, the magnitude of the
reverse current varied between devices fabricated under
seemingly identical conditions.

In forward bias, orange-yellow light was visible by eye in a
darkened room. Weak light emission (also orange-yellow) was
also noted from some devices in reverse bias. Fig. 4 contrasts
the forward bias current versus voltage and light output versus
voltage characteristics of the single layer and dual-layer LEDs.
The latter device consisted of 10 LB deposition cycles of PHPY
deposited on top of 30 LB cycles of MEH-PPV; the total
organic film thickness was 190 nm. The forward currents
measured for the two structures are similar. However, the light
output for the dual-layer device is about one order magnitude
higher than for single layer device, indicating correspondingly
higher external quantum efficiency. Light output versus current
density data for both devices are shown in Fig. 5(a) and the
external quantum efficiency (photons out divided by electrons
in) is plotted versus current density in Fig. 5(b). For high
currents, the light output is approximately proportional to
current density, resulting in a constant quantum efficiency. The
saturated quantum efficiency is 7.5 x 10~3% for the dual-layer
device and 5.7 x 10™%% for the single layer device.

Fig. 6(a) shows the normalised photoluminescence spectrum
obtained from films of 10 LB cycles of PHPY and 30 LB cycles
of MEH-PPV. The electroluminescence spectra of both the
single layer and dual-layer device under forward bias are
compared in Fig. 6(b). In the case of the single layer device, the
EL maximum (591 nm) coincides with that of the PL peak;
there is also a shoulder around 625 nm in the EL spectrum. The
EL spectrum of the dual-layer device is similar to that of the
single layer MEH-PPV device, confirming that light emission
originates from the MEH-PPV layer.

The higher external quantum efficiency for the dual-layer
device can be explained by considering the charge transport
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Fig. 4 Comparison of the current versus voltage and light output
versus voltage characteristics (both measured in forward bias) for a
single layer MEH-PPV device (50 LB cycles, thickness 212 nm) and a
dual-layer MEH-PPV (30 LB cycles)/PHPY (10 LB cycles) (total
thickness 190 nm) structure.

characteristics and electronic band structures of the two
organic materials. Pyridine-based polymers are well known
as electron transporting materials whereas MEH-PPV is a good
hole conductor. The energy band structure of the ITO/MEH-
PPV/PHPY/ALI structure is shown in Fig. 7 (the energy bands
for PHPY are assumed to be similar to those of poly(pyridine-
2,5-diyl)).!*!"" The HOMO (highest occupied molecular
orbital) level for MEH-PPV is close to the ITO Fermi level
and, in forward bias, holes are easily transferred from the ITO
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Fig. 5 (a) Light output and (b) external quantum efficiency versus
current density characteristics for a MEH-PPV single layer device and a
MEH-PPV/PHPY dual-layer structure.
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Fig. 6 (a) Normalised PL intensity for MEH-PPV (30 LB cycles) and
PHPY (10 LB cycles). (b) Normalised EL intensity for MEH-PPV (50
LB cycles) single layer device and MEH-PPV (30 LB cycles)/PHPY (10
LB cycles) dual-layer structure.

to the polymer. The potential barrier to electrons from the Al
top electrode to the PHPY layer is about 0.8 eV, considerably
less than the barrier from Al to MEH-PPV (1.4 eV) in a single
layer device. At the MEH-PPV/PHPY interface there is a
barrier of 0.6 eV for electrons and 1.4 eV to holes. Conse-
quently, electrons are transferred relatively easily between the
PHPY and MEH-PPV, while holes are blocked and accumulate
in the MEH-PPV layer, i.e. at the interface between the two
polymers. Hence carrier recombination in the dual-layer device
takes place in the MEH-PPV layer, explaining why the
electroluminescence spectrum is characteristic of this polymer.
The dual-layer structure both enhances the probability of
charge capture recombination and separates the emission zone
from the Al electrode, avoiding nonradiative quenching effects.

In our experiments on spin-coated dual-layer devices it was
found that the ratio of the thickness of the polymer layers could
be used to optimise the LED efficiency.!®!! The efficiencies of
the LB film MEH-PPV/PHPY dual-layer devices are compared
in Table 1. The external quantum efficiency of the MEH-PPV
(50 LB cycles)/PHPY(25 LB cycles) device is almost an order of
magnitude less than that of the device discussed above.
Presumably, if the polymer thicknesses are increased beyond
certain values, the chance that carriers become trapped during
their migration to the interface between the two organic layers
is high.

The current through the alternate-layer system was found to
be one order of magnitude lower than that for the MEH-PPV
(30 cycles)-PHPY (10 cycles) dual-layer system even though
total film thickness is similar (data not shown). Table 1 reveals
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Table 1 External quantum efficiencies of LEDs (single layer, dual-layer and alternate-layer structures). The figures in brackets refer to the number

of LB deposition cycles

Device structure

Total thickness/nm

External quantum efficiency (%)

ITO/MEH-PPV (50)/Al

ITO/MEH-PPV (20)/PHPY (10)/Al
ITO/MEH-PPV (30)/PHPY (10)/Al
ITO/MEH-PPV (30)/PHPY (15)/Al
ITO/MEH-PPV (50)/PHPY (25)/Al

ITO/30 cycles of MEH-PPV (1) and PHPY (1)/Al

212
136
190
204
263
192

6.0x 1074
43%x107°
7.5%1073
47%x1073
8.0x 107
1.0x107*

very low quantum efficiency for the alternate-layer device. Such
a structure will contain many potential barriers (due to MEH-
PPV/PHPY interfaces) that the carriers will have to overcome.
Effects due to the confinement of carriers in these multiple
quantum wells were not apparent in this study.

Fig. 8 shows the forward bias impedance (Z) results for a
single layer LED (Fig. 8(a)) and a dual-layer structure (Fig.
8(b)) in the form of Cole-Cole plots (Im (Z) versus Re (Z)).
Such plots provide an insight into the electrical equivalent
circuit of a device. In the graphs, the frequency increases from
right to left (5 Hz to 13 MHz) around the semicircles. The data
for the single layer device exhibit a series of semicircles, the
diameter of which decreases with increasing forward bias.
Close inspection (not evident from the scale of Fig. 8(a)) reveals
that the high frequency intercept of the semicircle with the
abscissa is about 100 Q for all values of the applied forward
voltage. This is the result of a small series resistance Rg
associated with the ITO contact and lead resistances. The
Cole—Cole plots are similar to those reported in the literature
for single layer LEDs based on MEH-PPV,!” PPV!®!? and
PHPY.?® The LED structures can be modelled by a parallel
resistance and capacitance combination, representing the
dominant mechanisms of charge transport and polarisation
in the organic layer, in series with a resistance representing the
ITO contact.

The Cole—Cole plot for the dual-layer structure, Fig. 8(b), is
more complex. At least two semicircles are evident for d.c.
voltages greater than about 3 V. The diameter of the ‘main’
semicircle decreases with increasing voltage decreases until 6 V,
the turn-on voltage for EL; at higher biases the diameter
increases. For some of the dual-layer devices studied, the
diameter of this semicircle decreased at higher forward
voltages. These effects are related to maxima in the capacitance
versus voltage and conductance versus voltage curves (data not
shown). In contrast, the high frequency semicircle (on the left in
Fig. 8(b)) is relatively unaffected by bias and is displaced, by
approximately 100 Q, along the Re (Z) axis.

Two semicircles (originating from two parallel resistor/
capacitor combinations connected in series) are often observed
in organic LEDs when the polymeric layer is ‘thick’.!>!8:21:22
One of these RC circuits is thought to represent a Schottky
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Fig. 7 Potential energy diagram for an ITO/MEH-PPV/PHPY/AI
structure.
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barrier while the other models the capacitance and resistance of
a neutral bulk region in the polymer film. However, this
explanation does not fit with our results, as the single layer and
dual-layer devices are of similar thickness. It is more likely that
at least one of the Cole-Cole semicircles in Fig. 8(b) is
associated with the additional interface in the dual-layer device.
The unusual voltage dependence of both the capacitance and
conductance may be due to an admittance contribution from
traps at the MEH-PPV/PHPY interface. Similar phenomena
are well-known for inorganic semiconductor/insulator junc-
tions (e.g. Si/Si0,).%

The Cole—Cole plots in reverse bias for both the MEH-PPV
and MEH-PPV/PHPY devices (data not shown) showed only a
single semicircle, the diameter of which decreased as voltage
increases. The series resistance was found to be the same as that
determined by forward bias measurements. Over the range of
voltage investigated, the diameter of semicircles in reverse bias
was larger than that in forward bias, reflecting the higher
resistance of the devices.
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4. Conclusions

Multilayers of MEH-PPV and PHPY were deposited using the
standard vertical dipping Langmuir-Blodgett technique.
Orange-yellow light emission was observed when forward
bias was applied to the MEH-PPV single layer device and an
external quantum efficiency of 5.7 x 10 %% was measured. By
using the electron transfer material, PHPY, between the MEH-
PPV and the aluminium electrode, the efficiency increased to
7.5 x 1073%, more than ten times higher than the single layer
device. The EL spectrum of the dual-layer device is similar to
that of the MEH-PPYV single layer device, confirming that light
emission originates from MEH-PPV layer. Impedance spectro-
scopy using the dual-layer structure revealed some unusual
dependencies of the conductance and capacitance on applied
voltage. This is currently the subject of further investigation.
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