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ABSTRACT: We report visible light emission from a diode made from copolymers of
3-alkylthiophenes. These chemically synthesized copolymers exhibit improved elec-
troluminescence and quantum efficiencies compared to poly (3-cyclohexylthiophene).
Good solubility of copolymers allows the fabrication of the light emitting diodes by
spin-cast polymer film. The devices emit greenish-blue light in wavelength region of
550-580 nm, which is easily visible in poorly lighted room. The quantum efficiencies
are in the range of 0.002 to 0.01% (photons per electron) at room temperature; which
are significantly higher than corresponding values for poly(3-cyclohexylthiophene)
based light emitting diodes. The charge carrier mobility in the device is found to be 5.6

X 107* ¢cm?/Vs. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 1051—1055, 2000
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INTRODUCTION

The electroluminescence in conjugated polymers
is a rapidly expanding field"?, and there is a
strong possibility for the commercial utilization of
these materials; especially, in the area of display
applications. Most common electroluminescent
conjugated polymers are poly(p-phenylenevi-
nylene), polythiophene, and poly(para-phenyl-
ene).>® High efficiency, easy processibility, light
emission throughout the visible spectrum, and
low operating direct current (dc) voltage make
polymer light-emitting diodes (LEDs) very attrac-
tive for large-area display devices.®” One of the
major advantages of using semiconducting poly-
mers, as compared to the inorganic materials, is
the control of color in these materials. Visible
light emission in entire spectrum range has been
reported in these devices.®!! This is in contrast
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to the inorganic LEDs, in which high-quality
emission is restricted from red up to the yellow
region, and blue LEDs could not be produced to a
satisfactory quality standard to-date. There are
different strategies to control the color of conju-
gated polymers, the band gap of the polymer can
be varied by adding different side chains to the
main chain or by introducing different leaving
groups in the conjugated chain. These substitu-
ents may affect the electronic structure, either by
denating and/or withdrawing electrons or by in-
troducing steric hindrance to the main chain and,
thus, varying the effective conjugation length of
the main chain.

Among various polymers, polythiophene is of
considerable interest for device fabrication be-
cause of its environmental stability, nonlinear op-
tical properties, and electrical conductivity. How-
ever, the major drawback of this polymer is insol-
ubility in common organic solvents. The
substitution of alkyl chains to thiophene ring at a
3-position not only enhances the solubility of the
polymer in organic solvents but also changes its
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Table I Feed Ratio of Monomers Used to Synthesize Copolymers

Polymer 3-n-Hexylthiophene (mL) 3-Cyclohexylthiophene (mL)
Copolymer I 0.1 0.9
Copolymer II 0.4 0.6
Copolymer IIT 0.5 0.5
Copolymer IV 0.9 0.1

electronic properties and, therefore, make them
useful from a practical point of view.!? Enhanced
steric hinderance from side groups leads to the
decrease in planarity of the main chain and in-
creasing the band gap, making them good candi-
dates for LEDs. Poly(3-alkylthiophene)s are
among important conducting polymers because
poly(3-alkylthiophene) was the first soluble and
even fusible conducting polymer with novel char-
acteristics such as thermochromism'? and solva-
tochromism.*

In the present article, we report the character-
istics of LEDs constructed with copolymers of 3-n-
hexylthiophene and 3-cyclohexylthiophene. The
copolymers are synthesized with the purpose of
enhancing the properties of the individual poly-
mers in solubility, regularity, and functionality.
Our purpose is to incorporate the individual prop-
erties of the ingredient polymers into one poly-
mer. The device fabrication is simple because of
direct casting of the copolymer from the chloro-
form solution.

EXPERIMENTAL

Copolymers having 3-cyclohexylthiophene and
3-n-hexylthiophene units were synthesized by the
chemical method, described elsewhere.!® The
monomers of different concentrations were taken
to produce different copolymers. Table I gives the
composition taken for polymerization of different
copolymers. The monomers with various concen-
trations were polymerized with ferric chloride
(FeCly) catalyst in chloroform solution under an
inert atmosphere.

The solution of anhydrous FeCl; (1.23M) in dry
chloroform was taken in a round-bottomed flask
fitted with a condenser and a dropping funnel. A
binary mixture of 3-n-hexylthiophene and 3-cyclo-
hexylthiophene in chloroform solution (20 mL)
was taken in the funnel, and the contents of the
flask were kept in a thermostatic bath, main-
tained at 0°C. Oxygen-free nitrogen was bubbled

through the solution throughout the reaction. The
monomers were added drop by drop for 1 h, and
contents were stirred for 21 h. Copolymers were
washed with methanol and then extracted with a
mixture of acetone and methanol (1 : 1 V/V) using
a Soxhlet apparatus. Polymers synthesized in the
above manner were dried at 50°C under the re-
duced pressure.

Thin films of polymers were spin-cast on a
SnO, coated glass substrate using a chloroform
solution containing 3 g/L copolymer to produce
5—6-um thick polymer film. The film was then
transferred to the working chamber of a vacuum
coater from Edwords Co., UK (model 306). Alumi-
num was deposited onto the film at a pressure of
10~ ¢ mbar using the appropriate mask to cover
only a part of the film to cover an area of 4 mm?2.
The aluminum electrode served as a hole-inject-
ing contact while the SnO, film acted as an elec-
tron-injecting contact. The effective device area
was kept at 4 mm?® This metal-polymer—metal
(MPM) configuration was used to record the de-
vice characteristics.

All the measurements were taken in the dark,
at room temperature. Dark I-V characteristics
and bias-luminescence curves were recorded us-
ing a 2000 Houston dual pen recorder, while elec-
trochemical measurements were taken using a
PAR 273A Galvanostat/Potentiostat. The emis-
sion spectra were taken on Shimadzu-160 spec-
trophotometer, and nuclear magnetic resonance
(NMR) spectra were done on a Bruker AMX-500-
MHz NMR.

RESULTS AND DISCUSSION

Figure 1 shows a representative 'H-NMR spectra
of copolymer II, together with poly(3-cyclohexyl-
thiophene) and poly(3-n-hexylthiophene). The
NMR spectra of copolymer shows signals at &
3.05, & 2.82, 8 2.59, and 8 2.29, corresponding to
—CH— unit of cyclohexyl substituent and the
—CH,— unit of hexyl substituent nearest to the
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Figure 1 NMR spectra of (a) poly(3-cyclohexylthio-

phene) (b) copolymer and (c) poly(3-n-hexylthiophene).
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Figure 2 Cyclic voltammograms of (a) copolymer I (b)
copolymer II (c) copolymer IIT and (d) copolymer IV in
acetonitrile containing 0.1M TBAP.

thiophene ring in the copolymer. Thus, copolymer
contains both 3-cyclohexylthiophene and 3-n-
hexylthiophene units, as expected.

The cyclic voltammetric curves of copolymer
showed shift in peak potentials from the individ-
ual monomers. Figure 2 (a—d) shows the cyclic
voltammogram of all copolymers in 0.1M tetrabu-
tylammonium perchlorate (TBAP) electrolyte in
acetonitrile. The scan rate was kept at 20 MV/s.
As clear from Figure 2(a) for copolymer I, a reduc-
tion peak at 1.1 V is observed, while the oxidation
peak is found to be absent. Figure 2(d) for copol-
ymer IV reveals similar features but with some
broad peaks. These characteristics indicate poor
oxidizability of copolymers I and IV. In the case of
copolymer II [Fig. 2(b)], two sharp anodic peaks at
0.5 and 0.8 V with complementary cathodic peaks
are observed. This suggests easier oxidation pro-
cess (or hole injection) of the copolymer II, as
compared to the ingredient polymers, which
shows an anodic peak at 1.25 V for 3-cyclohexyl-
thiophene and 1.1 V for 3-n-hexylthiophene. Co-
polymer III [Fig. 2(c)] reveals an anodic peak at
0.9 V and a broad cathodic peak at 0.75V, sug-
gesting good redox property of the polymer.
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Figure 3 Luminescence-voltage and current—voltage
characteristics of LEDs based on (a) copolymer I (b)
copolymer II (¢) copolymer III and (d) copolymer IV.

Figure 3(a—d) shows the luminescence and cur-
rent of copolymer-based LEDs as a function of
bias voltage. It is clear from the figures that onset
voltage for the luminescence of the device is dif-
ferent for different polymers, varying from 2.2 V
to 3.5 V. The quantum efficiencies of the device
constructed with the copolymer are summarized
in Table II. As seen from the table that copolymer
II is the best candidate for the device, next to
which is copolymer III.

Figures 4 and 5 represent the emission and
photoluminescence spectra, respectively, of thin
films of these copolymers taken in the chloroform

Table II Maximum Quantum Efficiencies of
Copolymer-Based LEDs

Applied Bias Efficiency
Polymer (Volts) (%)
Copolymer I 2.80 0.0025
Copolymer II 3.35 0.0163
Copolymer III 3.50 0.0098
Copolymer IV 3.63 0.0031
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Figure 4 Emission Spectra of (I) copolymer I (II) co-
polymer II (III) copolymer IIT and (IV) copolymer IV,
taken in chloroform.

solution. The light emission from different copol-
ymers is in the wavelength region of 550 to 580
nm. The light emission was easily visible in a
dark room, and a light variation from yellow to
green region could be observed.

Figure 6 shows a typical transient behavior of
the device at voltage of 3 V. The shape of the
voltage pulse at time duration of 2 s is also shown.
The electroluminescence response time was about
0.4 s. The decay of electroluminescence begins as
soon as the voltage is turned off. On the other
hand, a delay time of electroluminescence after
voltage pulse is turned on is observed. This delay
gives a measure of the transport of charge carri-
ers, accumulation at the interface, formation of
excitons, and their recombination. Therefore, the
carrier mobility could be estimated from this
transit time.'® Assuming that the transport of
charge carriers constitutes the major part of the
time delay t;, one can write the following:

d d

ta= p)F ~ uF W
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Figure 5 Photoluminescence spectra of (I) copolymer
I (IT) copolymer II (III) copolymer III and (IV) copoly-
mer IV, taken in chloroform.
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Figure 6 Transient behavior of the LEDs with an
applied voltage of 3 V.

where d is the thickness of the emitting material,
M, and w, are the electron and hole mobilities,
respectively, at a field F, and w is the larger of the
two mobilities.

From this equation, the carrier mobility in the
device was estimated to be 5.6 X 10~* cm?Vs.

CONCLUSION

In summary, we have constructed light-emitting
diodes with chemically synthesized copolymers of
3-alkylthiophene as an electroluminescent layer.
Copolymers are synthesized in order to vary the
band gap and, hence, the light emission from the
device. Good solubility of copolymers allows the
fabrication of the light-emitting diodes by the
spin-casting technique. The devices emit green-
ish-blue light in the wavelength region of 550—
580 nm. The quantum efficiencies of the device
are in the range of 0.002 to 0.01%, which is con-
siderably higher than that of poly (3-cyclohexyl-
thiophene)-based light-emitting diodes.'” Out of
all the copolymers synthesized by us, copolymer I1

is best as an emissive material in the fabrication
of light-emitting diodes. The charge carrier mo-
bility in the device is found to be 5.6 X 10~ * cm?
Vs.
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