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ABSTRACT:

We report the current-voltage and the electroluminescence characteristics of the light-emitting diodes

based on poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) with indium-tin oxide (ITO) anodes
and the diodes in which a layer of polyaniline (PANI) is synthesized directly on a layer of self-assembled monolayers

formed by N-phenylaminopropyltrimethoxysilane above the ITO. The results show that the PANI layer reduces Schottky

energy barrier and enhances the electroluminescence intensity. We believe that the insertion of the PANI layer causes

dipole layers established on the surface resulting in the reduction of the energy barrier. The PANI layer also affects the
electron-hole transition probability of the active layer enhancing the brightness of the devices dramatically.
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Since the discovery of electroluminescence in poly-
mers,! their external power efficiency, color versatility,
brightness, angular emission profile and weight are all
attractive for use in flat-panel and portable displays. In
addition, the wavelength of emission can be tuned by
reducing the conjugation length in the polymer back-
bone.? The quantum efficiency and the driving voltage
of the devices depend on the charge-injection properties
at the interfaces between the electroluminescent poly-
mer and electrodes. Recently, the chain scission of the
electroluminescent polymer has been enhanced by the
chemical reaction of the vinyl carbon with oxygen con-
tributed by the indium-tin oxide (ITO) anode.> These
results have shown that the ITO/polymer interface plays
an important role in device lifetime.

To improve the brightness and the lifetime of the
polymer light-emitting diodes (PLEDs), the insertion
of the polyaniline (PANI) anode was intensively stud-
ied.>® The barrier height at the PANI/MEH-PPV inter-
face has been reduced to 0.08-0.12 eV that is roughly
half of the at the ITO/MEH-PPV interface. This results
in decreasing the device operating voltage and increas-
ing the quantum efficiency. The effect due to the inser-
tion of the PANI anode also showed the enhancement
of the device lifetime that attributes to the reduction of
the rate of oxidative degradation of the active layer. In
this work, we have synthesized the PANI layer directly
on the ITO substrate from the aniline monomer.” The
reason for the brightness enhancement and the increase
of the tunneling current due to the PANI coated anode
were discussed.

Polymer Light-Enitting Diode (PLED) / Indium-Tin Oxide (ITO) / Polyaniline

EXPERIMENTAL

Figure 1 shows the cross section of our samples. The
ITO glass was cut into 2 X 2 cm? and was cleaned by
potassium-zert-butylate, acetone, deionized water, and
methyl alcohol sequentially in an ultrasonic bath for
30min. The ITO glass was immersed in the acidic so-
lution which was prepared by mixing the dilute sulfu-
ric acid (0.36 M) and hydrogen peroxide in 3:7 volume
ratio for 40 min to produce OH™ on the ITO glass sur-
face. The ITO glass was dipped into the methyl alco-
hol mixed with N-phenylaminopropyltrimethoxysilane
inside a nitrogen filled glove box for 14h. After
this procedure, a monolayer aniline-contaning silane
compound was formed on the ITO substrate. A hy-
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Figure 1. The cross section of the PLED device. A 500 A thick
PANI layer was coated on half of the diodes surface.

"To whom correspondence should be addressed (Tel: +886-3-4227151 ext. 5343, Fax: +886-3-4258816, E-mail: chx@phy.ncu.edu.tw).

271



C.-C.CHEN et al.

drochloric acid solution complex with ammonium per-
oxodisulfate was prepared in separate flasks. The ITO
glass was dipped into the aniline solution mixed with
the hydrochloric acid first and the ammonium perox-
odisulfate solution was added. The reaction was per-
formed in an ice bath for 17min. During the reac-
tion, the aniline was oxidatively polymerized on the
ITO substrate, and the color of the solution changed
from transparent to green and then blue. After the
PANI coated ITO glass was rinsed with deionized wa-
ter, half the surface of the PANI coated ITO glass was
dipped into the hydrochloric acid solution (1.2 M) un-
til the ITO glass changed color from purple to green.
A thin layer of conducting polymer doped with hy-
drochloric acid was synthesized on the ITO glass. The
synthesis of poly[2-methoxy-5-(2’ -ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) followed the reported
procedure in ref 8. The MEH-PPV (6 mg) was dis-
solved in toluene (1 mL) and spin-coated on the ITO
glass. A 2000 A-thick Al thin film was deposited on
the samples by thermal evaporation deposition with a
shadow mask to produce a 1 mm? diode area. Each
sample consisted of the ITO/PANI+HCI/MEH-PPV/Al
(PANI diode) and the ITO/MEH-PPV/ALI (diode with-
out PANI layer) as shown in Figure 1. After the fabri-
cation process, the current was injected into the device
to measure the electroluminescence spectra. The light
emitted from the device is focalized by lenses into a
0.55-m monochromator and analyzed by a photomulti-
plier tube.

RESULTS AND DISCUSSION

Figure 2 shows the current-voltage measurement at
the ambient environment for the PANI diode and the
diode without PANI layer. The tunneling voltage for
both of the diodes are about 7 volts. The current for
the PANI diode increased dramatically for the voltages
beyond 7 volts. This indicates that under the same driv-
ing current, the consumed power of the PANI diodes is
less than the diodes without PANI layer. The enhance-
ment of the brightness can be observed in the electrolu-
minescence spectra of the diodes at 20 mA (Figure 3).
The integrated intensity is about nine times larger for
the PANI diodes than the diodes without PANI layer.

In order to investigate the effects of the self-
assembled monolayer at the ITO surface, we measured
the electroluminescence spectra for two samples with
ITO/MEH-PPV/ALI structure (Figure 4). One sample
followed the modification process as described above.
The other sample is fabricated with the ITO as received.
The spectra showed no obvious intensity difference in-
dicating that the self-assembled monolayer on the ITO
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Figure 2. TheI-V characteristics of the diodes under the ambi-
ent environment. The diode with PANI anode shows a larger tun-
neling current.
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Figure 3. The electroluminescence spectra for the diodes with
a PANI anode and without PANI anode, respectively.

layer does not contribute to the enhancement of the
brightness in the PANI diodes. Therefore, the electro-
luminescence intensity enhancement should be domi-
nated by the PANI layer.

We have estimated the barrier heights from the [-V
measurement shown in Figure 2 based on the Fowler—
Nordheim field-emission tunneling theory:’

) —K

1 oc E- exp (E) (1
where [ is the current, £ is the electric field strength,
and « is the parameter that depends on the potential pro-
file of the barrier at the metal-polymer contact. Assum-
ing that the injected charges tunnel through a triangular
barrier at the interface, the constant « in eq 1 is given
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Figure 4. The electroluminescence spectra of the diode with a
modified ITO and the diode fabricated with an ITO as received.
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where ¢ is the barrier height and m™ is the effective
mass of the holes in the active layer (MEH-PPV). ¢ and
h are the elementary charge and Plank constant, respec-
tively. We have assumed that the electric field is con-
stant across the device and that the effective mass of the
holes is equal to the free electron mass. Based on these
assumptions, the theoretical prediction for the MEM-
PPV devices with electrodes having a wide range of
work functions has shown an agreement with the self-
consistent experiments.!! Figure 5 shows a Fowler—
Nordheim relation between In(//E?) and 1/E for the
PANI diode and the diode without PANI layer. As pre-
dicted, the relation is linear under high electric fields,
i.e., above the operating-voltage threshold. The devia-
tion from linearity under lower electric fields is partly
due to bulk conduction through the polymer. This ef-
fect might be comparable to or greater than the tunnel-
ing contribution.!? In the linear region, the calculated
barrier heights for hole tunneling into the devices are
0.12 eV for the PANI diodes and 0.20 eV for the diodes
without PANI layer, respectively. This indicates that the
hole tunneling does not occur at the cathode due to the
fact that the difference of the work function is over 1 eV
for the cathode (for example, the band offset values for
MEH-PPV/Al and MEH-PPV/Ag are 1.2-1.6eV and
1.5-1.9 eV respectively.''). The barrier heights derived
from Figure 2 are consistent with the results in ref 5.
The result reveals that the tunneling occurs across the
ITO/polymer interface. This explains that the tunnel-
ing current can be enhanced in the PANI diode. The
mechanism contributes to this barrier height reduction
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Figure 5. The Fowler—Nordheim plot for the energy barrier
height calculations of the PANI diode and the diode without PANI
layer.

might be related to dipole layers formed on the PANI
layer. The barrier height can be tuned over a range of
more than 1eV by attaching well-defined dipole layer
to metal contacts prior to fabrication of the device.'> A
3-nm blue shift is observed in the electroluminescence
spectra (Figure 3) after a PANI layer was inserted into
the structure of the diode. This indicates that the energy
band gap of the active layer was enlarged due to the
PANI layer insertion. This phenomenon might attribute
to the reduction of the Stark shift due to the fact that
the additional electric field of the well-defined dipole
compensates the bending of the triangular barrier at the
interface. This effect can also increase the electron-hole
transition probability leading to the enhancement of the
device efficiency.

CONCLUSION

We have synthesized PANI directly on the modified
ITO substrate with a self-assemble monolayer. The
PANI diodes show a stronger brightness, a lower oper-
ation voltage, a larger tunneling current, a longer life-
time, and an operation stability than the diodes with-
out PANI layer. The results confirm that the tunnel-
ing current occurs across the ITO/polymer interface.
The reduction of the ITO/PANI barrier height might
be due to the dipole layer formation mechanism on
the PANI layer. The reduction of the Stark shift effect
due to the PANI layer insertion might provide a higher
electron-hole transition probability. These effects im-
prove the tunneling current and the brightness for the
PANI diodes.
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