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Polymeric nanocomposite films from PEDOT and MEH-PPV embedded with surface modified TiO2 nanoparticles for the hole
transport layer and emission layer were prepared, respectively, for organic emitting diodes (OLEDs). The composite of MEH-
PPV+nc-TiO2 was used for organic solar cells (OSCs). The characterization of these nanocomposites and devices showed that
electrical (I-V characteristics) and spectroscopic (photoluminescent) properties of conjugate polymers were enhanced by the
incorporation of nc-TiO2 in the polymers. The organic light emitting diodes made from the nanocomposite films would exhibit
a larger photonic efficiency and a longer lasting life. For the organic solar cells made from MEH-PPV+nc-TiO2 composite, a
fill factor reached a value of about 0.34. Under illumination by light with a power density of 50 mW/cm2, the photoelectrical
conversion efficiency was about 0.15% corresponding to an open circuit voltage Voc = 0.126 V and a shortcut circuit current
density Jsc = 1.18 mA/cm2.

1. Introduction

Over two recent decades, conducting polymers and polymer-
based devices have been increasingly studied, because of
their potential application in optoelectronics as organic light
emitting diodes (OLEDs), field emission transistors (FETs),
solar flexible cells, and so forth [1]. From the point of
energy bandgap, semiconducting polymers also have a gap
(between the highest occupied molecular orbital-HOMO-
and the lowest unoccupied molecular orbital-LUMO-).
When sufficient energy is applied to a conducting polymer,
it becomes conducting by exciting the electrons from the
HOMO level into the LUMO level. This excitation process
leaves holes in the valence band, and thus creates “electron-
hole-pairs” (EHPs). When these EHPs are in intimate contact
(i.e., the electrons and holes have not dissociated) they are
termed “excitons.” In presence of an external electric field,
the electron and the hole will migrate (in opposite directions)
in the conduction and valence bands, respectively (Figure 1).

On the other hand, inorganic semiconductors when
reduced to the nanometer regime, possess characteristics

between the classic bulk and molecular descriptions, exhibit-
ing properties of quantum confinement. These materials are
referred as nanoparticles (or nanocrystals). Thus, adding
metallic, semiconducting, and dielectric nanocrystals into
polymer matrices enhances the efficiency and service dura-
tion of these devices. The inorganic additives usually have
nanoparticle form. Inorganic nanoparticles can substan-
tially influence the mechanical [2–4], electrical, and optical
(including nonlinear optical as well as photoluminescent,
electroluminescent, and photoconductive) properties of the
polymer in which they are embedded [5–8]. The influence
of nanocrystalline oxides on the properties of conducting
polymers has been investigated by many scientific groups [9–
11]. Many publications have been focused on nanostructured
composites, nanohybrid layers, and heterojunctions, which
can be utilized for different practical purposes. Among these
applications, one can divide two objectives; one focused on
the interaction between electrons and photons in devices
such as OLEDs, where the electricity generates light and the
other aiming and the generation of electricity as in organic
solar cells (OSCs).
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Figure 1: Formation of “electron-hole pair” induced by an
excitation from an external energy source.

In this work we present our recent results on the mor-
phology and properties of nanostructured polymeric com-
posites (further called nanocomposites) made from a conju-
gate polymer of Poly [2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-
phenylene vinylene] (MEH-PPV), Polyethylenedioxythio-
phene (PEDOT), and nanoparticles of TiO2 with the aim to
use for OLEDs and OSCs.

2. Experimental

Sol-gel method was used to prepare nanoparticles of TiO2

with modified surface. The catalyst was trimethylamino-N-
oxide dihydrate [(CH3)3NO·2H2O] with oleic acid as the
derivative chemical agent. The precursor for the sol was a
solution of tetraiso-propyl orthotitanate [Ti(iso-OC3H7)4].
This mixture was stirred at 80◦C for up to 2 hours, when a
homogeneous clear orange color was obtained. The optimal
volume ratio of oleic acid per the precursor was found to
be of r = 10. The nanocrystalline TiO2 (nc-TiO2) powder
with an average size of ca. 7 nm was obtained by pouring
the solution onto silicon substrates followed by annealing
at 180◦C, in air, for 3 hours. Annealing at such a low
temperature one can avoid growing process of TiO2 particles,
thus the size of the particles can be maintained at the
same size of the dispersed TiO2. The detail preparation and
characterization of the surface-modified TiO2 nanoparticles
can be seen elsewhere [12]. These nc-TiO2 particles were
used for making nanocomposites films for both the OLEDs
and OSCs.

To deposit nanocomposite films, MEH-PPV was dis-
solved in xylene (8 mg of MEH-PPV in 10 mL of xylene).
TiO2 was then embedded in PEDOT-PSS (PEDOT+nc-
TiO2) with 15 wt% of TiO2 and in MEH-PPV with 20 wt%
of TiO2 (MEH-PPV+nc-TiO2). These concentrations were
taken from the optimal values of the TiO2 embedded within
these polymers, which were obtained and reported elsewhere
[13], where commercial TiO2 nanoparticles with 5 nm in size
were utilized. Using dispersed nc-TiO2 particles with modi-
fied surfaces, the heterojunctions created on TiO2, and poly-
mers interfaces can be improve, consequently enhancing the
energy and charge transport through these heterojunctions.
Both the ultrasonic and magnetic stirring at temperature of
45◦C was used to achieve a homogenous distribution of TiO2

within these polymers The PEDOT+nc-TiO2 and MEH-
PPV+nc-TiO2 were deposited onto ITO/glass substrates
by spin-coating, then heated at 120◦C in a vacuum of
1.33 Pa for 1 hour to bake out solvent. The thickness of
the polymer layers was controlled by spinning rate. Each
ITO/glass substrate slide consists of four devices, which have

dimensions of 2 mm × 2 mm or 4 mm2 in area. The process
for preparing OSCs was carried-out similarly. However, in
the OSC, a RF-sputtered TiO2 thin layer was added between
the ITO substrate and MEH-PPV+nc-TiO2 film, instead of
the HTL (i.e., PEDOT+nc-TiO2) layer. The schemata of an
OLED and an OSC are given in Figure 2.

3. Results and Discussion

3.1. Composites for OLEDs. In comparison with polyvinyl
carbazone (PVK), PEDOT is a semiconducting polymer that
is more suitable for the hole transport layer (HTL) in OLEDs.
This is due to high transmission in the visible region, good
thermal stability, and high conductivity [14, 15]. To enhance
the interface contact between ITO and PEDOT, nc-TiO2

nanoparticles were embedded into PEDOT [16].
Figure 3 shows the atomic force microscope (AFM)

image of a PEDOT composite with a percentage of 20 wt%
TiO2 nanoparticles (7 nm in size). With such a high resolu-
tion of the AFM one can see a distribution of nanoparticles
in the polymer due to the spin-coating process. For the pure
polymeric PEDOT, the surface exhibits smoothness compa-
rable to the one of the area surrounding the nanoparticles. It
is clear that TiO2 nanoparticles embedded in PEDOT created
numerous TiO2/polymer heterojunctions in the composite
films.

PEDOT has a good conductivity, the electrical conduc-
tivity of this semiconducting polymer blend reaches up to
80 S/cm [17]. As reported in [13], the conductivities of
both the pure PEDOT and composite (PEDOT+nc-TiO2)
films measured by a four-probe method were found to
be of 75 S/cm and 70 S/cm, respectively. The presence of
TiO2 nanoparticles produced a negligible decrease in film
conductivity that does not affect the performance of OLEDs
much when the composite was used as a hole transport layer.

Surfaces of a pure MEH-PPV and a MEH-PPV+nc-
TiO2 composites used for OLEDs were examined by SEM
(Figure 4). The pure MEH-PPV film exhibits smooth surface,
however, there are many observed cracked spots in the nano-
scale. Whereas, for the composite film, with TiO2 nanoparti-
cles embedded, these spots disappeared. Figure 4(b) presents
the FE-SEM image of a composite sample with embedding
of 15 wt% nanocrystalline titanium oxide particles with the
same size (i.e., 7 nm). The surface of this sample appears
much smoother than the one of composites with a larger
percentage of TiO2 particles or with larger size TiO2 particles.

The influence of the heat treatment on the morphology
of the films was weak, that is, no noticeable differences in
the surface were observed in samples annealed at 120◦C,
150◦C, or 180◦C in the same vacuum. But the most suitable
heating temperature for other properties such as the current-
voltage (I-V) characteristics and the PL spectra was found
to be 150◦C. In the sample considered, the distribution of
TiO2 nanoparticles is mostly uniform, except for a few bright
points indicating the presence of nanoparticle clusters.

The effect of nanoparticles in composite films used for
both the hole transport layer (HTL) and emitting layer (EL)
in OLEDs was revealed by measuring I-V characteristics
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Figure 2: Schematic drawings of an OLED (a) and OSC (b):
thickness of the ITO electrode is 200 nm, the PEDOT+nc-TiO2 layer
–100 nm, the MEH-PPV+nc-TiO2 layer –200 nm, for OLED and
300 nm for OSC, the thin TiO2 layer –30 nm, and the Al electrode
–100 nm.

of the devices made from different layers. The following
abbreviations for the devices were used:

D1: ITO/MEH-PPV/Al (single polymer EL layer),

D2: ITO/PEDOT/MEH-PPV/Al (double polymer
layers),

D3: ITO/PEDOT+TiO2/MEH-PPV+TiO2/Al (dou-
ble composite layers),

D4: ITO/PEDOT+TiO2/MEH-PPV+TiO2/LiF/Al
(multilayers device).

Figure 3: AFM of a PEDOT+nc-TiO2 composite film with
embedding of 20 wt% TiO2 nanoparticles.

For the last device (D4), a super thin LiF layer as ETL was
added. A 10 nm-thick LiF layer used for the shallow contact
layer (SCL) was made by electron beam deposition [13]. I-V
plots of these devices are shown in Figure 5.

From Figure 5 one can see that the effect of both the
HTL and ETL and/or SCL on the enhancement of the I-V
characteristics was well demonstrated: for a single polymer
layer the turn-on voltage was of about 2.5 V (“a” curve in
Figure 5), whereas the device with HTL (“b”), composite
layers (“c”) and SCL (“d” curve) the turn-on voltage
decreased, from 2.5 to 2.15, 2.05, and 1.80 V, respectively. The
decrease in the turn-on voltage for the case with HTL layer is
associated with the equalization process of injection rates of
holes and electrons. The role of the nanoparticles affecting to
the device performance can be explained as follows. In the
composite film there are numerous heterojunctions formed
by the polymeric matrix (either PEDOT or MEH-PPV)
and nanoparticles (i.e., TiO2) embedded in the polymer.
During spinning, the nanoparticles can adhere to the HTL by
strong centrifugal forces and capillary forces can then draw
the polymer solution around the nanoparticles into cavities
without opening up pinholes through the device. This results
in a rough surface, over which the LiF (SCL) is deposited.
Subsequently, a large surface area interface between the SCL
and the EL composite material is formed. At a low voltage,
charge-injection into MEH-PPV is expected to be cathode
limited; the very steep rise in the I-V curves for the composite
diodes however suggests that more efficient injection at the
cathode through the SCL is occurring which would be caused
by the rougher interface of the nanocomposites. At a higher
voltage, transport in MEH-PPV appears to be space-charge
limited. Moreover, from FE-SEM (see Figure 4) it is seen
that the nanoparticles made the polymeric films be free
from cracked, consequently the number of the pores as the
charge traps in polymers were considerably eliminated. This
enables the I-V characteristic of the OLEDs made from
nanocomposite layers to be enhanced in comparison with the
standard polymers; consequently a larger photonic efficiency
can be expected.
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Figure 4: FE-SEM of a pure MEH-PPV (a) and a MEH-PPV+nc-
TiO2 (15 wt% of TiO2) annealed in vacuum at 150◦C (b).

3.2. Composites for OSCs. A MEH-PPV+nc-TiO2 film with
a good quality deposited onto glass substrate from MEH-
PPV solution exhibited good film-to-substrate adhesion
(Figure 6). From our experiments, it was known that the
TiO2 nanoparticles became large-sized and agglomerated in
the composite films as the percentage of TiO2 increases,
which resulted in more highly interpenetrated networks of
TiO2 produced at higher concentrations. Up to the 25 wt%
of nc-TiO2 embedded in the MEH-PPV, the homogeneity in
the distribution of nc-TiO2 particles in the polymer, as seen
in Figure 6 is suitable for OSCs.

The absorbance spectra of the MEH-PPV films versus nc-
TiO2 concentration are plotted in Figure 7. From this figure
one can see that nanoparticles of TiO2 made the polymer
film stronger absorbing in the visible range, in wavelengths
from 480 to 520 nm and for sample with 25 wt% of nc-TiO2,
in particular. The fact that the absorbance of the composite
films increases with the growth of nc-TiO2 concentration
proves that TiO2/polymer heterojunctions within polymers
are mainly responsible for the absorption of the films.

In Figure 8, the PL spectra for the MEH-PPV and the
composite films with excitation wavelength of 470 nm are
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Figure 5: I-V characteristics of OLED with different laminated
structure. a-Single MEH-PPV (D1), b-with HTL layer (D2), c-with
HTL and EL composite layers (D3), and d-with super thin LiF layer
(D4).

Figure 6: FE-SEM photograph of the MEH-PPV+nc-TiO2

nanocomposite film with 25 wt% of nc-TiO2.

plotted. In this case, the MEH-PPV luminescence quenching
was observed. For both samples, the photoemission has two
broad peaks, respectively, at 580.5 nm and 615.3 nm. The
peak observed at 580.5 nm is larger than the one at 615.3 nm,
similarly to the electroluminescence spectra observed in
[18]. As seen [7] for a composite, in the presence of rod-
like TiO2 nanocrystals, PPV quenching of fluorescence is
significantly high. This phenomenon was explained by the
transfer of the photogenerated electrons to the TiO2. It is
known [19] that the fluorescence quenching of MEH-PPV
results in charge-separation at interfaces of TiO2/MEH-PPV,
consequently reducing the barrier height at those interfaces.
The charge-separation in the polymeric nanocomposite
under the illumination is a specific property that is desired
for designing a simple, but prospective organic solar cell.

A schematic draw of a multilayer OSC with use of
the nanocomposite is shown in Figure 2(b). A solid-state



Journal of Nanomaterials 5

1.2

0.8

0.4

0
400 500 600 700

1

2

3

4

Wavelength (nm)

A
bs

or
ba

n
ce

Figure 7: Absorption spectra of of MEH-PPV+nc-TiO2 at room
temperature; curves “1,” “2,” “3,” and “4” correspond to a pure
MEH-PPV film, 5 wt%, 15 wt%, and 25 wt% of nc-TiO2 embedded
within MEH-PPV, respectively.
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Figure 8: PL spectra of MEH-PPV+nc-TiO2. Excitation beam with
λ = 470 nm.

photovoltaic device using a surface-adsorbed dye complex
for light absorption and electron injection to the TiO2

layer is called eta-solar cell, in which an extremely thin
absorber (eta) is sandwiched between two wide-band gap
semiconductors, one n-type and the other p-type [20–22].
The simplest device consists of two these layers, so it is
called as a bilayer solar cell. In our experiments, instead
of the polymer layer, a nanocomposite layer was deposited
by spin coating onto the TiO2/ITO electrode. Here, 30 nm
thick TiO2 was deposited by RF-sputtering. To prepare OSCs
with structure of ITO/TiO2/MEH-PPV+nc-TiO2/Al, a thin
aluminum electrode was successively evaporated onto the
composite layer (Figure 2(b)). Figure 9 shows the current-
voltage characteristics of an OSC using the nanocomposite
with 25 wt% of nc-TiO2, the dark current is given in a dashed
line.
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Figure 9: I-V characteristics of a OSC: thickness the TiO2 layer is
of 30 nm, the nanocomposite film –300 nm and the Al electrode –
100 nm. Pin = 50 mW/cm2, Voc = 0.126 V, Jsc = 1.18 mA/cm2, FF =
0.34, and PEC = 0.15%.

The photoelectrical conversion efficiency (PEC) was
determined by using the following formula:

PEC = FF× Jsc ×Voc

Pin
, (1)

where Pin is the density illumination power and FF is the fill
factor equal to:

FF = (J ×V) max
Jsc ×Voc

. (2)

Voc—voltage in open circuit, Jsc—current of short circuit.
The gray-colour rectangle illustrates the fill factor that

is equal to 0.34 determined by formula (2). The fact that
the FF is considerably large proves that the nanostructured
composite is a good matrix where TiO2 particles are tightly
surrounded. This is because during the spinning process
in the spin-coating technique, the nanoparticles can adhere
by strong electrostatic forces to the polymer and between
themselves, and capillary forces can then draw the MEH-
PPV solution around the nanoparticles into cavities without
opening up pinholes through the device. Although the
thickness of the nanocomposite layer is small (300 nm),
using formula (1) the PEC of the multilayer OSCs with the
structure of Al/MEH-PPV+nc-TiO2/TiO2/ITO was found
to be of 0.15%. This value is small in comparison with
solid-state PbS-QDs/TiO2 (500 nm) heterojunction solar
cells which have a PEC of 3.5% under AM1.5 illumination
[23]. However, it can be comparable to the PEC of the
polymer/nanocomposite solar cell that was obtained after an
annealing treatment under the electrical field of 4 V [24].

4. Conclusion

Nc-TiO2 particles with modified-surfaces were synthesized
by the sol-gel method using oleic acid. Nanocomposite films
for a HTL and EL were prepared, respectively, from PEDOT
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and MEH-PPV incorporated with these nanoparticles. Study
of the electrical and photoluminescent properties of the
composites as well as I-V characteristics of the OLEDs based
on the composites showed that electrical and spectroscopic
properties of the conjugate polymers were enhanced due to
the incorporation of nc-TiO2 in the polymers. The OLEDs
made from the nanocomposite films would exhibit a larger
photonic efficiency and a longer lasting life.

The same nanocomposite (i.e., MEH-PPV+nc-TiO2) was
used for OSCs. The fill factor of such an OSC was reached
a value as high as 0.34. Under illumination of light with a
power density of 50 mW/cm2, the following parameters of
the cell were obtained: Voc = 0.126 V, Jsc = 1.18 mA/cm2, FF =
0.34, and PEC = 0.15%.
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