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1. Introduction

Recently, both the theoretical and experimental researches on conducting polymers and
polymer-based devices have strongly been increasing (Salafsky, 1999, Huynh, 2002, Petrella
et al.,, 2004, Burlakov et al.,, 2005), due to their potential application in optoelectronics,
organic light emiting diode (OLED) displays, solar flexible cells, etc. Similar to inorganic
semiconductors, from the point of energy bandgap, conducting polymers also have a
bandgap - the gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). When sufficient energy is applied to a conducting
polymer (or a semiconductor), it becomes conducting excitation of electrons from the
HOMO level (valence band) into the LUMO level (conduction band). 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).
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Fig. 1. Formation of “electron-hole pair” induced by an excitation from an external energy

source (Klabunde, 2001)

On the other hand, inorganic semiconductors when reduce to the nanometer regime possess
characteristics between the classic bulk and molecular descreptions, exhibiting properties of
quantum confinement. These materials are reflected to as nanoparticles (or nanocrystals), or
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74 Organic Light Emitting Diode

“quantum dot”. Thus, adding metallic, semiconducting, and dielectric nanocrystals into
polymer matrices enables enhance the efficiency and service duration of the devices. The
inorganic additives usually have nanoparticle form. Inorganic nanoparticles can
substantially influence the mechanical, electrical, and optical (including nonlinear optical as
well as photoluminescent, electroluminescent, and photoconductive) properties of the
polymer in which they are embedded. The influence of nanocrystalline oxides on the
properties of conducting polymers has been investigated by many scientists in the world. A
very rich publication has been issued regarding the nanostructured composites and nano
hybrid layers or heterojunctions which can be applied for different practical purposes.
Among these applications one can divide two scopes, those concern to interaction between
electrons and photons such as OLED (electricity generates light) and solar cells (light
generates electricity).

In this chapter there are presented two types of the nanocomposite materials: the first one is
the nanostructured composite with a structure of nanoparticles embedded in polymers,
abbreviated to NIP, the second one is the nanocomposite with a structure of polymers
deposited on nanoporous thin films, called as PON.

2. NIP nanocomposite

2.1 The role of Ti oxide nanoparticles in NIP

It is known that a basic requirement for a photovoltaic material is to generate free charge
carriers produced by photoexcitation (Petrella et al., 2004, Burlakov et al., 2005).
Subsequently, these carriers are transported through the device to the electrodes without
recombining with oppositely charged carriers. Due to the low dielectric constant of organic
materials, the dominant photogenerated species in most conjugated polymer is a neutral
bound electron-hole pair (exciton). These neutral excitons can be dissociated from Coulomb
attraction by offering an energetically favorable pathway for the electron from polymer
(donor) to transfer to electron-accepting specie (acceptor). Charge separation in the polymer
is often enhanced by inclusion of a high electron affinity substance such as Cso (Salafsky,
1999) organic dyes (Huynh et al., 2002, Ma et al., 2005), or nanocrystals (Burlakov et al.,
2005). Nanocrystals are considered more attractive in photovoltaic applications due to their
large surface-to-bulk ratio, giving an extension of interfacial area for electron transfer, and
higher stability. The charge separation process must be fast compared to radiative or non-
radiative decays of the singlet exciton, leading to the quench of the photoluminescence (PL)
intensities. In addition, electron transport in the polymer/nanoparticle hybrid is usually
limited by poorly formed conduction path. Thus, one-dimensional semiconductor nanorods
are preferable over nanoparticles for offering direct pathways for electric conduction. It has
been demonstrated that the solar cell based on the CdSe nanorods/poly(3-
hexylthiophene)(P3HT) hybrid material exhibits a better power conversion efficiency than
its CdSe nanoparticle counterpart. The environmental friendly and low-cost TiO,
nanocrystal is another promising material in hybrid polymer/nanocrystal solar cell
applications (Haugeneder, 1999, Dittmer et al., 2000).

The influence of nanooxides on the photoelectric properties of nanocomposites is explained
with regard to the fact that TiO, particles usually form a type-II heterojunction with a
polymer matrix, which essentially results in the separation of nonequilibrium electrons and
holes. Embedding SiO; particles results in stabilization of the nanocomposite properties and
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an increase in the lifetime of polymer-based electroluminescent devices. It is usually
assumed that embedding semiconducting or dielectric nanocrystals creates additional
potential wells and/or barriers for carriers and does not influence the energy spectrum of
the polymer itself, except for a possible implicit influence through a change of the polymer
conjugated length. However, it is also known that, in a conducting polymer with very low
carrier mobility, the energy of carriers is determined to a considerable degree by the
polarization of the material, which influences the position of the HOMO and LUMO levels
as well as the exciton energy. The influence can be considerable, and can result in energy
shifts of the order of 1 eV for free (unbound) electrons and holes in a polymer. In a uniform
polymer medium this component of energy is determined by the molecular structure of the
polymer and the fabrication technology. In nonuniform media, such as polymer-nanocrystal
mixtures, the picture may change. In that case the polarization energy component may
additionally depend on the relative position of carriers and inorganic inclusions.

Results in time-resolved PL measurements were reported (Dittmer et al., 2000). It is seen that
time evolution of PL intensity of poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) on quartz shows mono-exponential decrease due to natural decay
of excitons with a characteristic time constant 300 ps. PL intensity of MEH-PPV on TiO;
decreases at initial time much quicker than that for MEH-PPV on quartz due to exciton
quenching at the interface with TiO, substrate (Figure 2).
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Fig. 2. PL intensity as a function of time in logarithmic scale. The symbols are experimental

data for MEH-PPV film deposited on quartz (1) and TiO, (2) substrates, respectively. The

dashed curve corresponds to monoexponential decay enabling determination of exciton life-

time 7. The solid curve is theoretically calculated (Burlakov, et al., 2005)

TiO; nanocrystals - MEH-PPV composite thin films have also been studied as photoactive
material (Petrella et al., 2004). It has been shown that MEH-PPV luminescence quenching is
strongly dependent on the nature of nanostructral particles embedded in polymer matrix.
Fluorescence quenching is much higher with rod titanium dioxide. In principle, rod particles
can be expected to exhibit higher photoactivity with respect to spherical particles. In fact,
when compared with the dot-like shape, rod-like geometry is advantageous for a more
efficient packing of the inorganic units, owing to both a higher contact area and more
intensive van der Waals forces. Actually, the higher quenching of the polymer fluorescence
observed in presence of titania nanoparticles (Figure 3) proves that transfer of the
photogenerated electrons to TiO: is more efficient for rods.
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Fig. 3. MEH-PPV luminescence quenching vs. TiO,/polymer
(Petrella et al., 2004)

volume ratio at A = 480 nm

Chronoamperometric measurements have been performed on films of MEH-PPV,
nanocrystalline TiO, and their blends. Thin films were deposited onto ITO from CHCl3
solutions by spin-coating and immersed into an acetonitrile solution of
tetrabutylammonium-perchlorate. As the authors showed, the light absorption and electron-
hole pair photogeneration occur exclusively in MEH-PPV. The electron is then injected into
the conduction band of the inorganic material, while the hole is transferred to the interface
with electrolyte solution. Figure 4 indicates a higher photoactivity in blends when compared
to the single components; the anodic photocurrents are higher with respect to the currents
measured for MEH-PPV thin films, and are very reproducible. High film photostability was
observed under longterm operative conditions.
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Fig. 4. Chronoamperometric measurements of MEH-PPV (...., blends of MEH-PPV TiO, dots
(=) and MEH-PPV TiO; rods (thin solid line) in a photoelectrochemical cell. Ag/AgCl is
chosen as reference electrode, while ITO and platinum as working and counter-electrode,
respectively. A halogen lamp is used. The films were deposited onto ITO and immersed into
acetonitrile solution of tetrabutyl-ammonium-perchlorate 0.1 M (Petrella et al., 2004)

From the obtained results it is known that the deposited composites film showed a higher
photoactivity when compared to the single components due to the availability of numerous
interfaces for enhanced charge transfer at the hetero-junction. Effective transport of excitons
in conjugated polymers is extremely important for performances of organic light emitting
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diodes and of plastic excitonic solar cells. A crucial step in the photovoltaic process, for
instance, is the conversion of photogenerated excitons into charge carriers at the polymer-
inorganic interfaces. High quantum yield of charge carriers could be achieved if the excitons
would travel far enough from their generation points to appropriate interfaces where they
can dissociate, injecting electrons into the electrode. The holes remaining in the polymer
diffuse to the opposite electrode, completing charge separation. Only a fraction of the
photogenerated excitons reach relevant interfaces while many of them decay by emitting
light or exciting vibrations of the polymer molecules.

Besides, a limited lifetime, the length scale of the exciton migration is restricted by the
spatial dependence of the exciton energy - i.e., inhomogeneous broadening of exciton energy
level. A conjugated polymer chain, for example, can be thought of as series of molecular
segments linked with each other at topological faults. Each segment has certain LUMO and
HOMO levels depending in part on its conjugation length. While migrating, excitons on
average lose their energy by predominantly hopping to lower-energy sites.

Therefore the migration of excitons slows down when they reach the low-energy sites where
they find fewer sites with lower energy in its neighborhood. Due to such dispersive
migration, the exciton diffusion cannot be described using a constant diffusion coefficient,
but a time-dependent one.

Photoluminescence efficiency was observed as a function of the content of nanocrystalline
TiOz (nc-TiO2) embedded in PPV, as demonstrated in figure 5 (Salafsky, 1999).
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Fig. 5. Absolute photoluminescence (PL) efficiency of PPV:TiO; composites as a function of
wt% TiO2 nanocrystals (Salafsky, 1999)

The PL efficiency for PPV alone was measured to be 20%. This proves the PPV luminescence
quenching. From point of review of photoactive materials, such a composite as PPV+nc-TiO»
can be used for excitonic solar cells. The mechanism of the PPV luminescence quenching
effect has been elucidated by energy diagram of polymer/oxide junctions (Figure 6).
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TiO, PPV

a. b.

Fig. 6. Schematic diagram of the various excitation, charge transfer, and decay pathways
available in a conjugated polymer nanocrystal composite (Salafsky, 1999)

The filled circles indicate electrons, and the open circles represent holes. Process 1 indicates
photoexcitation; process 2 indicates decay of the electronic excited state; the dark slanting
lines with arrows indicate a hole or electron transfer process (left and right sides,
respectively); and the thin lines connecting the conduction band of TiO; with the hole level
in PPV indicate an interfacial recombination process. The state levels are depicted as in this
figure, with the holes placed at slightly lower energy than the polymer LUMO.

Absorbed photon-to-conducting-electron conversion efficiency (APCE) of solar devices
based on the conjugated polymer-TiO, composite was obtained (Salafsky, 1999, Burlakov et
al., 2005). It shows that the APCE is as a function of incident photon energy obtained. The
quantum efficiency (QE) of light absorption, a fraction of photons absorbed within 50-nm-
thick MEH-PPV with respect to the incident photons onto a device is also plotted which
shows the photo-harvesting ability of the device (Figure 7).

Wavelength (nm)
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QE for absorption
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Fig. 7. Comparison of APCE curves obtained experimentally (solid circles) and theoretically
(solid line) for 50-nm-thick MEH-PPV (Burlakov et al., 2005)

In a recent work (Lin et al, 2006), the authors have reported morphology and
photoluminescent properties of MEH-PPV+nc-TiO, composites. The last is strongly
dependent the excitation energy of photons. The samples were prepared with a large
content of TiO,, such as from 40 to 80 wt% of TiO, nanorods. The PL curves showed that the
pristine MEH-PPV exhibits a broad absorption spectrum peaked at about 490 nm and TiO,
nanorods have an absorption edge at about 350 nm. Due to the nature of indirect
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semiconductor of TiO, nanorods, absorption and emission probabilities of indirect transition
in pristine TiO; are much lower than for direct transitions. The inset shows the luminescence
spectrum of TiO; nanorods excited at 280 nm. The broad emission band is mainly attributed
to radiative recombination between electrons in the shallow trap states below the
conduction band, the relative natural radiative lifetime resulted from oxygen vacancies and
surface states, and holes in the valence band. Similar luminescence features of colloidal TiO»
nanocrystals have been investigated previously (Ravirajan et al., 2005). For the excitation
wavelengths in the range of 400-550 nm where only polymer is excited, the fluorescence
intensities are further quenching, indicating that more efficient charge separation takes place
with increasing TiO;-nanorod content. In contrast, the intensities of fluorescence from
polymer increase instead for the excitation wavelengths shorter than 350 nm. Due to the
large absorption coefficient for TiO, nanorods at wavelengths less than 350 nm, the non-
radiative Forster resonant energy transfer from TiO; nanorods to polymer may be
responsible for the enhancement of fluorescence intensities. Enhancement in PL intensities
in polymer suggests that absorption by TiO, nanorods leads to emission in the MEH-PPV by
the non-radiative Forster resonant energy transfer (FRET) (Heliotis et al., 2006).

Cater et al have shown that the incorporation of nanoparticles inside an electroluminescent
MEH-PPV thin film results in order of magnitude increases in current and luminance out-
put (Figure 8). The nanoparticles appear to modify the device structures sufficiently to
enable more efficient charge injection and transport as well as inhibiting the formation of
current filaments and shorts through the polymer thin film. The composite
nanoparticle/MEH-PPV films result in exceptionally bright and power efficient OLEDs
(Cater et al., 1997). However, improvements are still needed in the device lifetime and
homogeneity of the light output for these materials to be commercially viable.

102

0 2
Voltage (V)

Fig. 8. Current-voltage and radiance-voltage curves for 1:1 TiO; (anatase)/ MEH-
PPV (circles), 1:1 TiO;, (rutile)/ MEH-PPV (diamonds), 1:1 SiO2/MEH-PPV (triangles), and
for MEH-PPV film with no nanoparticles (squares). Close symbols are for current. Open
symbols are for radiance. 1IW/mm?2 = 7.3 x107 cds/m?2 (Carter et al., 1997)

2.2 NIP composites for OLED

Polymer-based electroluminescent materials are very prospective for many applications, for
instance, OLEDs are now commercialized in display fields. The efficient device operation
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requires optimization of three factors: (i) equalization of injection rates of positive (hole) and
negative (electron) charge carriers (ii) recombination of the charge carriers to form singlet
excitons and (iii) radiative decay of the excitons. Of the two carriers, holes have the lower
mobility in general and may limit the current conduction process. By adding a hole
transport layer (HTL) to the three-layer device one can expect equalization of injection rates
of holes and electrons, to obtain consequently a higher electroluminescent efficiency of
OLED. However, both the efficiency and the lifetime of OLEDs are still lower in comparison
with those of inorganic LED. To improve these parameters one can expect using
nanostructured polymeric/inorganic composites, instead of standard polymers for the

emitting layer.

2.2.1 NIP films for hole transport layer
To prepare a NIP of polypropylene carbazone (PVK) and CdSe quantum dots (QD), a

solution of PVK was made by dissolving PVK and in pure chloroform, then CdSe-QDs were
added to this solution, stirred by ultrasonic bath. The solution then was spin-coated onto
both glass and tin indium oxide (ITO) substrates with spin rates ranging from 1200 rpm to
2000 rpm for 1 to 2 min (Dinh et al., 2003). Under an excitation of short wavelength laser,
the intensity of the PVK-NIP much increased, as seen in figure 9. Replacing CdSe-QDs by
nc-TiO; the feature of the PL-enhancement is the same. Although the PVK-NIP can be used
as HTL in OLED, polyethylenedioxythiophene (PEDOT) seemed to be much better
candidat for the hole transoport, because it has a high transmission in the visible region, a

good thermal stability and a high conductivity (Quyang et al., 2004; Tehrani et al., 2007). To
enhance the interface contact between ITO and PEDOT, TiO, nanoparticles were embedded

into PEDOT (Dinh et al., 2009)
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Fig. 9. Photoluminescence spetra of PVK and PVK+CdSe nanocomposite under a large

photon energy excitation

Figure. 10 shows the atom force microscope (AFM) of a PEDOT composite with a
percentage of 20 wt. % TiO, nanoparticles (about 5 nm in size). With such a high resolution
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
comparable to the one of the area surrounding the nanoparticles. The TiO, nanoparticles
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contributed to the roughness of the composite surface and created numerous TiO,/ PEDOT
boundaries in the composite film.

Transmittance spectra respectively for a pure PEDOT and a nanocomposite films are plotted
in Figure 11. From this figure one can see that nanoparticles of TiO, made the polymer film
more absorbing in the violet range while making it more transparent in the near infrared
range. At the range of the emission light of MEH-PPV, namely from 540 nm to 600 nm, the
two samples have about a same transmittance of 82%. This transmittance is a bit lower, but
still comparable to the transmittance of the ITO anode. Since PEDOT has a good
conductivity, the electrical conductivity of this conducting polymer blend reaching up to 80
S/cm (Quyang et al., 2005), in the infrared wavelength range it reflects the IR light better
resulting in a decrease in the transmittance. The presence of TiO; nanoparticles in PEDOT
results in a cleavage of the polymer conjugation pathway, consequently leading to a decrease in
film conductivity. This is why in the IR range the PEDOT composite has a higher transmittance
than that of a pure PEDOT. However, this small decrease in conductivity does not affect much
the performance of a OLED that uses the composite as a hole transport layer.

20 nm
L

Fig. 10. AFM of a PEDOT+nc-TiO; composite film with embedding of 20 wt.% TiO
nanoparticles
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Fig. 11. Transmittance spectra of PEDOT (curve “a”) and PEDOT composite films (curve “b”)

2.2.2 NIP films for emitting layer
To deposit MEH-NIP composite layers, MEH-PPV solution was prepared by dissolving
MEH-PPV powder in xylene with a ratio of 10 mg of MEH-PPV in 1 ml of xylene. Then,
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TiO2 nanoparticles were embedded in these solutions according to a weight ratio
TiO2/MEH-PPV of 0.15 (namely 15 wt. %), further referred to as MEHPPV+TiO,. The last
deposit was used as the emitter layer (EL). To obtain a homogenous dispersion of TiO, in
polymer, the solutions were mixed for 8 hours by using magnetic stirring. These liquid
composites were then used for spin-coating and casting. The conditions for spin-coating are
as follows: a delay time of 120 s, a rest time of 30 s, a spin speed of 1500 rpm, an acceleration
of 500 rpm and finally a drying time of 2 min. The films used for PL characterization were
deposited by casting onto KBr tablets having a diameter of 10 mm, using 50 ul of the MEH-
PPV solution. To dry the films, the samples were put in a flow of dried gaseous nitrogen for
12 hours (Dinh et al., 2009).

Surfaces of MEH-PPV+TiO, nanocomposite samples were examined by SEM. Figure 12
shows SEM images of a composite sample with embedding of 15 wt.% nanocrystalline
titanium oxide particles (about 5 nm in size). The surface of this sample appears much
smoother than the one of composites with a larger percentage of TiO- particles or with larger
size TiO, particles. The influence of the heat treatment on the morphology of the films was
weak, i.e. no noticeable differences in the surface were observed in samples annealed at
1200C, 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 OC. In the sample considered, the distribution of TiO, nanoparticles is
mostly uniform, except for a few bright points indicating the presence of nanoparticle
clusters.

© 100 nm_ |
—_

Fig. 12. SEM of a MEH+PPV-TiO; annealed in vacuum at 150 °C

The results of PL measurements the MEHPPV+TiO, nanocomposite excited at a short
wavelength (325 nm) and at a standard one (470 nm) are presented. Figure 13 shows plots of
the photoluminescence spectra measured on a pure MEH-PPV and a composite sample,
using the FL3-2 spectrophotometer with an He-Ne laser as an excitation source (A = 325 nm).
With such a short wavelength excitation both the polymer and the composite emitted only
one broad peak of wavelengths. From this figure, it is seen that the photoemission of the
composite film exhibits much higher luminescence intensity than that of the pure MEH-
PPV. A blue shift from 580.5 nm to 550.3 nm was observed for the PL peak. This result is
consistent with currently obtained result on polymeric nanocomposites (Yang et al., 2005),
where the blue shift was explained by the reduction of the chain length of polymer, when
nanoparticles were embedded in this latter. Although PL enhancement has been rarely
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mentioned, one can suggest that the increase in the PL intensity for such a composite film
can be explained by the large absorption coefficient for TiO, particles. Indeed, this
phenomenon would be attributed to the non-radiative FRET from TiO; nanoparticles to
polymer with excitation of wavelength less than 350 nm.
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Fig. 13. PL spectra of MEH-PPV+nc-TiO». Excitation beam with A = 325 nm

In figure 14 the PL spectra for the MEH-PPV and the composite films with excitation
wavelength of 470 nm are 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 618.3 nm. The peak observed at 580.5 nm is larger than the one at 618.3 nm,
similarly to the electroluminescence spectra plotted in the work of Carter et al (1997). As
seen (Petrella et al., 2004) 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 TiO;. It is known (Yang et al., 2005) that the
fluorescence quenching of MEH-PPV results in charge-separation at interfaces of
TiO,/MEH-PPV, consequently reducing the barrier height at those interfaces.
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Fig.14. PL spectra of MEH-PPV+nc-TiO2. Excitation beam with A = 470 nm

The effect of nanoparticles in composite films used for both the emitting layer (EL) and HTL
in OLEDs was revealed by measuring the I-V characteristics of the devices made from
different layers, such as a single pure EL diode (ITO/MEH-PPV /Al abbreviated as SMED),
a double pure polymer diode (ITO/PEDOT/MEH-PPV/AI or PPMD), a double polymeric
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composite layer diode, where a MEH-PPV+TiO2 composite was used as a EL and a PEDOT-

composite film was used as a HTL (ITO/PEDOT+TiO,/ MEH-PPV+TiO,/ Al or PMCD), and

a multilayer OLED, where a super thin LiF layer as ETL was added

(ITO/PEDOT+TiO,/ MEH-PPV+TiO,/LiF/ Al or MMCD). A 10 nm-thick LiF layer used for

the SCL was e-beam deposited onto the MEH-PPV+TiO,; it was then covered by an Al

coating prepared by evaporation. A detailed characterization of the SCL was however not
carried out here, except for a comparison of the I-V characteristics (see figure 15). From this
figure one can notice the following:

(i) The turn-on voltages for the diodes SMED, PPMD, PMCD to MMCD are found to be
34V,26V,22Vand 1.7 V, respectively. For the full multilayer diode (MMCD), not
only the turn-on voltage but also the reverse current is the smallest. This indicates the
equalization of injection rates of holes and electrons due to both the HTL and the SCL
which were added to the OLED.

(i) A pure PEDOT used as HTL favors the hole injection from ITO into the organic layer
deposited on the HTL, resulting in an enhancement of the I-V characteristics. Thus
the turn-on voltage decreased from 3.4 V to 2.6 V (see the curve “b” for the PPMD
diode).

(iii) Nanoparticles in both the EL and HTL films have contributed to significantly
lowering the turn-on voltage of the device (see the curve “c” for the PMCD diode).

Current density (mAfcm2)

Voltage (V)

Fig. 15. I-V characteristics of OLED with different laminated structure. (a) - Single MEH-PPV,
SMED; (b ) - with HTL layer, PPMD; (c) - with HTL and EL composite layers, PMCD and (d) -
with LiF, MMCD

The effect of HTL, ETL and/or SCL on the enhancement of the I-V characteristics was well
demonstrated, associated with the equalization process of injection rates of holes and
electrons. But the reason why the nanoparticles can improve the device performance is still
open for discussion. For instance, in (Scott et al., 1996) the authors attributed this
enhancement to the stimulated emission of optically-pumped MEH-PPV films when TiO,
particles were embedded in. Whereas, in (Carter et al., 1997) the authors indicated that no
evidence of line narrowing or changes in the line shape was observed at different voltages,
implying that the mechanism for improved performance was distinctly different from that
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found in optically-pumped TiO,/MEH-PPV films. These latter concluded that optical
scattering phenomenon was not causing an enhancement in the device performance.
Another possible explanation is that the nanoparticle surfaces increase the probability of
electron-hole recombination; however, this would result in a change in the external
quantum efficiency, rather than the current density as it was observed.

From the data of PL spectra for the MEH-PPV and the transmittance for PEDOT composites,
we have observed both the improvement in PL intensity and the luminescence quenching of
the composite (see figure 13 and 14). Similar phenomena obtained for nanohybrid layers
were explained due to the TiO,/polymer boundaries causing a difference in bandgap
between the oxide nanoparticles and the conjugate polymer (Thuy et al., 2009). Based on
these results, one can advance a hypothesis for the improved performance which supports
the suggestion by Carter et al (1997). A change in the device morphology would be caused
by the incorporation of nanoparticles into the solution. During the spinning process in the
spin-coating technique, the nanoparticles can adhere by strong electrostatic forces to the
HTL 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. This
will result in a rough surface over which the LiF (SCL) is evaporated and subsequently, a
large surface area interface between the SCL and the electroluminescent 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.

The electroluminescence quantum efficiency can be caculated by using a well-known
expression:

77¢=7/X77rx¢f 1)

where vy is a double charge injection factor which is dependent on the processes of carrier
injection and is maximal (y = 1) if a balanced charge injection into the emission layer of the
device is achieved, i. e. the number of injected negative charges (electrons) equals the
number of injected positive charges (holes); N quantifies the efficiency of the formation of a

singlet exciton from a positive and a negative polaron, and ¢ is the photoluminescence
quantum efficiency. From the PL spectra and the I-V characteristics obtained one can see
that y for the MMCD is the largest due to the addition of both the HTL and SCL into the
device. Since nc-TiO2 particles embedded in MEH-PPV constitute a factor favouring
electrons faster move in the EL, the intrinsic resistance of the OLED is lowered. This results
in an improvement of the I-V characteristics of the device. Moreover, the more mobile
electrons can create a larger probability of the electron-hole pairs formation in the emitting
layer, resulting in an increase in nr for the MMCD. Thus the electroluminescence quantum
efficiency of the multilayer polymeric composite diodes can be evaluated from (1) and
appears to be much larger than the one for the single polymeric layer device. As a result of
the enhanced carriers injection and transport in the polymer composites, the
electroluminescence quantum efficiency is roughly estimated to be improved by a factor
exceeding about 10.
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3. PON composites for inverse OLEDs

3.1. PVK/MoO3 hybrid structrure

Polypropylene carbazone (PVK) deposited on a nanostructued MoOs (PVK/MoQO3), as the
PON composite, can be seen as a hybrid structure between a polymer and an inorganic
oxide. To prepare a hybrid structure of PVK/nc-MoO3, Mo metallic substrate was annealed
in oxygen, at temperature of 550 ©C for ca. 2 hours to get a nanostructured MoOj layer, and
then PVK was deposited by spin-coating, followed by vacuum annealing. Surface
morphology and nano-crystalline structures of MoO; were checked, respectively by using
Scanning Electron Microscopy (FE-SEM) and X-Rays Diffraction (XRD). I-V characteristics
were measured using an Auto-Lab. Potentiostat PGS-30.

The thickness of the annealed Mo substrate layers was found to be dependent of the
annealing conditions such as the temperature and time. The samples used for devices were
prepared at 500 OC, for 2 hours. The structure of the films was checked by performing X-ray
incident beam experiment. For thin annealed layers, three XRD peaks of the Mo substrate
are obtained with a strong intensity (denoted by Mo-peaks in figure 15) indicating bulk Mo
crystalline structure of the substrate.

10 20 30 40 50 60

20 (degrees)

Fig. 15. XRD patterns of an annealed Mo-substrate showing, beside Mo structure, there are
two structures of Mo oxides, namely MoO3 and Mo¢O27

Three other sharp peaks denoted by a star symbol in figure 15 characterize a crystalline
structure of Mo¢O,7 that has been formed upon annealing. In the XRD diagram, there are
seven diffraction peaks corresponding MoOs. The fact that the peak width is rather large
shows that the MoOj3 layer was formed by nanocrystalline grains. To obtain the grain size t
we used the Scherrer formula:

091
= ()
p.cos@

where A is X-ray wavelength, f is the full width at half maximum in radians and 6 is the
Bragg angle of the considered diffraction peak (Cullity, 1978). The values of B were found
from 0.008 to 0.010, consequently the average size of the grains was determined as t ~ 7-10
nm. This result is in a good agreement with the data obtained by FE-SEM for the average
size of grains. The MoO; layer further would be spin-coated by PVK to get a heterojunction
of PVK/nc-MoQO:s.
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Current-voltage characteristics of Ag/Mo/nc-MoO;/PVK/Al and Ag/ITO/PVK/Al
(Figure 16) show that the onset voltage of the hybrid junction is lowered in comparison with
that of the standard junction. This may be explained by: (i) the workfunction of nc-MoOj; is
higher than that of ITO and (ii) the Mo substrate is metallic, thus Ag/Mo contact is more
ohmic than Ag/ITO contact.
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Fig. 16. I-V characteristic of PVK/MoO3/Ag junction (left curve) and PVK/Ag junction
(right curve)

3.2. MEH-PPV/TiO: hybrid structure

As seen in above mentioned PVK/nc-MoOs/Mo hybrid layer, both the photoluminescence
and I-V characteristics of the layer have been enhanced in comparison with those of the pure
polymer based OLED. Lin et al (2007) showed that when a nanorod-like NIP composite of
MEH-PPV+TiO, was excited by photons of a large energy, its photoluminescence was
enhanced in comparison with that of MEH-PPV alone. As far as we know, the
photoluminescencent properties of MEH-PPV /nc-TiO; hybrid PON films have been rarely
studied. The aim of our work is to study the photoluminescent behavior of PON hybrid
layers, when nanorod-like TiO, were grown on a flat titanium bar.

To grow nanocrystalline titanium oxide (nc-TiO,) on metallic titanium, a 2-mm thick Ti
wafer with a size of 5 mm in width and 10 mm in length were carefully polished using
synthetic diamond powder of 0.5um in size. The polished surface of Ti was ultrasonically
cleaned in distilled water, followed by washing in ethylene and acetone. Then the dried Ti
wafer was put in a furnace, whose temperature profile could be controlled automatically.
We used three different annealing temperature profiles as follows: from room temperature,
the furnace was heating up to 700°C for two hours and kept at this temperature respectively
for one hour (the first profile), for one and a half hour (the second profile) and for two hours
(the third profile), and these processes were followed by a cooling down to room
temperature during three hours. To deposit hybrid layers, MEH-PPV solution was prepared
by dissolving MEH-PPV powder (product of Aldrich, USA) in xylene with a proportion of
10 mg of MEH-PPV in 1 ml of xylene. The spincoating was carried-out in gaseous
nitrogen with a set-up procedure described in the following. The delay time was 120s,
the rest spin time 30s, the spin speed 1500 rpmin, the acceleration 500 rpmin and the
relaxation time 5 min. After spincoating the samples were put into a vacuum oven for
drying at 120°C at 1.33 Pa for 2 hours. For I-V testing, a silver-aluminum alloy coating
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was evaporated on the polymer to make diodes with the structure of AgAl/MEH-
PPV /nc-TiOz/Ti (Thuy et. al, 2009).

3.2.1 Morphology and crystalline structure of nanoporous TiO2 layer

Samples which were annealed respectively according to the first, second and third
temperature profile are referred to by TCl, TC2 and TC3. The hybrid films having a
structure of MEH-PPV /Ti-substrate, MEH-PPV/TC1, MEH-PPV/TC2 and MEH-PPV/TC3
are respectively abbreviated to MEHPPV, PON1, PON2 and PON3 for photoluminescence
measurements. Similar symbols are adopted for the heterojunctions samples used in I-V
tests, as follows:

MEHPPV: Ag-Al/MEH-PPV/Ti-substrate/ Ag
PON1: Ag-Al/PON1/Ti-substrate/ Ag
PON2: Ag-Al/PON2/Ti-substrate/ Ag
PONB3: Ag-Al/PON3/Ti-substrate/ Ag

Figure 17 shows the FE-SEM images of three samples (TC1, TC2 and TC3). For all the
samples TiO, was grown in form of nanorods whose size was strongly dependent on
conditions of the thermal treatment. These pictures reflect a very high resolution of the FE-
SEM: one can determine approximately both the size on the surface and the depth (or
length) of TiO; rods grown in the titanium wafer. Thus, TiO, rods in TC2 (annealing time is
1.5 h) were estimated to have a width of about 70 nm on average and a length of about 200
nm. Moreover, a large number of the rods have orientation close to the vertical direction
(see figure 17b). For the TC1 (Figure 17a) and TC3 (Figure 17c) samples, TiO2 rods were
randomly orientated, TCI being thinner than TC3. The annealing time of TC3 was larger
than that of TC2, and TC1, TC2 and TC3 had thicknesses respectively equal to ca. 100, 200
and 150 nm. We also annealed Ti wafers at the temperature of 500°C or 800°C. Even with a
different annealing process, pictures of the nanorods on titanium substrate were similar to
those for TC1 and TC3. This shows that for growing a nanorod-like TiO, on titanium
surfaces, the temperature can be maintained at 700°C for 1.5 h.

Figure 18 shows XRD patterns of TC1 (top), TC2 (middle) and TC3 (bottom) samples.
Although the annealed layers of the samples are thin (i.e. ~ 200 nm), in the XRD patterns all
the key characteristic peaks of a rutile TiO; crystal are revealed. These peaks correspond to
space distances of 0.322, 0.290, 0.217, 0.205, 0.168, 0.162 and 0.115 nm for all the samples. The
fact that two intensive peaks of the titanium crystal (0.245 and 0.224 nm) occurred proves
that X-ray went through the TiO; layer and interacted with the titanium crystalline lattice.
Using formula (2) for the determination of crystalline grain size of the TiO,, an average
value calculated for all the TiO, peaks was found to be around 100 nm for the TC2 sample.
This value is fairly different for TC1 and TC3 samples. However, these results are in a good
agreement with the results by FE-SEM.
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Hitachi x50.0k SE(M)

Fig. 17. FE-SEM pictures of annealed titanium surfaces: (@) 700 °C for 1 h (TC1), (b) 700°C for
1.5 h (TC2) and (c) 700°C for 2 h (TC3). The thickness of nc-TiO; layers is of 100 nm, 200 nm
and 150 nm, respectively for TC1, TC2 and TC3 samples
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Fig. 18. XRD patterns of nc-TiO layers grown on Ti surfaces at 700°C for 1h (TC1), 1.5h
(TC2) and 2h (TC3)

3.2.2 Photoluminescent and electrical properties of hybrid junctions

The results of PL measurements of all the samples excited at a short wavelength (ca. 325nm)
and at a standard one (ca. 470 nm) are presented. Figure 19 shows plots of the PL spectra
measured on MEH-PPV, PON1, PON2 and PON3 samples, using the FL3-2
spectrophotometer with an He-Ne laser as an excitation source (A = 325 nm). It is seen that
all the samples have broad photoemission at two peaks; one higher at 645 nm and another
lower at 605 nm. In a work on MEH-PPV+nc-TiO; composite (Carter et al., 1997) the author
reported that two electroluminescence peaks at 580 nm and 640 nm occurred, where the
first peak was higher than the second one. This negligible difference in wavelength values
and intensity of the emission peaks can be explained due to electroluminescence. The
emission peaks are shifted to longer wavelengths with respect to the main absorbance band.
This red-shift is explained due to emission of the most extensively conjugated segments of
the polymer (Kersting et al., 1993). From figure 19, it is seen that photoemission of all the
hybrid samples exhibit higher luminescence intensity than that of the pure MEH-PPV.
However, PL strongest enhancement occurred in PON2 film while for PON1 and PON3
films PL the intensities were not much increased. In these hybrid films no blue shift was
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observed, as it was obtained for MEH-PPV + nc- TiO: (see figure 13) or for PPV+nc-SiO,,
(Yang et al., 2005), as NIP composites. The blue shift was explained by the reduction of the
polymer conjugation chain length. Although PL enhancement has been rarely mentioned,
one can suggest that the increase PL intensity for such a PON2 thin film can be explained by
the large absorption coefficient for TiO, nanorods. This similar the effect observed for the
MEHPPV-NIP films, which explained due to the non-radiative Forster resonant energy
transfer (Heliotis et. al., 2006) from TiO, nanorods to polymer with excitation of wavelength
less 350 nm.
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Fig. 19. PL spectra of MEH-PPV and nanohybrid films by using a He-Ne laser excitation at

325 nm. The best PL enhacement is obtained for PON2 sample

In Figure 20 the PL spectra of MEH-PPV and hybrid film samples with excitation wavelength of
470 nm (on FL3-22 using Xe lamp) are plotted. In this case, the MEH-PPV luminescence
quenching occurred clearest in the PON2 sample. These spectra exhibited quite similarly to the
spectra obtained for the MEH-PPV+nc-TiO, (NIP) samples (see figure 14).
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Fig. 20. PL spectra of MEH-PPV and nanohybrid films by using a Xe lamp excitation at 470
nm. The strongest MEH-PPV fluorescence quenching is obtained for PON2 sample

For all the samples the photoemission has two broad peaks at 605 nm and 645 nm as in the
case of short wavelength excitation. Moreover, from figure 19 and figure 20 one can see that
in these samples the larger enhancement in PL intensity (under short wavelength
excitation), the stronger fluorescence quenching (under normal excitation) has occurred.
The fact that the peak at 605 nm is larger than the peak at 645 nm is similar to the

www.intechopen.com



Nanocomposites for Organic Light Emiting Diodes 91

electroluminescence spectra plotted in a work of Carter et al (1997). As seen in a work of
Petrella et al (2004), for a NIP composite, in presence of rod-like TiO, nanocrystals, PPV
quenching of fluorescence is significantly high. This phenomenon has been explained due to
the transfer of the photogenerated electrons to the TiO,. In our case, among three hybrids
films the PON2 sample is the most porous, and the rods are well separated from each other.
Thus this sample is likely to be a NIP composite. Perhaps, this is the reason why PON2
exhibited the strongest quenching effect.

3.2.3 Current-voltage characteristics

Figure 21 shows the I-V curves of a pure MEH-PPV based diode and three hybrid diodes
denoted as PON1, PON2 and PONB3. It is seen that such a diode of Ag/Ti/MEHPPV/AIAg
does not have both the transparent anode and hole transport layer (HTL). Thus, stating
from some applied voltage, IV characteristics present a linear dependence of current on
voltage as for a resistance (bottom curve, figure 5). For all the nanohybrid devices a turn-on
voltage is of around 3 V, ascending from PON2 sample to PON1 and PON3, but the current
density is not large (about 5 + 10 mA/cm? at 4 V). For PON2 device although the turn-on
voltage is smaller, the current began increasing with voltage right from 0. For PON1 and
PON3 devices, it grew up from 2 V. This means that in the PON2 the reverse current of the
device appeared from starting switch-on voltage, it can cause the device to be heated up.
The PON1 and PON3 devices have a rather low turn-on voltage and no reverse current was
observed up to an applied voltage of 2 V. It is known (Carter et al, 1997) that the
fluorescence quenching of MEH-PPV results in charge-separation at interfaces of
TiO,/MEH-PPV, consequently reducing the barrier height at the last. This indicates that the
PON?2 film will be a better candidate for a photovoltaic solar cell than for the OLED.
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Fig. 21. I-V characteristics measurement of AgTi/MEH-PPV/Al-Ag (MEHPPV) and three
devices of Ag/Ti/MEH-PPV+nc-TiO,/ Al-Ag (PON1, PON2 and PON3)

The fact, that PON1 and PON3 samples have very weak fluorescence quenching means that
under the light illumination an inconsiderable electron/hole generation may occur at the
TiO,/MEH-PPV interfaces. Therefore, the PON1 and PON3 are not suitable for the
photocurrent conversion. However, the improvement in I-V of the PON1 and PON3 devices
can be attributed to a thin TiO; layer sandwiched between the polymer and Ti substrate. In

www.intechopen.com



92 Organic Light Emitting Diode

this case the nc-TiO; layer played the role of HTL in OLEDs. Thus, contrarily to the PON2,
such a laminar device as Ag-Al/PON/Ti/Ag is preferable to be used for OLEDs rather than
for polymeric solar cells. However, to make a reverse OLED, instead of AgAl thin film, it is
necessary to deposit a transparent cathode onto the emitting layer.

4. Conclusion and remarks

We have given an overview of the recent works on nanocomposites used for optoelectronic
devices. From the review it is seen that a very rich publication has been issued regarding the
nanostructured composites and nano-hybrid layers or heterojunctions which can be applied
for different practical purposes. Among them there are organic light emitting diodes
(OLED) and excitonic or organic solar cells (OSC).

Our recent achievements on the use of nanocomposites for OLEDs were also presented.
There are two types of the nanocomposite materials, such as nanostructured composites
with a structure of nanoparticles embedded in polymers (abbreviated to NIP) and
nanocomposites with a structure of polymers deposited on nanoporous thin films (called as
PON). Embedding TiO, nanoparticles in PEDOT, one can obtain the enhancement of both
the contact of hole transport layer with ITO and the working function of PEDOT films. The
improvement was attributed to the enhancement of the hole current intensity flowing
through the devices. The influence of nanooxides on the photoelectric properties of the NIPs
is explained with regard to the fact that TiO particles usually form a type-II heterojunction
with a polymer matrix, which essentially results in the separation of nonequilibrium
electrons and holes. NIPs with the TiO; nanoparticles in MEH-PPV have been studied as
photoactive material. MEH-PPV luminescence quenching is strongly dependent on the
nature of nanostructral particles embedded in polymer matrix. Actually, the higher
quenching of the polymer fluorescence observed in presence of titania nanoparticles proves
that transfer of the photogenerated electrons to TiO, is more efficient for rods.
Characterization of the nanocomposite films showed that both the current-voltage (I-V)
characteristics and the photoluminescent properties of the NIP nanocomposite materials
were significantly enhanced in comparison with the standard polymers. OLEDs made from
these layers can exhibit a large photonic efficiency. For a PON-like hybrid layer of MEH-
PPV /nc-TiO,, the photoluminescence enhancement has also been observed. Thin
nanostructured TiO, layers were grown by thermal annealing, then they were spin-coated
by MEH-PPV films. Study of PL spectra of pure MEH-PPV and MEHPPV-PON films has
shown that with excitation by a 331.1 nm wavelength laser lead to the largest enhancement
in photoluminescent intensity as observed in the PON samples, and with an excitation of a
470 nm wavelength laser, the strongest fluorescence quenching occurred in this sample too.
Current-voltage characteristics of laminar layer devices with a structure of Ti/PON/Al-Ag
in comparison with that of Ti/MEH-PPV/Al-Ag showed that the turn-on voltage of the
devices was lowered considerably. Combining I-V with SEM and PL, it is seen that PON are
suitable for an reverse OLED, where the light goes out through the transparent or semi-
transparent cathode, moreover to do Ohmic contact to the metallic Ti electrode is much
easier.

However, to realize making reverse OLEDs, it is necessary to carry-out both the theoretical
and technological researches to find out appropriate materials which can be used for the
transparent cathode.
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