ELECTRICAL TRANSPORT AND THE SCHOTTKY EFFECT IN ORGANIC
NANOELECTRONIC MATERIALS AND DEVICES

BY
WUDYALEW WONDMAGEGN, B.Sc., M.Sc.

A dissertation submitted to the Graduate School
in partial fulfillment of the requirements
for the degree
Doctor of Philosophy

Electrical Engineering

New Mexico State University
Las Cruces, New Mexico
December 2007

“Electrical Transport and the Schottky Effect in Organic Nanoelectronic Materials
and Devices,” a thesis prepared by Wudyalew Wondmagegn in partial fulfillment of
the requirements for the degree, Doctor of Philosophy, has been approved and
accepted by the following:

Linda Lacey
Dean of the Graduate School

Dr. Paul M. Furth
Chair of the Examining Committee

Date

Committee in charge:
Dr. David Voelz
Dr. Igor Vasiliev
Dr. Robert Armstrong

ii

ACKNOWLEDGMENT
During this work I have collaborated with many people for whom I have great
regard, and I wish to extend my warmest thanks to all those who have helped me with
my work. First, I would like to forward my deepest gratitude to my advisor, Dr. Paul
Furth, for his unlimited and brotherly advice, suggestions and comments. I would like
to gratefully acknowledge Dr. Seamus Curran for letting me work on this project in
his lab. I am also thankful to my colleagues and collaborators - James Dewald, Dr.
Michael DeAntonio, Dr. Amanda Ellis, Dr. Donghui Zhang, Jamal Thalla, Sampath
Dias, Yvonne Tores, Aditya Avadhanula, and others in the nanophysics group - for
their participation in valuable experiments and discussions.
I would like to express my sincere thanks to Dr. David Voelz for his financial
support for the last couple of years of my study and for being on my committee. I am
also thankful to Dr. Igor Vasiliev for his time and effort in reviewing and
commenting on my dissertation proposal. I am very grateful to Dr Robert Armstrong
for being on my dissertation committee.
I would also like to thank the Physics and EE departments and my instructors
for their help in one way or another for my success. Many thanks go in particular to
Dr. Charles Bruce and Dr. Robert Liefeld for teaching me how to work on an ultra
high vacuum system.
Finally, I would like to express my deepest appreciation and love to my wife
Alemitu Minalu and my sons Nathnael and Bereketab for their love and patience with
me during this period. They have lost a lot due to this research I was involved in

iii

during the years of my study. Without their encouragement and understanding, it
would have been impossible for me to finish this work.

Don’t be impatient for the Lord to act!
Travel steadily along his path.
He will honor you, giving you the land.
You will see the wicked destroyed.
(Psalm 37:34)
Amen

iv

ABSTRACT
The field of nanotechnology is emerging with the promise of cheap, light weight,
and flexible optoelectronics devices. Some commercial applications based on
semiconducting polymers have already become available in the market. This field has
also brought new challenges for the research community.
In this work, the electrical transport and spectroscopic properties of different
nanomaterials and nanocomposites have been studied. The composites were made
from polymers, nanotubes, metallic nanoparticles, and dyes. Electrical transport and
Schottky effect are the properties that fundamentally govern the operation of the three
dominant types of organic electronic devices such as organic light emitting devices
(OLEDs), photosensitive devices (solar cells and photodetectors), and organic field
effect transistors (OFETs).
Schottky

devices

have

been

made

from

pristine

nanomaterials

and

nanocomposites. The Thermionic emission/diffusion equation has been used to
extract the parameters of the device. Their performance has been studied and
compared. Devices made from composites have shown better performance than those
that are made of pristine polymers. Enhancement of light absorption has also been
observed by attaching dyes to single wall nanotubes.
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1. INTRODUCTION
The history of research on plastic electronics began in the 1970’s and 1980’s
when researchers found that the conductivity of certain polymeric systems could be
changed over the full range from insulator to metal by chemical doping. The first
polymer capable of conducting electricity - polyacetylene – was prepared by
Shirakawa [217]. The subsequent discovery by Heeger and MacDiarmid [100] that
the polymer would undergo an increase in conductivity of 10 orders of magnitude by
oxidative doping helped raise the world’s interest in such materials. Since then this
field has seen much progress, to the extent that researchers are able to enhance
physical properties at the nano-scale level. These developments led to the emergence
of nanotechnology in all areas of science and engineering.
1.1 Motivation
The birth of material engineering in the nanometer scale has generated new
materials and systems with enhanced physical properties that could potentially
revolutionize the electronic and photonic industry by combining the advantages of
low cost of fabrication, strength, and flexibility.
The potential advantage anticipated in materials engineering has motivated
many researchers to work in this field. More researchers continue to join the field and
more publications are being generated each year. Nowadays, nanotechnology is a
very active research subject spanning many areas, including materials development,
device design, deposition processes, and modeling. Some commercial applications
1

based on semiconducting polymers, also known as organic semiconductors, have
already become available on the market, such as a Pioneer car radio with Organic
Light-Emitting Diodes (OLED) display, Motorola’s timeport color OLED cell phone,
and Kodak’s color OLED digital camera. In addition, a Philips shaver and a Philips
mobile phone both feature an OLED display [246].
Although all of these devices are OLED with traditional Si-based backplanes
and control electronics, they are a tremendous step toward realizing an organic share
of the electronics markets. In addition to OLEDs, there is also an effort to make other
devices using organic semiconductors. There is a good progress made in the
realization of organic transistors [199][216], organic sensors [[226][270], organic
memories [163][212], and possibly smart textiles [135][246]. Optically pumped
organic lasers have also been demonstrated at UV, visible, and IR wavelengths
[30][126]. Photodetectors with collection efficiencies as high as 80% [184][186], and
solar cells with power conversion efficiencies as high as 5.2% have been reported
[196]. Organic thin-film transistors with excellent electrical characteristics and low
operating voltages (below 2 V) have been reported [113]. If certain problems are
surmounted, integrated circuits fabricated from organic thin-film transistors will have
the potential of enabling cheap and well-performing logic circuits. Applications of
these thin-film transistors are as diverse as electronic price tags, postage stamps,
radio-frequency identification tags, and smart cards [67][234].
Despite such a significant development seen over the past decades, there is
still a lot to be done to improve the quality of such devices in terms of electronic

2

properties, optical properties, stability, and processability, or manufacturability. We
still await the key applications that may drive organic electronics toward a mature
industrial discipline. Significant improvement is needed in order to provide
comparable device performance and cost with the already existing inorganic devices,
in particular, silicon. Different strategies are underway, such as enhancing properties
by forming composites from different materials, using hybrid organic/inorganic
systems [10][162], and designing systems that combine the performance of silicon
based electronics with the functionality of organic components [97][161][192]. The
desirable functions provided by organic components are sensing, flexibility, and
actuation.
1.2 Aims, objectives, and layout of the dissertation
The objective of this research is to test the electrical transport property of
different nanocomposites and to make Schottky diodes and solar cells from them. The
composites are made from polymers, nanotubes, metallic nanoparticles, and dyes.
With this goal in mind, a wide variety of composites will be tested for conductivity
and Schottky effect.
Electrical transport and Schottky effect are the properties that fundamentally
govern the operation of the three dominant types of organic electronic devices, such
as organic light emitting devices (OLEDs), photosensitive devices (solar cells and
photodetectors), and organic field effect transistors (OFETs).
In chapter two of this dissertation we present the theoretical background for
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electrical transport in organic semiconductors and Schottky effect at metal
semiconductor junctions. In chapter three, we present a literature review of the
developments in organic solar cells and other organic electronic devices. In chapters
four, five, and six we present all of our experimental results from a variety of organic
composites. Finally we will summarize the thesis and point out possible future
extensions of this work in chapter 7.
1.3 Contributions
The original contributions of this dissertation are listed below:
● Schottcky diodes based on PmPV- Gold nanocomposite
● Electrical and spectroscopic characteristics of PmPV- C60 composite
● Electrical transport property of Polystyrene-Nanotube composite with two profile
percolation effect.
● Schottky diodes based on Dye-Nanotube-Polymer composite
A list of papers and a patent application based on this dissertation is given below
1. W.T. Wondmagegn and S.A. Curran, “A study of C60–poly(m-phenylenevinyleneco-2,5-dioctoxy-p-3 phenylenevinylene) nanocomposite,” Thin Solid Films 515
(2006) 2393–2397
2. S. A. Curran, Donghui Zhang, W. T. Wondmagegn, Amanda V. Ellis, Jiri Cech,
Siegmar Roth, and David L. Carroll, “Dynamic electrical properties of polymercarbon nanotube composites: Enhancement through covalent bonding,” J. Mater.
Res., Vol. 21, No. 4, Apr 2006
3. J. L. Dewald, W. T. Wondmagegn, Amanda V. Ellis and Seamus A. Curran,
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“Enhanced rectification through polymer-gold nanoparticle interaction,” Synthetic
Metals 155 (2005) 39–44
4. J. L. Dewald, A. V. Ellis, W. Wondmagegn and S. A. Curran, “Composite
formation and Electronic Properties of gold-polymeric nanocomposite based on
poly(m-phenylenevinylene-co-2, 5-dioctoxy-p-phenlenevinylene),” Proceedings
of the ICSM, Wollongong, Australia (2004 )
5. Avadhanula, W. Wondmagegn, M. Kandadai, D. Zhang and S. A. Curran, “New
Polymer Nanotube Design from Graft Polymerization,” H. Kuzmany, J. Fink, M.
Mehring, and S. Roth, eds., Kirchberg Proceedings (2005)
6. Avadhanula, Aditya; Wondmagegn, Wudyalew; Kandadai, Madhuvanthi; Zhang,
Donghui; Curran, Seamus A., “Meso-structure formation for enhanced organic
photovoltaic cells,” XIX International Winterschool/Euroconference on Electronic
Properties of Novel Materials. AIP Conference Proceedings, Volume 786, pp.
224-227 (2005).

7. One patent application
Seamus A. Curran, James L. Dewald, Amanda V. Ellis and Wudyalew T.
Wondmagegn, Fabrication of a Gold-Polymeric Nanocomposite. Serial No. 11166,606
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2. BACKGROUND THEORY OF CHARGE TRANSPORT AND SCHOTTKY
EFFECT
2.1 Nature of charge carriers in organic semiconductors
In the electronic structure of organic polymers, there is a large energy
difference between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). This implies it is an electrically insulating
material [61]. Like an atomic orbital, a molecular orbital can be occupied by no more
than two electrons. When a covalent bond is formed, the two electrons originally in
the atomic orbitals of the separate atoms now go into a much lower energy bonding
MO. The formation of a covalent bond involves the sharing of only two electrons.
Those electrons form the pair that can be accommodated in the bonding molecular
orbital. Two different geometries are possible [260]. The bonding MOs that result in a
geometry cylindrically symmetrical about a line joining the two nuclei involved are
called sigma (σ) orbitals, and the bonds formed are called σ-bonds (cf. Fig. 2.1 (a)}.

(a)

(b)

+

+
Fig 2.1 (a) Overlap of two p atomic orbitals to give a bonding σ MO. (b)
Overlap of two p atomic orbitals to give a bonding π MO.
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Another type of bonding MO and, therefore, a second type of covalent bond,
can be formed by the overlap of two atomic 2p orbitals as shown in Fig. 2.1 (b). This
bonding MO is not cylindrically symmetrical about a line joining the two nuclei. It is
called a pi (π) bonding molecular orbital. The resultant covalent bond is called a πbond.
The arrangement of the electrons in the outer most level of carbon when
carbon is covalently bonded is not the same as when carbon is in the atomic state. The
electronic configuration of carbon in the atomic state is 1s2 2s2 2p1x 2p1y 2p0z.
From this configuration, it would be expected that carbon would form bonds by a
combination or overlapping of the two partially filled p orbitals with s and p atomic
orbitals of other atoms and thus that the combination with two hydrogen s atomic
orbitals would lead to CH2 . However, the stable hybrid of carbon is methane (CH4).
Furthermore, the four carbon-hydrogen bonds in CH4 are equivalent. The equivalent
bonding is achieved by hybridization of the one s and three p atomic orbitals in the
second energy level to give four orbitals of a new type, which are called sp3 orbitals.
These orbitals are equivalent, and each contains one electron. The four sp3 hybrid
orbitals are directed to the corners of a tetrahedron [210]. The sp2 hybrid orbitals of
carbon occurs when it is bonded to three other atoms [210]. The carbon main chain of
conjugated polymers consists of covalently bonded carbon atoms. Three of the four
valence electron orbitals of the carbon atoms in the conjugated main chain, one s- and
two p- atomic orbitals, are hybridized into three sp2- orbitals [125],[223]. These
orbitals form the so called σ-bonds to other carbons, hydrogen, or heteroatoms. The
remaining valence electron is in a pz-orbital oriented perpendicular to the σ-bonds.
The pz-orbitals interact with their neighbors, forming π- bonds between the carbons
[61]. We note also that there is an other class of orbital hybridization for triple bond
7

carbons such as acetylene known as sp hybrid orbital [210]

2.1.1 Peierls Distortion
In organic conjugated polymers, the backbones consist of sp2 hybridized
carbons. This electron configuration results in three σ-bonding electrons, the 2s, 2px,
2py electrons, and a remaining 2pz electron. The pz-orbitals interact with their
neighbors, forming π-bonds between the carbons. From an organic chemistry point of
view, the macromolecule has alternating single and double bonds (σ-bonds and σ+π bonds, respectively) along the main chain [61].
The solid state physicist will, however, view this a little differently. Since the
inter-chain coupling in these systems is normally weak, the main chain is essentially a
one dimensional lattice. Three of the valence electrons form bonds to the neighbors
and leave one free electron per unit cell. In the electronic structure there is a halffilled energy band, characteristic of a metal. However, this material is not stable as a
metal; a one dimensional system with a half-filled energy band is unstable and will
undergo a transition to a dimerized state, leading to a gap at the Fermi energy [100].
This is a Peierls distortion which is a disorder-to-order transition or a metal-toinsulator transition. The energy gap separates the HOMO, which is the valence band,
from the LUMO, which is conduction band.
The dimerization (metal-to-insulator transition) means that the unit cell will be
twice as large as before and will contain two bonds, one long and one short, (Fig.
2.2). From the appearance of the energy gap in the energy band, we can now expect a
semiconductor. In their pure state conjugated polymers are semiconductors or even
insulators, with a band gap, Eg, between 1 and 4 eV [61]. Few of them are found in
8

the lower part of this energy range, and therefore, the intrinsic conductivities are low
due to small thermal excitation across the band gap. The polymers are often colored
since the band gap corresponds to photon energies in the visible region.

2a

a

Energy

Energy

Eg

π

k

a
(a)

π

π

2a

a

k

(b)

Fig 2.2 Process of transition from (a) metallic state to (b) non-metallic state
by dimerization.
2.1.2 Elementary Excitations
The basic assumption of modern theory of condensed matter is that there
exists a stable ground state and excited states of higher energy. In general, the energy
of an excited state can be expressed as the sum of energies of elementary excitations
or quasi-particles. Just as atoms, ions, and molecules are the building blocks of a
crystal in the sense of structure, these elementary excitations are the building blocks
of a solid in the sense of motion [143].
9

2.1.3 Solitons in polyacetylene
The conjugated polymer with the simplest structure is polyacetylene. It has
only a main chain of alternating single and double bonds between carbon atoms, with
one hydrogen atom attached to every carbon. Fig. 2.3 shows two degenerate ground
states of trans-polyacetylene.

Phase B

Phase A

Fig 2.3 Degenerate ground states of trans-polyacetylene

Putting two such trans-polyacetylene chains together, a phase transition region
will occur where the chain has an apparent bond alternation defect, see Fig. 2.4. This
defect, called a soliton and often referred to as being a quasi-particle, corresponds to
an unpaired electron and gives rise to a localized electronic state in the middle of the
otherwise forbidden energy gap [87]. Apart from the neutral soliton, addition or
withdrawal of an electron creates the charge and spin configurations as shown in Fig.
2.5.

•

Fig 2.4 Creation of a soliton in trans-polyacetylene.
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Ec
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Charge 0

Charge +e

Charge -e

Spin
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½

Neutral soliton

0

Posative soliton

0

Negative soliton

Fig 2.5 Charge and spin combinations for differently charged solitons.
2.1.4 Polarons and Bipolarons
The term polaron is known from inorganic semiconductors to describe an
elementary excitation resulting from the effect of motion of an electron in an ionic
crystal. In simple terms, an electron moving in an ionic crystal attracts the positive
ions and repels the negative ones. Hence it polarizes its surroundings. The
polarization field thus produced, in turn, affects the motion of the electron itself. This
set of the moving electron and its accompanying polarization field is called a polaron
[129].
Conjugated polymers can also be built from aromatic units. Pyrrole,
thiophene, and benzene are examples of monomers from which non-degenerate
ground state conjugated polymers can be synthesized. In these polymers there are two
different possible bond alternations, since all carbon atoms are not in equivalent
positions. This is synonymous with a non-degenerate ground state. The two different
bond alternation patterns are referred to as aromatic and quinoidal. The aromatic form
11

is the lowest energy state. For instance, the left and the right sides of the soliton in
polythiophene, as depicted in Fig. 2.6, have different energies.
S

S
S

S

•

S

S
Aromatic

Quinoidal

Fig 2.6 Soliton site in a polythiophene.
Contrary to solitons in polyacetylene, which are more stable and can be
positioned anywhere in the chain, solitons in non-degenerate polymers are
energetically unstable. They move along the chain, thereby changing the high energy
quinoidal rings into low energy aromatic rings. If defects in non-degenerate ground
state polymers are to be stable, bound stable defects must be created. This bound
double-defect (quasi-particle) is called polaron if singly charged, Fig. 2.7(a) and
bipolaron if doubly charged, Fig. 2.7(b) [87].
S

S

S

•

+

(a)
S
S

S

S
S

S

+

+

(b)
S

S

S

Fig 2.7 A polaron (a) and bipolaron (b) in polythiophene.

12

In the same way as solitons, which can be related to the polarons and
bipolarons because a polaron can be regarded as a combination of a soliton and an
antisoliton, the polaronic defects give rise to states in the band gap as shown in Fig.
2.8. These new states resulting from solitons, polarons, and bipolarons can be
observed in optical absorption spectra [69][98][241] because new transitions become
possible.
Ec

Ec

Ev

Ev

Charge +e

Charge +2e

Spin

Spin

½

Positive polaron

0

Positive bipolaron

Fig 2.8 Energy band diagrams showing charged states of a non-degenerate
ground state polymers.

2.2 Charge transport in conjugated polymers
The relation between drift velocity of electrons or holes in a solid material and
an applied electric field is described in terms of Mobility. The mobility of polymeric
semiconductor material is found to be very low and strongly electric-field and
temperature dependent [11][21][71][94],[189]. In metals and conventional
semiconductors, charge transport occurs in delocalized states, and is limited by the
scattering of the carriers, mainly due to thermally induced lattice deformations
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(phonons) [104]. Such a model is not valid in low conductivity materials such as
amorphous or organic semiconductors. In these materials, transport occurs by the
hopping of charges between localized states.
The main difference between the delocalized and localized transport is that, in
the former, the transport is limited by phonon scattering, whereas in the latter, it is
phonon assisted. Accordingly, the charge mobility decreases with temperature in
conventional crystalline semiconductors, the reverse being true in most organic
materials. Several models have been developed to rationalize this hopping transport.
Over the past decades intense research has been carried out in order to explain the
transport of charge carriers in such materials, which would justify such low mobility.
There are several transport models showing good agreement with the electrical
measurements for some particular systems, but no complete solution is available due
to the diversity and complexity of these systems. Here, we present the most common
transport models found in the literature.
2.2.1 Hopping in a Disordered Medium
The absence of an ideal three dimensional periodic lattice structure in
disordered polymer semiconductors made it impossible to describe the charge
transport processes in terms of standard semiconductor models. Because of their
spatial and energetically disordered configuration, these systems have no translation
symmetry. The concept of band conduction by free charges does not apply. Instead,
the formation of localized states is enhanced and a different theoretical approach is
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required. In order to participate in the transport, the charge carriers must hop between
these localized states (inter or intra-chain transitions). This hopping usually leads to a
very low carrier mobility. To overcome the energy difference between two localized
states, the carriers absorb or emit phonons. This process of phonon-induced hopping
was suggested by Conwell [39] and Mott [164] in connection with metallic
conduction in inorganic semiconductors, and later by Pines, Abrahams and Anderson
[187] for electron relaxation processes in silicon. Mott discusses the hopping
transport in a constant density of states (DOS), in which he argues that the hopping
over long distances and the hopping to high energy states are equally important [132].
Later, Miller and Abrahams proposed a hopping model based on a singlephonon jump rate description [117]. Their evaluation was made in the case of a
lightly doped semiconductor at a very low temperature. The localized states were
shallow impurity levels. The energy of these levels sits in a narrow range, so the
probability for an electron on one site to find a phonon to jump to the nearest site is
high.
The model of variable-range hopping, based on the Miller–Abrahams equation
for the hopping rate, is commonly accepted as an adequate, although simple,
approach to the problem of charge transport in disordered organic materials
[8][11][158]. It suggests that the average hopping rate and the mobility are controlled
by carrier jumps from deeper states to shallower states. Most charge carriers in deeper
states are localized under equilibrium conditions and do not contribute to transport.
On the other hand charge carriers in shallower states play a major role in transport.

15

The jump probability exponentially decreases with the distance and energy difference
between starting and target sites. Thus a carrier will most probably jump to a site that
corresponds to a trade off between the distance and energy difference. This
combination depends upon the temperature, the carrier localization radius, and the
DOS distribution.
Charge transport in many doped organic materials shows a strong relationship
to the external electric field E and temperature T. The field dependence of the
mobility is well described by Gill’s empirical law, logμ ∝

E , over a wide range of

field strength and for various combinations of the dopant molecules and host
materials [83][213]. This dependence is recognized as the Pool-Frenkel law [59][77]

[

⎡− Δ⎤
exp γ E
⎣ kT ⎥⎦

μ = μ 0 exp ⎢

⎡ 1

]

(2.1)

1 ⎤

γ = B⎢ −
⎥
⎣ kT kT0 ⎦

(2.2)

where B ≈ 4x10-4 (e2 V cm)1/2, and To ≈ 500 0K. Except for the compensation factor
(1/kTo), expressions (2.1) and (2.2) describe the Arrhenius dependence of the
mobility, which arises if moving charges must hop over a Coulomb barrier of height

Δ in energy. The exponential dependence of μ on

E universally observed in

molecularly doped polymers arises naturally from slowly varying spatial fluctuations
in the potential energy of a charge migrating through the material [173]. Such
energetic fluctuations can arise from a random distribution of molecules in the
medium possessing permanent electric dipole moments [60].
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2.2.2

The Polaron Model
In the case of long conjugated polymers, with a delocalized-electron structure,

the main transport path is known to be intramolecular and the charge carriers are
polaronic: this is reflected in the high electrical anisotropy seen for stretched
materials [66][101]. This transport mechanism is not the case for films made from
oligomers, where transport orthogonal to the long molecular axis could dominate; it
has been shown that for PPV the film morphology strongly influences the transport
properties, indicating that intramolecular interactions are not sufficient to explain
experiments [64].
The polaron model was first introduced in the case of inorganic crystals, and
has later been used to explain the charge transport in molecular crystals and
conjugated polymers [99],[159][160][178]. This transport model takes into account
the strong electron phonon interaction. A polaron is basically a quasiparticle which
results from the combination of a charge carrier with a lattice deformation induced by
its charge. In polaronic charge transport, not only does the charge move under an
applied electric field, but the lattice deformation moves with it. Typically, for
hopping transport of polarons, a description in terms of Miller-Abrahams hopping
[158] is insufficient, as multiphonon hopping rates need to be considered [65][101].
The charges moving by thermally activated hops between adjacent sites have a
mobility which is field (E) and temperature (T) dependent [147][148]:
⎡

Er
(aE ) 2 ⎤ sinh(aE / 2kT )
−
⎥
⎣ 4kT 4 E r kT ⎦ aE / 2kT

μ = μ 0 exp ⎢−
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(2.3)

where μ0 is slightly temperature dependent. However, using the Marcus theory, the
polaron contribution to the activation of the mobility is insignificant. The activation
of the mobility using this model amounts to 25-75 meV [213], while using the
disordered model the activation energy amounts to 420 meV [11],[72].
Another model that takes into account the strong coupling of charge carriers
with the lattice is Su-Schrieffer-Heeger (SSH) theory [233], which describes the
electronic structure of conjugated polymers. This model is based on the concept of
bond alteration along a perfect conjugated polymer chain with weak interchain
coupling. Adding a charge to the polymer chain leads to a profound change in its
geometrical structure, characterized by a permutation of the bond alteration over a
certain number (approximately 3 − 5) monomeric units. The π-electrons are treated in
a tight-binding approximation. The main omission of the SSH model is that it does
not consider the electron-electron and electron-hole interactions, which play an
important role in the transport and recombination of charge carriers.

2.2.3

Hopping in a disordered medium including polarons
Both the disorder and polaron models discussed above predict the mobility is

temperature and field activated but differ as to the functional dependencies [20]. It
was demonstrated [7],[12],[66],[146][180] that the interplay between the polaronic
and disorder effects may be responsible for the specific temperature dependence
observed in some amorphous materials.
Considerable debate continues regarding the nature of charge carriers in
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molecularly doped polymers (MDP’s) [20][58],[120],[206][228] and other organic
solids of current technological interest [205],[208][261]. Experiments clearly show
strong thermal activation of the field dependent mobility μ, that could arise equally
well from a carrier’s interaction with phonons (polaron binding), or from static
properties of the material (energetic and spatial disorder).
Many recent studies of a wide range of molecularly doped polymers (MDP’s)
and conjugated main chain and pendant-group polymers, as well as vapor-deposited
molecular glasses, have been described within the framework of Bässler’s Gaussian
disorder model [70]. The underlying idea behind the Gaussian disorder model (GDM)
of Bässler is that the activated mobilities arise from carriers hopping through a
Gaussian density of transport states of energetic width σ ( 0.1 eV), via MillerAbrahams hopping rates [20][180]. Multiphonon processes typical of polaron
transport are absent in such a model.
However, some people, by contrast, assumed carriers to be polarons moving
in a disordered medium [58][228]. Whether charge carriers are polaronic or bare is
also of obvious importance to ordered organics (crystals), where careful quantitative
analysis [120] for naphthalene [205] has shown that the assumption of bare carriers
leads to inconsistencies that are avoided when strong carrier interactions with
phonons are included. Recently, experimental and theoretical characterization of the
correlated, dipolar nature of the disorder through which carriers move in MDP’s has
been shown using the idea that mobilities of MDP’s are entirely compatible with
small polaron motion in a random energy landscape, provided it has the spatial
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correlations of the charge-dipole type [60][172][173][87-89]. An analytical
disordered polaron model was suggested by Kenkre and Dunlap [58][71][121] to
account for the polaron transport under the influence of energetic disorder. The
drawback of their approach is that it requires unacceptably large values of intersite
transfer integrals and polaron binding energy. However recent computer simulations
by Parris [180] have demonstrated that the problem related to physical parameters can
be solved assuming the small-polaron transport occurs in the presence of correlated
energetic disorder.
2.3 Theory of rectifying metal semiconductor contacts
Metal-Semiconductor contacts form interfaces that give basic features of
many metal-semiconductor devices such as rectifiers, field-effect transistors, and
other surface junction devices. Although our knowledge of Metal-Semiconductor
(MS) contacts can be traced as far back as early work by Braun (1874), it was not
until 1938 that both Schottky and Mott independently suggested a model for the
rectification mechanism. They pointed out that the observed direction of rectification
could be explained by assuming that electrons passed over a potential barrier through
the normal process of drift and diffusion. The barrier between the metal and the
semiconductor can be identified on an energy band diagram.
2.3.1

Energy band bending of Metal-Semiconductor contact
To construct the band bending diagram of an MS contact, we first consider the

energy band diagram of the metal and the semiconductor, and align them using the
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same vacuum level. When a metal is placed in intimate contact with a semiconductor,
the Fermi levels in the two materials must be coincident at thermal equilibrium [238].
However, the Fermi energies of the metal and the semiconductor do not change right
away. This yields the flat band diagram. The junction is the place where the exciton
dissociates [19]. Depending on the work functions of the metal and semiconductor,
the MS contacts may be either ohmic or rectifying.
The case of rectifying (Schottky) behavior for the contact between a metal and
an n-type semiconductor is illustrated in Fig. 2.9. In the figure, φm is the ionization
potential of the metal in a vacuum and φs is the ionization potential of the
semiconductor. The nature of the contact depends on the relative height of the Fermi
levels φm and φs. Fig. 2.9(a) shows energy levels of a metal and n-type
semiconductors before contact and Fig. 2.9 (b) shows anbiased band structure of a
metal and n-type semiconductor after contact [254]
The barrier height, qφbn, is defined as the potential difference between the
Fermi energy of the metal and the band edge where the majority carriers reside.
qφbn = qφm - qχs

(2.4)

In (2.4) qφm is the work function of the metal and qχs is electron affinity of the
semiconductor. Electron affinity is expressed as
qχs = qφs- (Ec - EF)

(2.5)

where
qφs = work function of the semiconductor, in eV
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Fig 2.9 Energy levels of a metal-n-type semiconductor (a) before and (b)
after contact
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Ec = conduction band energy, in eV
EF = Fermi energy level, in eV
The barrier encountered by electrons in the metal is qφbn whereas the built-in
potential, qVbi, encountered by electrons in the semiconductor, is given by:
qVbi =q(φm - φs)= qφbn- (Ec - EF)

(2.6)

This theory assumes ideal conditions where dipole surface contributions to the
barrier height and the electron affinity are thought to be unchanged when the metal
and the semiconductor are brought into contact. It also assumes that there are no
chemical reactions or physical strains created between the two when they are brought
into contact. In practice, however, surface dipole layers do arise. This is because at
the surface of a solid the atoms have neighbors on one side only. This causes a
distortion of the electron cloud which belongs to the surface atoms, so that the centers
of the positive and negative charge do not coincide.
The ideal metal-semiconductor theory assumes that both materials are
infinitely pure and there is no interaction between the two materials. This theory also
assumes no interfacial layer between the materials. In reality, the barrier height is
altered by chemical reactions between the metal and the semiconductor, interface
states at the surface of the semiconductor, and interfacial layers. The surface states
are continuously distributed in energy within the forbidden gap and are characterized
by a neutral level. Some general trends however can be observed. As predicted by
(2.4), the barrier height at n-type semiconductors increases for metals with a higher
work function, as can be verified for silicon. Gallium arsenide, on the other hand, is
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known to have a large density of surface states so that the barrier height becomes
virtually independent of the metal. Furthermore, one finds the barrier heights reported
in the literature to vary widely due to different surface cleaning procedures.
In practice, due to chemical cleaning of the semiconductor, there is a thin
oxide layer between the metal and the semiconductor. The charge in the surface states
together with its image charge on the surface of the metal will form a dipole layer.
This dipole layer will alter the potential difference between the semiconductor and the
metal. Thus the modification to the Schottky-Mott theory is expressed as follows
[197]:
qφbn= γ(qφm- qχs) + (1 - γ)(Eg - qφ0)

(2.7)

where
Eg = bandgap of the semiconductor, in eV
qφ0 = position of neutral level (measured from the top of the valence band) and,

γ = εi /(εi + qδDs)

(2.8)

where
εi = permittivity of oxide layer

δ = thickness of oxide layer
Ds = density of surface states
Hence if there are no surface states, Ds = 0 and γ = 1 and (2.7) becomes identical to
(2.4) (the original Schottky-Mott approximation). But if the density of states is very
high, γ becomes very small and qφbn approaches the value (Eg - qφ0). This change in γ
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is because a very small deviation from the Fermi level from the neutral level can
produce a large dipole moment [197][198]. When this occurs, the Fermi level is said
to be "pinned" relative to the band edges by the surface states.

Barrier Lowering due to Image Force Effects
The application of an electric field causes an image-force-induced lowering of
the potential energy for charge carrier emission [238]. Consider a charge, in a
vacuum, at a distance x from a metal surface. An opposite charge will be induced on
the metal at a distance -x from its surface. This image charge will give rise to an
attractive force between the two, known as the image force, as described by (2.9).
This force has associated with it an image potential energy which corresponds to the
potential energy of an electron at a distance x from the metal. When an external field,
Eext, is applied, this image potential has the effect of lowering the Schottky barrier.
Thus at high fields, the Schottky barrier is considerably lowered as shown in
Eim ( x) =

q
4πε s (2 x) 2

(2.9)

The dielectric constant εs may not be the static dielectric constant. It depends
on the characteristic of the electron residing on the near-surface region. The amount
of barrier reduction due to the induced-image-force, Δφim is given by [142][238]
Δφim =

qE max
4πε s

(2.10)

where Emax is the field near the interface, (x=0), which is assumed to have a constant
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value in the absence of image-force effects.
In Fig. 2.10, the dashed line is the image potential φim (right abscissa)
experienced by a positive charge carrier. The bold solid line (φtot=φ + φim, left
abscissa) shows the influence of the image force on a linear potential (φ, solid line,
left abscissa). The linear potential is the gradient of the opposite sign the charge
trapped in the boundary. Note that the zero point for φim is shifted up relative to that
for φ and φtot. The image-force reduces the maximum potential by Δφim and shifts it
away from the interface by xmax.

φs

0

φ
φim

Δφim
φtot

0

xmax

Position, x

Fig 2.10 Schematic of barrier lowering caused by the image force effect.
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2.3.2 Current transport mechanisms in the Schottky diode
The current across a metal-semiconductor junction is mainly due to
majority carriers. Here we present the basic theoretical and semi-empirical physical
concepts used to describe the transport properties of conjugated polymer-metal
interfaces, basic definitions follow [238].
In the charge transport across Metal-Semiconductor junction, different
charge transport mechanisms exist. These are: Thermionic emission, Generation
recombination, quantum mechanical tunneling, and leakage currents.

a) Thermionic emission current
The current transport through the device by emission over the barrier is
essentially a two step process. First, the electrons have to be transported through the
depletion region, and this is determined by the usual mechanisms of diffusion and
drift. Secondly, they must undergo emission over the barrier into the metal, and this is
controlled by the number of electrons that impinge on the metal per second. This
mode of current transport is commonly referred to as the “thermionic emission”
current [56][177]. Diffusion theory assumes that the driving force is distributed over
the length of the depletion layer. The analysis reveals that the thermionic emission
currents can be written in the following form:
qV
⎛
⎞
J = J s ⎜ exp(
) − 1⎟
nkT
⎝
⎠
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(2.11)

J s = A*T 2 exp(

qφbn
)
kT

(2.12)

4πqm * k 2
A =
h3
*

(2.13)

where J is the current density, Js is the saturation current density, q is the
absolute electron charge, m* is the effective electron mass, h is Planck’s constant, k is
Boltzmann’s constant, T is the absolute temperature, φbn is the barrier height, and n is
the ideality factor which takes into account corrections to the original simple model,
for example, image force barrier lowering. The Modified Richardson’s constant (A*)
is calculated to be 120 A2/ K2 m2.
The ideality factor, n, in (2.11) gives a measure of the quality of the
junction which is highly process dependent. For an ideal Schottky junction, n = 1. In
practice, however, larger values are obtained due to the presence of non-ideal effects
or components to the current through the junction.
However, in real Schottky contacts, an ideal behavior deviation is
frequently observed and the I–V curves deviate from equation (2.11). The Schottky
effect, series resistance, the presence of other transport mechanisms [188], and
inhomogeneous Schottky barrier heights [40],[116][176] have been confirmed by
several authors as the most important causes of nonideal behavior.

b) Generation-Recombination Effects
For wide-band-gap materials, such as organic semiconductors, carrier
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generation by thermal excitation across the gap is very small and usually neglected in
calculations [254]. This is particularly significant at moderately low temperatures
(175K to 235K). The current contribution, Igr, due to the generation-reombination
mechanism can be represented by [56],[254]:

⎡ ⎛ qV ⎞ ⎤
⎟⎟ − 1⎥
I gr = I gr 0 ⎢exp⎜⎜
⎣ ⎝ 2k B T ⎠ ⎦

(2.14)

where,
Igr0 is the saturation value of the generation-recombination component of
the current Igr .
I gr 0 =

qAwni
2τ

(2.15)

where,
w is the depletion width, ni is the intrinsic carrier concentration, A is the
area of the depletion width, and τ is the effective carrier lifetime in the depletion
region.
c) Current due to Quantum Mechanical Tunneling
Quantum-mechanical tunneling through the barrier takes into account the
wave-nature of electrons, allowing them to penetrate through thin barriers. For a
moderately to heavily doped semiconductor or, for operation at low temperatures, the
current due to quantum mechanical tunneling of carriers through the barrier may
become the dominant transport process [46],[177]. Except at very low biases, the
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tunneling current in inorganic metal-semiconductor contacts can be represented by
[211],[254]:
⎡ ⎛ qV
I Tn = I Tn 0 ⎢exp⎜⎜
⎣ ⎝ E0

⎞ ⎤
⎟⎟ − 1⎥
⎠ ⎦

(2.16)

where,
ITn0 = tunneling saturation current
E0 = tunneling constant
The tunneling saturation current is a complicated function of temperature,
barrier height and semiconductor parameters. The tunneling constant Eo is given by
[177]:
⎛E ⎞
E 0 = E 00 coth⎜ 00 ⎟
⎝ kT ⎠

(2.17)

where,
E00 = a tunneling parameter inherently related to material properties
of the semiconductor

d) Leakage Current
The leakage current, Ilk, is another parallel component of the total current. It is
caused by surface leakage and can usually be significantly reduced by various designs
and fabrication techniques. In practice, it is the component which appears to by-pass
the metal/semiconductor interface and is often thought of as a large leakage resistor,
Rlk, in parallel to it. Thus the leakage current can be expressed as:
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Ilk = V/ Rlk

(2.18)

In a given junction, a combination of all transport mechanisms could exist.
However, typically one finds that only one mechanism determines the current.
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3. LITERATURE REVIEW OF RESEARCH ADVANCES AND
CHALLENGES IN THE REALIZATION OF ORGANIC ELECTRONIC AND
PHOTONIC DEVICES.
In this chapter we present the literature review of the three different device
applications of organic semiconductors and metal semiconductor junctions. When
used as a rectifier, a metal-semiconductor junction is called a semiconductor diode.
As a light source, it is a light emitting diode or LED, and when used as a
photoelectric energy converter, it is often called a solar cell. In addition to OLEDs
and solar cells, there are great research advances towards the realization of organic
field effect transistors.

3.1 Photovoltaics
A photovoltaic cell (solar cell) is a device, which converts incident light to
electrical energy. The most common form of solar cells are based on the photovoltaic
(PV) effect in which light falling on a two layer semi-conductor device produces a
photo-voltage or potential difference between the layers. This voltage is capable of
driving a current through an external circuit and thereby producing useful work.
The conversion efficiency of a photovoltaic (PV) cell is the proportion of
sunlight energy that the cell converts to electrical energy. The efficiency of solar cells
is affected by a variety of factors such as absorption of solar radiation, generation of
electron - hole pairs, and separation of electrons from holes. Improving this efficiency
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is vital to making PV energy competitive with more traditional sources of energy.
Absorber materials should be of sufficient band gap to absorb radiation within
the UV and visible range of the solar spectrum. Unit absorptance, i.e., the ratio of the
total absorbed flux to the incident flux is ideal, but in practice this is lower than 1.
The limit of efficiency is first determined by the amount of solar radiation which is
incident on the cell but cannot be absorbed. Only photons with energy greater than or
equal to the band gap of the material can excite an electron from valence band to
conduction band. All those photons with energy smaller than the band gap are just
transmitted through and do not count towards the generation of electron-hole pairs
(EHPs) in the device. Those photons with energies greater than the band gap can only
generate one electron.
It is not sufficient to just create electron-hole pairs, since these will recombine
radiatively at the first possible opportunity. It is necessary to move the electron away
from the hole and to ensure that the two do not recombine. For this to happen, some
mechanism must provide a force equal to or greater than the Coulombic attraction
force between the electron and the hole, such that it will be preferable for the electron
to stay away from the hole, or even to move away from it. If such a force doesn’t
exist, the electron and hole will recombine radiatively. Such emission may be
observed as photoluminescence. In polymers, the formed electron-hole pair bound by
Coulombic forces is called an exciton, and may be split at defects or interfaces with
other materials.
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The most common configuration of photovoltaic device (the first generation
photovoltaic) consists of a large-area single layer p-n junction diode, which is capable
of generating usable electrical energy from light sources with the wavelengths of
solar light. These cells are typically made using silicon.
However, successive generations of photovoltaic cells are currently being
developed that may improve the photo-conversion efficiency for future photovoltaic.
The second generation of photovoltaic materials is based on multiple layers of p-n
junction diodes. Each layer is designed to absorb a successively longer wavelength of
light (lower energy), thus absorbing more of the solar spectrum and increasing the
amount of electrical energy produced. The third generation of photovoltaic is very
different from the other two, and is broadly defined as a semiconductor device which
does not rely on a traditional p-n junction to separate photo-generated charge carriers.
These new devices include dye sensitized cells, organic polymer cells, and quantum
dot solar cells [151]. The third-generation is used to describe different types of
research in different contexts. It is research into thin-film photovoltaic devices
involving abundant, non-toxic and durable materials where the energy conversion
efficiency potential is higher than that possible from the standard single-energythreshold conversion process. While the thermodynamic limit of the efficiency of the
standard photovoltaic conversion process is 33%, the corresponding limit for a third
generation approach can be as high as 93% [150].
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3.1.1 Photovoltaic technologies
3.1.1.1

Single-crystal and polycrystalline silicon solar cells
Single-crystal silicon cells are sliced from single-crystal boules of grown

silicon, these wafers/cells are now cut as thin as 200 microns. Efficiency of a solar
cell made of single-crystal silicon is about 24 % (laboratory) and 14 to 17 %
(production) [89].
Polycrystalline cells are made from similar silicon material except that instead
of being grown into a single crystal, it is melted and poured into a mold. This forms a
square block that can be cut into square wafers with less waste of space or material
than round single-crystal wafers. As the material cools it crystallizes in an imperfect
manner, forming random crystal boundaries. The efficiency of energy conversion is
slightly lower. The efficiency of a solar cell made of polycrystalline silicon is about
18 % in the laboratory and 13 to 17 % in production [90].

3.1.1.2

Thin film solar cells
Crystalline silicon is often referred to as the first generation photovoltaic

technology, while the second generation photovoltaics consists of thin film solar cell
materials such as amorphous silicon (a-Si), cadmium telluride (CdTe), copper indium
gallium diselenide (CIGS), and thin film crystalline silicon. The driving force for the
development of thin film solar cells has been their potential for the reduction of
manufacturing costs [166]. While silicon solar panels are assembled from individual
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cells processed from about 100 cm2 silicon wafers, thin film semiconductor materials
can be deposited onto large surfaces, which is beneficial for volume production. Also,
as direct band gap semiconductors, thin film semiconductor materials have a much
higher absorption coefficient than silicon. Therefore a semiconductor layer that
istypically less than 1 μm thick is required, which is 100-1000 times thinner than for
Si. The amount of expensive semiconductor material is thus reduced. Alternately,
more expensive semiconductors can be used in thin films. A thin-film polycrystalline
material, which has reached a research efficiency of 17.7%, delivers the highest
completed module efficiency for full sized power modules [16].
3.1.1.3

III-V Semiconductors
Semiconductors such as GaAs, GaAlAs, GaInAsP, InAs, InSb, and InP are

interesting solar cell materials because they have near-optimal band gaps. These
materials are extremely expensive, and have found applications only in space solar
cells, where performance is a more important criteria than cost. The high cost of the
cells, including materials, manufacturing and processing costs, hinders the application
of these technologies to terrestrial applications. However, III-V materials constitute
the basis of the highest efficient cells.
A three junction tandem cell, which is mechanically stacked
(InGaP/GaAs/InGaAs), has been recently developed by Japan Energy Co, Sumitomo
Co., and Toyota Technological Institute, achieving 33.3% efficiency [240]. Tandem
cells or multiple junction cells are designed in such a way that part of the incident
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light is not absorbed at the top cell, but passes through it and is utilized by the bottom
device [119]. This allows using the solar spectrum more effectively, and increased
efficiencies can be obtained. Several approaches such as the two-terminal tandem,
three-terminal cascade cell or the four terminal connection cell have been
successfully employed, obtaining efficiencies above 30%. Under 1 sun irradiance, a
single solar cell only converts 30% of the solar energy. But a tandem structure of two
cells can convert 42% and a tandem structure of three cells can convert 49% [53].

3.1.1.4

Dye-sensitized nanostructured solar cells
Dye-sensitization dates back to the 19th century, when photography was

invented. However, the use of dye-sensitization in photovoltaics remained
unsuccessful until a breakthrough at the early 1990's. By the successful combination
of nanostructured electrodes and efficient charge injection dyes, solar cells with
energy conversion efficiency of 7% and 10% were developed in 1991 and 1993
respectively [128],[174]. This solar cell is called the dye sensitized nanostructured
solar. In contrast to the all-solid conventional semiconductor solar cells, the dyesensitized solar cell is a photoelectrochemical solar cell i.e. it uses a liquid electrolyte
or other ion-conducting phase as a charge transport medium. Due to the high
efficiencies and long-term stability reported for the dye-sensitized solar cells,
research interest in this technology grew rapidly during the 1990's.
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3.1.1.5

Conductive polymers
Organic-based solar cells have high potential to reduce the cost of

photovoltaics. Low-cost active materials, high-throughput reel-to-reel deposition
technologies, and application versatility makes them very likely to become
competitive against inorganic thin-film devices. However the power conversion
efficiency of organic photovoltaics (OPV) is still too low.
While photovoltaic cells consisting of a single layer of conjugated polymer
in general exhibit low efficiency of energy conversion [232], blends and
heterojunctions with materials having high electron affinity considerably enhance not
only the photon-to-current efficiency but also the more important power conversion
efficiency [24][183].

Single Layer Cell
Single layer structures consist of only one semiconductor material between
metal electrodes of asymmetrical work functions (usually ITO and Al) and are often
referred to as Schottky type devices or Schottky diodes since charge separation occurs
at the rectifying (Schottky) junction with one electrode. The other electrode is
supposed to be ohmic nature. Under forward bias, holes from the high work function
metal and electrons from the low work function metal are injected into a thin film of a
single-component organic semiconductor. Forward bias currents are orders of
magnitude larger than reverse bias currents at low voltages. The rectifying diode
characteristics can be accompanied by radiative recombination channels of the
38

injected electrons and holes within the molecular solid; the result is an LED. If
photon-induced free charge carrier generation is allowed at the same time, the device
emits light under forward bias and exhibits a significant photocurrent under a reverse
bias field. This shows that this rectifying junction has a dual function.
The single layer structure is simple, but absorption covering the entire visible
range is rare using a single type of molecules. The photoactive region is often very
thin and since both positive and negative photoexcited charges travel through the
same material, recombination losses are generally high and efficiency low. The high
exciton binding energy (200-500 meV) in most organic materials [92][250] is also
another debilitating factor of efficiency. Higher efficiencies can be achieved if a
heterojunction between hole and electron accepting polymers is incorporated. Bilayer
[88] or blend structures [27] have better efficiency than single layer structure cells.

Bilayer Device
Conjugated polymer/fullerene plastic solar cells of the first generation were
consisted of two distinct layers, made of a donor polymer and an acceptor fullerene
[24], respectively, sandwiched between two metal contacts. Carbon nanotubes are
important organic materials for nanotube/polymer bilayer solar cells [131]. This
structure benefits from the separated charge transport layers that ensure connectivity
with the correct electrode, and give the separated charge carriers only little chance to
recombine with its counterpart. The drawback is the small interface that allows only
excitons of a thin layer to reach it and get dissociated.
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The highest efficiencies for pure polymer-based solar cells were reported for
bilayer devices produced either by laminating a polythiophene derivative (POPT)
with a cyano-substituted poly(p-phenylenevinylene) (MEH-CN-PPV) as the electron
acceptor or with PPVs covered by a thin layer of a
polybenzimidazobenzophenanthroline ladder polymers as the electron acceptor.
These efficiencies were reported to be 1.9% [88] and 1.5 % [114] respectively.

Bulk Heterojunction Device
In organic solar cell structures, excitons are generated throughout the device;
however, they typically diffuse only about 10nm [201] before decaying. Hence, only
excitons created within this distance of the planar interface between donor and
acceptor material split effectively into free charge carriers. This considerable
limitation was solved by blending donor and acceptor material. By virtue of the
mesoscopic morphology, this configuration can create a large interfacial area between
donor and acceptor on length scales comparable to the exciton diffusion length [23].
The resulting interpenetrating donor-acceptor network is called a bulk heterojunction,
because the heterojunction is distributed throughout the photovoltaic active volume.
By mixing the polymer and the fullerene components, thus replacing a single
flat junction with an interpenetrating network bulk-heterojunction, the device
efficiency was dramatically improved [200][214],[232]. The strong point of this
structure is the large interface area. This structure requires the molecular mixing on a
scale that allows good contact between alike molecules and most excitons to reach the
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donor-aceptor (D/A) interface. The bulk-heterojunction principle relies on an active
layer that consists of an intimate mixture of two different materials. One is serving as
an electron donor and the other as an acceptor, sandwiched between two selective
contacts. Inside the active layer a nanoscaled heterophase enables a very efficient
charge generation throughout the bulk, resulting in nearly 100% efficiencies for
converting absorbed photons to electrons [57],[207][253]. The active layer of the cell
is constructed by blending a conjugated polymer donor and a high electron affinity
acceptor such as fullerene [23],[25][95][268], polymer [95][96] and inorganic
nanocrystal [84][91],[108].
It is an ongoing research challenge to realize the optimal morphology in which
the phase separation is small enough to have efficient charge carrier separation.
Research has also been focused on enhancing the efficiency of these cells through the
use of new materials and device structures. PV cells employing polymerfullerene
heterojunctions have been shown to have power conversion efficiencies approaching
5% [73][145]. A double-heterostructure copper phthalocyanine (CuPc)/C60 thin film
cell with Ag as the metal cathode is reported to have an efficiency of 4% [263]. By
stacking two such cells the efficiency has been further enhanced and yielded 5.5%
[264].
The newly developed hybrid nanocrystal/polymer solar cell exhibits some
advantages over previous cells [91]. The first advantage comes from the combination
of the high electron mobility and stability of inorganic semiconductors and flexibility
of polymers. The second advantage is the enlargement of the absorption which comes
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from the compensated light harvest of nanocrystal and conjugated polymer [91].
In the hybrid nanocrystal/polymer solar cell, photoinduced charge separation
is favored between high electron affinity inorganic semiconductors and relatively low
ionization potential polymers. Upon irradiation, the conjugated polymer and
nanocrystal both absorb the photons and produce excitons (electron-hole pairs). The
excitons are separated into free charges at the interface of polymer and nanocrystal.
The electrons from the excitons in the conjugated polymer transfer to nanocrystals,
and the holes from the excitons in the nanocrystals transfer to the conjugated
polymer. The separated electrons and holes move to cathode and anode, respectively,
by their own pathways. This results in the formation of photocurrent and
photovoltage.
So far, various hybrid polymer solar cells have been reported, using CdSe
nanodots, nanorods [109], and tetrapods [236],[237], and using nanoparticles of TiO2
[130], ZnO [14],[15], PbS [154],[258], PbSe [34],[191], CuInS2 [6], and CuInSe2 [5].
In a related approach, nanostructured TiO2 has been filled with conjugated polymers
[35],[36],[193]. In order to obtain hybrid polymer solar cells with high currents and
fill factors, both electron and hole mobilities must be optimized. CdSe nanoparticles
in poly[2-methoxy-5-(3′,7′-imethyloctyloxy)-1,4-phenylene vinylene] (MEH-PPV)
initially showed external quantum efficiencies up to 12 % [91]. A major improvement
came with the introduction of CdSe rods combined with poly(3-hexylthiophene)
(P3HT) [109][110][150,166]. P3HT is a better hole transporting polymer and CdSe
rods reduce the number of electron-hopping events between the nanocrystals needed
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for transporting the electrons. Recent experiments demonstrate that CdSe tetrapods
further improve the photovoltaic response because of their more favorable
(perpendicular) orientation with respect to the plane of the film [236],[237].
The working principle behind organic bulk heterojunction (oBHJ) devices has
typically been modeled employing the classical model of a metal-insulator-metal
(MIM) device. In this model, the intimate mixture of electron-accepting and holeaccepting materials is treated as a homogeneous intrinsic semiconductor unifying
parameters of both materials [91],[96]. This principle implies that even if the charge
transfer occurs immediately after the exciton generation by the absorption of photons,
only bound electron-hole pairs are formed. This suggests a diffusion driven current of
these uncharged pairs throughout the bulk. An actual charge separation only takes
place at the interfaces to the electrodes. Photovoltaic cells following this principle are
therefore expected to be diffusion dominated devices [84], where the J-V
characteristics should follow a space-charge limited current (SCLC) behavior
[108],[145].

3.1.2 Photovoltaic cell performance
Generation of electrical power under illumination is achieved by the capability
of the photovoltaic device to produce voltage over an external load and current
through the load at the same time. This is characterized by the current-voltage (IV)
curve of the cell at certain illumination and temperature (Fig. 3.1). When the cell is
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short circuited under illumination, the maximum current, the short circuit current
(ISC), is generated. But under open circuit conditions no current can flow and the
voltage is at its maximum, called the open circuit voltage (VOC). The point in the IVcurve yielding maximum product of current and voltage is called the maximum power
point (MPP).

I

VMPP

VOC
IMPP

V

MPP

IOC

Fig 3.1 Typical shape of the current–voltage curve of a photovoltaic cell
showing the open circuit voltage VOC, short circuit current ISC, the maximum
power point MPP, and the current and voltage at the MPP; IMPP,VMPP
Another important characteristic of the solar cell performance is the
fill factor (FF), defined as

FF =

VMPP . I MPP
VOC . I SC

Using the fill factor, the maximum power output of the solar cell can be
written as
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(3.1)

PMAX = VOC . I SC . FF

(3.2)

While the physical principles behind the operation of different types of
photovoltaic cells are generally different, the current-voltage curve of well
performing cells are similar. Therefor different cells can be characterized and
compared with each other in terms of FF, VOC, and ISC. The energy conversion
efficiency of the solar cell is defined as the power produced by the cell (PMAX)
divided by the power incident on the representative area of the cell:

η=

PMAX
Plight

(3.3)

The efficiency of the solar cell depends on the temperature of the cell and the
quality of the illumination. The quality of illumination depends on the total light
intensity and the spectral distribution of the intensity. For this reason, a standard
measurement condition has been developed to facilitate comparable testing of solar
cells between different laboratories. In the standard condition used for testing of
terrestrial solar cells, the light intensity is 1000 W/m2 and the temperature of the cell
is 25°C. This intensity value is the integral of the spectral distribution of the light
source of AM1.5 (www.pv.unsw.edu.au/am1.5.html) global standard solar spectrum
(Fig. 3.2).The power output of the solar cell at these conditions is the nominal power
of the cell, or module, and is reported in peak Watts, Wp. In practice, special solar
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simulator light sources are used for the standard measurements [127].

Fig 3.2 The standard AM1.5 global solar spectrum

3.2 Organic Light emitting diodes (OLEDs)
Since the first report of efficient green electroluminescence (EL) from tris (8hydroxyquinoline) aluminium (Alq3) [242] in 1987 and from poly(p-phenylene
vinylene) (PPV) [32] in 1990, tremendous research effort has resulted in a vast
literature on organic light-emitting diodes (OLEDs) [26],[32][243]. Reviews of
different aspects of the field of OLEDs have appeared, including electroluminescent
materials [195] and device physics and engineering [79]. OLEDs have promising
application in large area, flexible, full color flat panel electronic displays. Evidence of
the considerable progress that has been made in the field is that flat-panel displays
based on OLEDs are emerging in commercial products such as cell phones and digital
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cameras [248]. Organic light-emitting diodes (OLEDs) possess many advantages
including full color capability, potentially low manufacturing costs, high lightemitting efficiency, light weight and wide viewing angle [262].
For the past decade, most attention has been focused on the enhancement of
light emitting efficiency, the development of efficient light-emitting materials, and
the improvement of device stability 0,[107][242]. OLEDs have evolved into a truly
powerful display technology rivaling liquid crystal displays (LCDs). OLED displays
are light, durable and efficient and can be built on flexible substrates such as plastics
and paper-thin surfaces, creating displays that can be bent or rolled. OLEDs are much
more rugged and ideal for portable applications compared to LCDs. Unlike LCDs,
OLEDs are self-emitting and require neither backlight, nor chemical shutters that
must open and close, making them thinner and more compact.
Light-emitting diodes (LEDs) that incorporate conjugated polymers as the
active layer have undergone rapid improvement since the discovery of
electroluminescence (EL) from poly(p-phenylenevinylene) (PPV) [159]. The 9,9disubstituted polyfluorenes (PFs) are among the most promising candidates. PFs have
been used to demonstrate relatively high photoluminescence (PL) and EL quantum
efficiencies and high EL brightness among various polymeric materials [181],[235].
Moreover, as a host material, PFs enable full color via conjugated polymers and with
phosphorescent dyes [29],[86],[175].
Despite the ongoing improvements, however, in terms of the stability of
polymer LEDs (PLEDs) fabricated from PF-type materials, the lifetime and color
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purity need improvement for the commercialization of full-color displays [139][269].
Photo-oxidation plays an important role in the lifetime of PLEDs fabricated from PFs
[85]. In addition, most of these PLEDs suffer from a degradation of the device under
operation; the degradation is documented in the formation of a low-energy emission
band at 2.2–2.3 eV, which turns the desired blue emission color into an undesired
blue green emission. These long-wavelength tails become more pronounced upon
exposure to heat (for example, the Joule heat generated during the operation of LEDs)
[134],[181].
One of the key challenges on the path to developing the next generation of
high-performance OLEDs is the design and synthesis of readily processable and
thermally robust emissive and charge transport materials with improved
multifunctional properties. OLEDs are double charge injection devices, requiring the
simultaneous supply of both electrons and holes to the electroluminescent (EL)
material sandwiched between two electrodes. To achieve an efficient OLED with the
single-layer configuration, the organic EL material would ideally have a high
luminescence quantum yield and be able to facilitate injection and transport of
electrons and holes. This demand of multifunctional capabilities from a single organic
material is a very difficult one to meet by nearly all current materials. Most highly
fluorescent or phosphorescent organic materials of interest in OLEDs tend to have
either p-type (hole-transport) or n-type (electron transport) charge transport
characteristics [26],[32],[242],[243]. A consequence of this is that the simplest OLED
configuration, where an organic emitter layer is sandwiched between a transparent
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anode and a metallic cathode, gives very poor efficiency and brightness
[26],[32][79],[195],[243]. The use of two or more different materials to perform the
required functions of efficient light emission and good electron- and hole-injection
and transport properties in an OLED has resulted in orders of magnitude
improvement in device performance [26],[32][79],[195],[243].
3.3 Organic field effect transistors (OFETs)
Organic field effect transistors based on organic molecules, or conjugated
polymers, have attracted considerable attention because of attributes that complement
silicon-based large-scale integration devices that are high-performance but expensive.
Organic transistors can be manufactured on plastic films at low (ambient)
temperatures; therefore, they are mechanically flexible. The processing characteristics
and demonstrated performance of OFETs suggest that they can be competitive for
novel thin-film transistor applications that require large-area coverage, structural
flexibility, low-temperature processing, and low cost.
3.3.1 Current research progress in OFETs
Currently, OTFTs have already shown promising applications in electronic
papers [82],[199],[216], circuits for active-matrix OLED displays [82],[199], sensors
[45],[224],[225][270], and radio frequency identification cards (RFIDs) [13],[252].
The key parameters characterizing a FET include the field-effect mobility (μ)
which quantifies the average charge carrier drift velocity per unit electric field and the
on/off ratio (ION/IOFF ) defined as the drain-source current ratio between the “on” and
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“off” states. For a high-performance OFET, μ and ION/IOFF should both be as high as
possible. For most practical applications, the mobility of the field-induced charges
must be greater than 0.1 cm2/(V s). Another issue in research into organic thin-film
transistors (OTFTs) is low-voltage operation. Current research results show that
transistors based on polycrystalline films of pentacene set the benchmark for OTFT
performance. A device with excellent electrical characteristics such as field-effect
mobility of 1.1 cm2 /V s, a threshold voltage of −0.98 V, and ION/IOFF of 108, has
been reported [113],[168],[220].
To enable low-cost OTFT circuits, it is critical that useful transistor
functionality be achieved under ambient fabrication conditions and that the OTFTs
possess the required stability for long-term operation. However, not many organic
semiconductors have both the mobility and stability to enable these practical
applications. Three primary classes of p-channel organic semiconductors are: (1)
acenes such as tetracene, pentacene, and their derivatives [93], (2) oligothiophenes
and polythiophenes [219], and (3) fused-ring thiophene-aromatics [133] and
thiophene-vinylene/arylene derivatives [251] Most of these semiconductors have
relatively high-lying HOMOs and narrow bandgaps. They are therefore easily
photooxidized, resulting in degraded semiconductor characteristics when processed in
air or operated in ambient conditions. Very recently, certain oligofluorene derivatives
have been reported to have high FET mobility and good stability [267]. One of the
most important stability issues in organic transistors is the shift in the threshold
voltage upon applying a bias to the gate electrode. This is called stressing. The
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applied negative gate potential for a p-type semiconductor causes a buildup of mobile
charges at the semiconductor/insulator interface, which are then trapped. As a
consequence, to reach an identical channel current subsequently, a higher gate voltage
has then to be used. Bias stress effects have been reported for transistors based on
pentacene, polythienylene vinylene [28],[152],[271], α-sexithiophene [202], poly9,9-dioctyl-fluorene-cobithiophene, and regioregular-polythiophene [202],[231].
Several authors have also reported that the threshold voltage shift is reversible, and
that the recovery process can be enhanced by a positive gate bias [209],[231]
In addition to stability, the high contact resistance present at the interface
between the metal electrodes and the organic semiconductor [31] is a great concern of
organic field-effect transistors (FETs) at present. In spite of the large effort put in the
investigation of contact effects [31],[155],[167],[182],[215],[230], the reason for both
the high values and the irreproducibility of the contact resistance are not currently
understood. It might be the collective effect of different phenomena, including the
presence of grain boundaries at the metal/organic interfaces, fluctuations in the work
function of the metal electrodes, and others.
3.3.2 Basic structure of OFET
An organic thin film transistor is composed of three basic elements: a thin
semiconductor film, an insulating layer, and three electrodes. Two of them, the source
and the drain, are in contact with the semiconductor film at a short distance from one
another. The third electrode, the gate, is separated from the semiconductor film by the
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insulating layer. Its structure is similar to that of a traditional silicon metal-oxidesemiconductor field effect transistor (MOSFET). Fig. 3.3 shows the structures of
common top contact and bottom contact OFETs.

Source

Drain
Organic Semiconductor
Insulator
Gate
Substrate

(a) Top contact
Organic Semiconductor
Source

Drain
Insulator
Gate
Substrate

(b) Bottom contact
Fig 3.3 Typical device structures of OTFTs: (a) top-contact and (b) bottomcontact. [140]
The structures are inverted in the sense that the channel and the source/drain
are on top of the gate, in contrast to silicon MOSFETs. The heavily doped silicon
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serves as the gate electrode. Silicon dioxide is the insulator, polymer is the channel
layer, and gold is the source/drain electrode. These transistors are also called thinfilm-transistors, because structurally, the channel material is a vacuum-deposited thin
film (about 100 nm). The metal source and drain electrodes are often vapor-deposited
through a shadow mask, but conductive inks that can be printed are also employed.
Source-drain channel lengths, L, typically range from 10 to 100 μm, and channel
widths, W, are usually between 100 μm and 1 mm [170]. These transistors are field
effect transistors; they operate by changing the conductance of the channel by
modulating the charge with the gate field.
In a traditional inorganic device, the active semiconductor layer is generally
comprised of lightly doped Si. In these materials, the applied gate voltage causes an
accumulation of minority charge carriers at the dielectric interface, e.g. electrons in a
p-type material, termed an inversion layer. In this very shallow channel, carriers
injected from the source and drain electrodes may pass, resulting in current flow. In
an organic transistor, the active layer is comprised of a thin film of highly conjugated
small molecules or polymers. In contrast to inorganic materials, organics pass current
by majority carriers, and an inversion regime does not exist. This fundamental
difference is related to the nature of charge transport in each of these semiconductors.
Most of these organic semiconductors are p-channel materials [54],[81],[106],[252]
and only a small fraction are found to function as n-channel semiconductors ].
[9],[44],[117].
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4. SPECTROSCOPIC STUDY
Enhancing the electrical and optical properties of a material using a composite
formation has been widely practiced in both academia and industry. In this chapter
and in the next two chapters we present our experimental results from a variety of
organic composites. These nanocomposites are studied spectroscopically before being
tested for device application. The spectroscopic studies give information about the
charge transfer and interaction between the different components of the composite.

4.1 C60–poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene)
nanocomposite
Developing new materials for optoelectronic applications can be done by
forming composites that utilize the properties of two materials to provide an enhanced
composite system [37],[38],[48]. Recently, nanocomposites made of donor and
acceptor materials have attracted the attention of the scientific community for
applications in solar cells [196],[257],[268]. Promising results for improving the
efficiency have been reported for solar cells made of polymer/C60 blends
[185],[196],[257],[268]. In such blended structures, the excited states are dissociated
at the polymer/ C60 interface and the recombination process is inhibited by the spatial
separation of the charged particles [3]. This improves the efficiency of the sandwich
cell. Organic diodes made from conjugated polymer/ C60 heterojunctions have shown
a high rectification ratio [203].
However, the application of C60 for these suggested areas is limited by its
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poor solubility in most organic solvents and the difficulty to control its aggregation
tendency [165]. To avoid this problem considerable effort has been done and
successful results have been reported which show an increase in the solubility of C60
by means of attachment of C60 to water soluble polymers [115],[227],[266] and
chemical modification of fullerenes [33],[78],[179],[245].
Previous work on carbon nanotube composites has shown that the helical
nature of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV)
with an added dihedral angle allows it to overcome steric barriers [48]. It helps the
polymer to wrap itself around the tubes and maintain a regular crystallized structure
more easily [153]. This attachment plays a major role in its ability to bind by means
of π−π interactions. It also helps to increase conductivity, which can be observed via
a percolation process [47]. Based on this information, we anticipate that PmPV (the
structure is shown in Fig. 4.1) will wrap the C60 balls up in the helix and increase the
fullerenes’ solubility while also reducing the fullerenes’ tendency to aggregate.

OC8H17

n
C8H17O

Fig 4.1 Repeat monomer unit of poly(m-phenylenevinylene-co-2,5-dioctoxy-pphenylenevinylene) (PmPV).
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PmPV is a substitute form of poly(p-phenylene vinylene) and is characterized
in the absorption spectra with a strong broad absorption feature near 420 nm [229].
Polymer-fullerene nanocomposites are usually made either by a direct blending of the
polymer with the fullerene or forming a supermolecular system by attaching a
properly functionalized fullerene to the polymer backbone [112],[68]. The photo
generation efficiency of the device made from this composite depends on the spectral
absorption and on the availability of an efficient transport path for the generated free
charge carriers toward the electrodes [41],[169]. It has been recommended that the
covalently linking of donor acceptor systems would be an efficient mechanism for the
production of ambipolar “double cable” transport channels [41],[42]. This mechanism
also removes the question of compatibility between the conjugated polymer and
fullerene components. Phase separation and clustering of C60 in the blend structure
can reduce the energy conversion efficiency of the composite [41]. In addition, as the
fullerene molecules have low light absorbance in the visible range [244] the
composite made from the mixing of fullerene and polymer can suffer from low light
absorption.
We prepare solutions of PmPV in toluene with a concentration of 20 g/l. This
solution is doped with C60 at loadings of 2.5%, 5%, 7.5% and 10% in weight. Then
the composite is sonicated for two hours to get a well dispersed composite. UV-Vis
absorption spectroscopy is done in a solution form using a Perkin Elmer Lambda 20
UV-Vis spectrometer with a 1 cm path length quartz cell.
Analyzing samples with near field optical microscopy enables us to overcome
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the lateral resolution limit of the classical optical microscopes imposed by far field
diffraction phenomena [2]. In Near field Scanning Optical Microscopy (NSOM) (in
this case Veeco’s Aurora 3), the laser (457 nm) is guided to an aperture via a straight
optical fiber. The aperture is tapered to a diameter of approximately 100 nm and
coated with a metal, such as Al. The tip was placed in close proximity to the
composite surface (near field region ≈ 10 nm) and the interaction between laser light
passing through the aperture and the sample was limited to the aperture diameter
[17],[43]. The NSOM instrument is a combination of a scanning probe microscope,
which probes the topographic image, and an ultra high resolution optical microscope.
Used as an optical microscope, the NSOM can be operated either in transmission,
reflection or lithographic modes. The major techniques of the transmission mode are
bright field, fluorescence, polarization, and spectroscopy. A tuning fork-based shear
force feedback mechanism and an optical feedback mechanism are the main control
techniques to control the distance between the probe tip and the sample. In our case
the near field optical microscopy was carried out on thin films of the composite spun
onto a glass substrate.
Thin films of the sample were prepared by drop casting onto a silicon
substrate for resonance Raman spectroscopy. The Raman spectra for 785 nm and 514
nm laser lines were taken using a Renishaw InVia Raman spectrometer equipped with
a Raman Leica RE02 microscope.
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4.1.1 UV-Visible Spectrometry
Fig. 4.2 shows the optical absorption spectra for pure PmPV and PmPV/C60
composite with several concentrations of C60. The PmPV spectrum shows the onset
of the spectrum at about 2.45 eV, which is due to the π-π* transition of the PmPV
backbone, and two other broad peaks at 3.5 eV and 4.19 eV. Absorption spectra of
the PmPV/ C60 composite indicate that the characteristic C60 absorption peak at 3.7
eV [204] was washed out by the PmPV absorption. The peaks of the composite
below the π-π* gap of the host polymer evolve with increasing concentration of C60.
Those are the peaks at 2.32 eV and 2.09 eV. The peak at 2.32 eV is the onset of
photocarrier generation [118]. The onset of the peak at 2.09 eV is about 1.8 eV which
is slightly less than the threshold of the band between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital, which is 2.1 - 2.3 eV for C60
[141][218],[239].
As suggested earlier in this chapter, the C60 buckeyballs might be
encapsulated in the helix of PmPV and this can result in electronic confinement. This
confinement has been observed when an antracene is incorporated in Zeolites pores
[149]. It has been predicted that this phenomenon results from a reduction in the
bandgap of the guest molecule relative to its normal state. The longest wavelength
absorption peak of C60 around 2 eV, which is supposed to correspond to the singlet
energy [4],[194], appears only as a small shoulder in our work. Generally, the
presence of C60 did not affect the peaks of PmPV. Similar effects have been reported
for a composite made from poly(2-methoxy,5-(2’ethyl-hexyloxy)-p-phenylene
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vinylene) and C60 [221]. When the distance between donor and acceptor is short, their
interaction can be seen from the ground state absorption [124]. This interaction can be
observed by the appearance of new peaks in the near infrared or by the shift of the
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Fig 4.2 UV-Visible spectra PmPV/C60 nanocomposite for different
concentrations of C60.

4.1.2 Fluorescence Spectra and Atomic Force Microscopy
We have also characterised our sample with fluorescence near-field
spectroscopy and atomic force microscopy. Fig. 4.3 shows the topographic image of
PmPV/C60. The white spots are clusters of C60 in the PmPV matrix. Previous
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photoluminescence studies show the coupling of C60 molecules in the excited dimer
[188],[249]. Fig. 4.4 shows the corresponding fluorescence spectra for (a) PmPV and
(b) PmPV/ C60 composite (b). The major fluorescence peak of PmPV around 500 nm
[259] appears at about 487 nm. The composite sample has shown a fluorescence peak
which is red shifted by about 10 nm relative to the pure PmPV spectrum. The minor
peaks at a wavelength close to the excitation wavelength are probably the direct
reflections of the excitation laser.
20 μm
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0.00 nm

0 μm
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20 μm
Zoom

4500 nm
8.35 nm
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Fig 4.3 Atomic Force Microscopy topographic images of PmPV/C60
nanocomposite.
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Fig 4.4 Near field fluorescence spectra of PmPV (a) and PmPV- C60
composite (b)

4.1.3 Raman Spectroscopy
The Raman spectra for the pure PmPV and PmPV/C60 composite were taken
using 785 nm and 514 nm laser lines. Fig. 4.5(a) shows the spectrum for the 785 line
with bottom spectrum for pure PmPV. The major peaks of PmPV are 1577 cm-1,
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corresponding to the C-C stretching of the phenyl ring [123], 1600 cm-1,
corresponding to the vibration “quadrant stretch” mode of the di-substituted benzene
ring component of the monomer [123], and 1629 cm-1 corresponding to the C=C
stretching mode of the vinyl group on the polymer back bone. These peaks, in
general, are unaffected by the incorporation of C60 [122],[155].
The Raman spectra of the composite show two notable differences from the
spectrum of the pristine polymer. These are the broadening of the already existing
peak at 624 cm-1 and the new broad peak appearing around 1850 cm-1. This difference
is due to the excitonic effects formed by the transfer of electrons from the conjugated
polymer to fullerene. It is a well understood phenomenon that occurs when self
localized charged states are formed in a polymer backbone, as a result of doping or
photoexcitation [63],[157]. The intensity of the new broad peak at 1850 cm-1 depends
on the concentration of C60 and is in resonance to the 514 laser line Fig. 4.5 (b). The
electron transfer between the donor and acceptor materials might induce vibration,
which in turn induces a change in the polarizibility of the composite. The overall
effect could be the broadening of the Raman peaks or initiation of new Raman active
modes [138],[255]

62

(a)

5

Counts [arb. units]

1.6x10

10% C60

5

1.2x10

7.5% C60

4

8.0x10

5% C60

4

2.5% C60

4.0x10

0.0

Pure PmPV
600

900

1200

1500

1800

-1

Counts [arb. units]

Raman Shift [cm ]

6x10

5

5x10

5

4x10

5

3x10

5

2x10

5

1x10

5

900

10% C60
(b)

7.5% C60
5% C60
2.5% C60
Pure PmPV

1200

1500

1800

2100

-1

Raman Shift [cm ]
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4.2 Polymer, Single Wall Nanotube, and Dye Composite.
Improving the efficiency of organic solar cells relies on improving the
transport and light absorbance properties of the materials being used. Improving the
charge separation and charge transport by forming composites of polymer and
fullerenes is addressed in Section 4.1. Here we present a work on a composite which
tries to address both transport and absorption. This composite is made from
Polythiophene 506, SWNT and Eosin.
Organic semiconductors have typical opticalband gaps around 2.0 eV, which
is considerably higher than that of crystalline silicon. This high band gap results in a
spectral mismatch between the absorbance of the organic material and the white light
spectrum. The optical bandgap of PPV and polythiophene derivatives that are
currently used in the applications of polymer-fullerene solar cells are in the range
between 2.2 and 1.9 eV. This bandgap is also not optimal with respect to the solar
spectrum. One strategy to avoid this problem is to use materials with enhanced light
absorption properties. This can be achieved by applying a low bandgap material with
an optical band gap below 1.8 eV. The promising candidates for this strategy are
dyes, which have a high absorption coefficient.
We analyzed the composite using UV-Vis absorption and fluorescence
spectroscopy. The transport property and device application of this composite is given
in chapters 5 and 6.
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4.2.1 UV-Vis Absorption
Fig. 4.6 (a) shows the absorption spectra of Eosin dye and Eosin attached
SWNT. A slight blue shift of the major peak at 540 to 537 nm and a new broad peak
appears at 393 nm. The absorption spectra of the composite is presented in Fig. 4.6
(b). The spectrum consisting of a peak at 540 nm and a less intense shoulder on the
short-wavelength side is the typical absorption spectrum of Eosin.
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Fig 4.6 UV-Vis Absorption spectra of (a) Eosin dye and Eosin attached SWNT
and (b) different concentration of Eosin_SWNT in Polythiophene 506
Comparing the pure polymer spectrum with the spectra of the composite
shows the peak at 508 for the pure polymer is red shifted by about 29 wavenumbers.
But the shoulder at 600 nm doesn’t show significant shift. No major difference is
observed between the spectra for different concentrations Eosin_SWNT in
Polythiophene 506.
The composite made from these three materials shows both shifting and
broadening of the peak at 508nm to 537nm. The large broadening of the composite
absorption spans the visible spetrum from 400 to 700 nm. This broadening of
spectrum in the visible compared to the spectra of the individual materials shows the
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composite is a better material in increasing the absorption efficiency of devices. It is
obvious that the strong electrostatic interaction and charge sharing between the dye,
polymer, and SWNT is responsible for these absorption changes.

4.2.2 Fluorescence
The fluorescence spectra of the composite, in solution form, is investigated
with Varian Carry Spectrometer with a mirocell of size 400 μl.
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Fig 4.7 Fluorescence spectra of Eosin dye, Eosin_SWNT, and
Eosin_SWNT_Polythiophene 506
Fig. 4.7 presents the spectrum of Eosin, Eosin/SWNT, and
Eosin/SWNT/polymer composite. The intensity peaks of Eosin and Eosin/SWNT are
at 559 nm whereas the composite with the polymer shows a peak at 569 nm, which is
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red-shifted by about 10 nm from Eosin spectrum.
Both absorption and fluorescence spectroscopy shows shifts of the composite
spectra relative to the spectrum of the individual component materials. This indicates
the presence of electronic interaction both in the ground and excited states. This
interaction leads to the formation of polarons.
The main objective of the spectroscopic study of the composites given in this
chapter was to check whether we have been able to get an electrical interaction
between the component materials and able to create charge carriers in the composite
matrix. All the spectroscopic results on PmPV-C60 composite confirmed the existence
of charge transfer between PmPV and C60. The UV-vis and fluorescence study of
Polymer, SWNT, and dye composite have shown both a shift and broadening of a
spectrum. Based on these spectroscopic results, we have performed transport studies
on the composites and made devices on Polymer, SWNT, and dye composite. The
results are given in chapters 5 and 6.
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5. ELECTRICAL TRANSPORT
Two point probe conductivity measurements are carried out on drop cast films
of the nanocomposites on vacuum deposited gold electrodes on glass. The deposition
is done using a vacuum depositor at about 6.7x10-4 Pa. Contacts across the electrodes
are made using gold wire and conductive silver paint as shown in Fig. 5.1.
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Fig 5.1 shows a typical conductivity measurement sample prepared on a glass
substrate.
1.
2.
3.
4.
5.

dropcasted thin film of composite (polymer) for characterization
vacuum deposited gold thin film
gold contact wire
silver paste
glass substrate
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5.1 C60–poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene)
nanocomposite
We carry out conductivity measurement to investigate the effects of C60 on the
conductivity of the polymer due to a donor/acceptor effect. Conductivity
measurements are made using a Keithley 6487 Picoammeter/voltage supply
instrument.
Fig. 5.2 shows both the dark and photo conductivity of the composite for
different concentrations of C60. As can be seen from the graph, the conductivity
shows a slight concentration dependent increase for both dark and photo
conductivities
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Fig 5.2 Dark and photo conductivity of polymer/C60 composite for different
concentrations of C60
In going from 0 to 10% loading, the conductivity for both dark and photo
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conductivities increases by a factor of about 2. This increase is characteristic of an
excited state exciton generation, where the PmPV acts as a hole carrier and the C60
acts as an electron carrier [136]. A high increase of photoconductivity, when πconjugated polymers are doped with C60, has been reported previously [52].
Composites made of polymers such as poly(p-phenylene vinylene), poly(3alkylthiophene), poly(octylthiophene) and C60 [137],[204],[221] have also shown a
similar increase in photoconductivity.
However, in our case we didn’t see a significant increase in conductivity by
the presence of C60. As evidenced by the NSOM topographic imaging, the structure
and morphology of the composite not being perfectly blended at the nanoscale, may
have a negative effect on the free charge carrier formation by preventing the overlap
of the donor acceptor excited state wave functions [22],[214]
Both dark and photoconductivity results show a slight increase in conductivity
which depends on the concentration of C60. This implies that there is an electron
transfer from the conjugated polymer PmPV to C60. This is confirmed by all the
spectroscopic experiments - absorption, fluorescence, and Raman spectroscopies.
Since this increase in conductivity is small compared to the results obtained from the
studies of some other polymer/C60 composites, we conclude that morphological
effects could possibly account for this decrease in the electron transfer process. We
also see an increased generation of excitons which are responsible for many of the
electronic properties found in the most common and efficient polymer-based
electronic devices. The existence of excitons in conjugated polymers makes the
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polymer a candidate for optoelectronic applications. Since the composite shows an
increase in conductivity, it could be anticipated that the controlled chemical doping of
PmPV with fullerene might give a significantly enhanced conductivity for possible
solar cell applications.

5.2 Polymer-multi wall carbon nanotube composites
Since their discovery in 1991, nanotubes, whether they appear in the form of
multi-walled or single-walled versions, have attracted much research interest
[62],[111]. It is thaught that carbon nanotubes possess unique combination of
properties, such as high-mechanical strength [247], high electrical and thermal
conductivity, as well as high-thermal stability [103],[214]. A wide range of possible
technological applications, which include nanoelectronics [76], field emission guns
[50], and ultra strong materials [18], have been foreseen. It is now widely accepted
that electrical and thermal management in nanosize devices has become increasingly
important as the size of devices has been reduced [51],[256]. Therefore, the thermal
and electrical conduction of nanometer materials plays a fundamentally critical role
that controls the performance and stability of nano/micro devices. When combined
with conjugated or non-conjugated polymers, these novel materials possess
potentially fascinating applications as electronic devices or re-enforced
nanocomposite materials [105],[171]. Among various potential materials that will be
used in Micro Electro Mechanical Systems (MEMS), Nano Electro Mechanical
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Systems (NEMS), and “smart structural materials” for aerospace, carbon nanotube
nanocomposites stand in a unique position [49],[144].
We prepare a composite from polystyrene and multi-walled carbon nanotubes
(MWCNT) and investigate the electrical transport properties of the composites. From
this dynamic electrical transport study, enhancement of charge transport through
covalent bonding is seen.
Unlike traditional techniques of composite formation, we choose to
polymerize styrene from the surface of dithiocarboxylic ester-functionalized
MWCNTs to fabricate a unique composite material, a new technique dubbed
“gRAFT” polymerization.
Thin films of the nanocomposite are spin-cast from a THF solution. At lower
MWCNT loadings (< 0.9 wt %) a 500 μm thick film is optically transparent and we
do not observe any aggregation of the nanotubes in the film visually. Nanocomposite
conductivity, as a function of dithioester MWCNT loadings, is measured on the
spin-cast thin film by a two point probe method using vacuum deposited gold as
electrodes. The plot of log10(conductivity) vs MWCNT wt % (0.02 – 0.9 wt %) shows
two distinct transport regions associated with nanotube loadings and corresponding
polymerization (Fig. 5.3 inset). These regions suggest two different charge transport
mechanisms: charge hopping in low MWCNT loadings (0.02-0.6 wt %) and ballistic
quantum conduction in high loadings (0.6-0.9 wt %). The composite exhibits
dramatically enhanced conductivity up to 33 S/m at a MWCNT loading of 0.9 wt %.
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Fig 5.3 A plot of DC conductivity of covalently linked MWCNT-polystyrene
composite as a function of mass fraction of functionalized MWCNTs in the
composite. Inset: a semilogarithmic plot of covalently linked MWCNTpolystyrene composite conductivity as a function of mass fraction of MWCNT
in the composite.
Previously, in studying the percolation network of polypyrrole in conducting
polymer composite, Fourier et al. analyzed the insulator-to-conductor transition
according to percolation theory. They proposed an analytical model [74] to fit the
experimental data of composite conductivity:

log10 (σ c ) = log10 (σ n ) +

log10 (σ p ) − log10 (σ n )
1 + e[ b ( p − pc )]
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(5.1)

where σc, σn and σp are the conductivities of the composite, nanotubes and
pristine polymers respectively, p is the mass fraction of the nanotubes, and b is an
empirical parameter that leads to the change in conductivity at the percolation
threshold (or ballistic threshold) pc. Equation (5.1) has been fitted to profile (1) and
(2) individually (Fig. 5.3 inset). Profile (1) gives a percolation threshold (pc1 = 0.014
wt %) for lower MWCNT loadings, due to the homogeneity of the MWCNTs in the
polystyrene matrix. This indicates the formation of a conducting pathway in the
composite, which allows charge transfer through a hopping transport regime. This
pathway results in an increase in conductivity from 10-14 S·m-1 for pure polystyrene to
10-4 s·m-1 at MWCNT loadings of 0.02-0.60 wt %.
In profile (2) we see a second percolation threshold (pc2 = 0.66 wt %) with
conductivities between 10-4− 33 S·m-1 for nanotube loadings 0.60−0.90 wt % (Fig.
5.3). The solid line in Fig. 5.3 represents two curve fits using (5.1). For profile (1) the
parameters for best fit are: 0.02 wt % ≤ p < 0.6 wt %; pc1 = 0.014 wt %; b = 63; and
for profile (2) 0.6 wt % ≤ p ≤ 0.9 wt %; pc2 = 0.66 wt %; b = 96.
In the past, a percolative description has been used to explain the connectivity
of conductivity of a random two-phase system when examining nanotube-polymer
composites [37]. In certain cases, where MWCNTs are added to an insulating
polymer to form a blend, the onset of percolation is found to be more than 1% by
weight [156],[190].
To have a comparison between the charge transport properties of the
composites made using the gRAFT method and the usual blend formation method,
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we have blended MWCNT and polystyrene and measured the electrical property of
the composite. For our blend containing polystyrene and pristine MWCNT (0-20 wt
%) without thiolation, a single-stage percolation was observed with a percolation
threshold at 4.7 wt % MWCNT loading and the maximum conductivity of 2.0 × 10-4
S·m-1 at 12 wt % or higher pristine MWCNT loading (Fig. 5.4 and inset).
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Fig 5.4 A plot of DC conductivity of pristine MWCNT-polystyrene blend as a
function of mass fraction of pristine MWCNTs in the blend. Inset: a
semilogarithmic plot of pristine MWCNT-polystyrene blend conductivity as a
function of mass fraction of pristine MWCNT in the blend. The solid line
represents a curve fit using (5.1)
The percolation threshold in this case is significantly higher than what was
observed in our covalently linked MWCNT-polystyrene composite prepared through
in situ gRAFT polymerization. The maximum conductivity for the blend is much
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lower than the covalently linked MWCNT-polystyrene composite.This increase in
conductivity further indicates the significance of good nanotube dispersion for high
conductivity and the effectiveness of our synthetic method.
According to recent reports, theoretical calculations have shown that the onset
of percolation of conductivity was strongly dependent on the aspect ratio defined by a
= l/d where d is the diameter, l the length, and a the aspect ratio [75]. Foygel et al
suggest that conductivity would be changed and increased with altering aspect ratio in
a three dimensional system. This would suggest that the strength of conductivity we
have observed as well as the low value of onset of percolation can be directly related
to the changing dimensions of the nanotubes present.
5.3 PmPV-Gold nanocomposite
In this work we have embedded micron-sized gold nanoclusters into a
conjugated luminescent polymer poly(m-phenylenevinylene-co-2,5-dioctoxy-pphenylene) (PmPV) thin film matrix, thus creating a unique nanocomposite. This
embedding of micron-sized gold nanoclusters into a PmPV thin film matrix is
achieved by utilizing the helical binding properties of PmPV. The gold clusters are
composed of approximately 5-50 nm PmPV passivated gold particles.
We have studied the eletrical transport property of the composite and the
Schottky effect of the sandwich cell device made out of it. The dc conductivity
studies are undertaken to investigate the effects on conductivity due to the presence of
nanoscale metallic particles in the polymer matrix. By doping the polymer with gold
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we observe only a slight increase in conductivity at loadings of ∼30% wt/wt gold to
PmPV. The incorporation of gold into the PmPV matrix results in only a slight
increase in conductivity. We observe typical ohmic behavior for the composite from 0
to 500 V (Fig. 5.5). For the highest gold particle loading (∼30% wt/wt PmPV), the
conductivity increases from 3.5x10-9 S/m for pure PmPV to 9x10-8 S/m for the
Au/PmPV nanocomposite (30% wt/wt).
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Fig 5.5 A plot of current vs voltage for pure PmPV (■), 15% wt/wt
concentration of gold particles in PmPV (▲) and 30% wt/wt gold particles in
PmPV(○). Inset: Corresponding logarithmic current – voltage characteristic.
Standard conductivity in polymers is determined by the conjugation, trap
density and π-π* gap, as well as ease of charge transfer from one chain to another. In
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fact, if the hopping between polymers is too great we induce a deep trap, which will
debilitate the charge transfer process. The presence of the metal particles is used to
see if they could enhance the conductivity of the samples. Although we have seen a
slight increase in the conductivity by their presence, we did not observe the expected
percolation effect normally seen in composite materials when we combine polymers
and metallic particles. For a greater concentration of gold particles we would expect
there to be a percolation increase in conductivity. However, the purpose of these
particles is to enhance the conductivity at low loadings. We can see this is not the
case, even though comparable loadings of carbon black and nanotubes have
demonstrated this in the past [37]. This result may be due to the passivation process
whereby the entrapement of the gold particles in the conjugated polymeric matrix has
increased the bandgap and thus the hopping distance between charge carriers.
5.4 Polymer, Single Wall Nanotube, and Dye Composite.
We present the transport study of Eosin_SWNT and Polythiophene 506
composite. We study the electrical transport property of the composite to investigate
the effects of Eosin_SWNT on the conductivity of the polymer. Fig. 5.6 shows the
conductivity of the composite for different loadings of Eosin_SWNT in
polythiophene. The percolation threshold of conductivity is 6.84% and the parameter
b is approximately 0.41.
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Fig 5.6 Conductivity plot of Eosin_SWNT in Polythiophene 506
The electrical transport study of all the composites such as PmPV-C60,
Polystyrene-MWNT, PmPV-Gold, and Eosin-SWNT-Polythiophene composites has
shown an increase in conductivity relative to the conductivity of the corresponding
pristine materials. By adding either C60 or Gold to the PmPV matrix, we have been
able to get an increase in conductivity. Polystyrene-MWNT composite has shown a
two profile percolation with very low threshold concentrations. By attaching an
optically active dye, Eosin, to SWNT-Polythiophene, we have been able to get an
increase both in conductivity and absorption. Based on these results, we concluded
that these composites are good candidates for device application. We made devices
from these composites and characterized electrically. The results are given in the next
chapter
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6. SCHOTTKY DIODES
In this chapter we present the study of the Schottky diodes made from
nanocomposites. The devices are made on glass-ITO substrates using aluminium (Al)
evaporated on top of the composite and gold (Au) metal contacts, as shown in Fig.
6.1. These devices are tested for Schottky effect. Schottky diodes with near ideal
electrical characteristics were realized.
Two parameters frequently used to describe the forward bias J-V relation are
the diode quality factor n and the barrier heights φb. These parameters can directly be
derived from the J-V equation of the Scottky diode.
J = Jo [exp(qV/nkT) – 1]

(6.1)

Here, J is the total current density, Jo is the value of the reverse saturation
current density, q is the charge of an electron, V is the applied voltage, k is
Boltzmann’s constant, T is absolute temperature, and n is the diode quality (ideality)
factor. An explicit relationship between the barrier height φb and Jo can be obtained
from thermionic emission/diffusion theory as:
Jo = A**T2 [exp(-qφb/kT)]

(6.2)

where A** is the modified Richardson constant. For an electron in free space,
A=120 A/cm2K2. The slope of the logarithmic plot is related to the quality factor n
through:
1 kT ∂lnJ
=
n
q ∂V

(6.3)
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Fig. 6.1 Sandwich cell for device testing

6.1 Polymer-Gold composite
Polymer-Gold composite(1)
In chapter 5 we studied the electrical transport property of PmPV-Au
composite. We have seen only a slight increase in conductivity for large loadings of
gold in the polymer matrix. However, interesting results are observed in the electrical
behavior of sandwich cells made from PmPV-Au composite. The device made out of
this composite does behave as a Schottky diode with an ideality factor close to one.
Fig. 6.2(a) and 6.2(b) shows the electrical behavior of Al/PmPV/Au and Al/PmPVGold/Au sandwich cells, repectively. We have calculated the device parameters from
the logarithmic current density versus voltage plots. The sandwich cells behave as a
Schottky diode, with different ideality factors and barrier heights. The ideality factors
are 10.86 and 1.32 for PmPV and PmPV-gold nanocomposite cells, respectively. The
barrier heights, calculated from the reverse saturation current, are 1.24 eV for PmPV
and 0.539 eV for PmPV-gold nanocomposite cells.
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Fig 6.2 J-V plot of (a) Al/PmPV/Au cell; and (b) Al/PmPV-gold
nanocomposite/Au cell
Polymer-Gold composite(2)
Fig. 6.3 shows current density versus voltage plot for pure PmPV. The inset is
the current density versus voltage plot for PmPV-gold nanocomposite. The plots
reveal onset voltages of 1.5V for pure
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Fig 6.3 J-V plot of Al/PmPV/Gold sandwich cell with inset of Al/PmPV-Au
composite/Gold cell.
PmPV and 0.01V for the composite. The sandwich cells behave as Schottky
diodes, with different ideality factors n and barrier heights φb. The values of these
parameters have been extracted from the J-V plot using (6.2) and (6.3). The ideality
factors were calculated to be 27.69 and 1.85 for PmPV and the PmPV-gold
nanocomposite cells, respectively. The barrier heights, calculated from the reverse
saturation current, are 0.801 eV and 0.616 eV for PmPV and the PmPV-gold
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nanocomposite cells, respectively.
From these results, it is deduced that the chemico-incorporation of nano-sized
gold particles into the polymer matrix has greatly enhanced the quality of the diode,
allowing for better homogeneity of the barrier height over the interface (as compared
to the pure PmPV cell). The presence of the nanoparticles enhances band bending at
the polymer/Al interface. In addition, at higher ideality values, the recombination
current is believed to dominate the diffusion current. The low ideality values for
these nanocomposite diodes suggest that the current flow is diffusion or
surface/interface dominated. Metallic nanoparticles near the interface may lower the
barrier height or the depletion layer, thereby enhancing the charge transport across the
interface [55],[222],[265].
6.2 Polymer, Single Wall Nanotube, and Dye Composite.
We study the electrical transport property of a device made from a pure
polymer and a composite. We make devices of the composite with concentrations 0%,
6%, and 7% Eosin_SWNT in polythiophene 506 and I-V measurement of the devices
are taken with Keithley 6487 Picoammeter/voltage supply instrument.
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Fig 6.4 The current voltage plots of the device made of pure polymer (a) and
6% eosin-SWNT in polythiophene (b). The dots represent experimental values
while the solid line is a curve fit.
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Fig. 6.4 shows the plots for both the polymer (a) and the 6% concentration
solution composite (b). The results of the 6% and 7% (not presented here)
concentrations are identical. Both the pure polymer and the composite show Schottky
effect with different quality factor n and barrier potential φb. The calculated values of
n are 3.912 and 2.45 for the polymer and the composite, respectively. The barrier
height of the device made from the polymer is 1.135 eV and that of the composite
device is 0.703 eV. The parameters of the pure PmPV device are found from equation
(6.1) where as that of the composite device are found from equation (6.4). This
equation involves a series resistance Rs. The valve of Rs is found from the fitting
curve and it is 90Ω.

⎡
⎛ q(V − IRs ⎞ ⎤
I = I 0 ⎢ EXP⎜
⎟ − 1⎥
⎝ nkT ⎠ ⎦
⎣

(2.4)

From the values of the ideality factor and the barrier height, we can conclude
that we make a device with better performance. Forming the composite enables us to
get a smooth and lower barrier height. The uniformity of the barrier height over the
junction increases the quality of the device
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7. CONCLUSION
7.1 Summary
In the previous chapters, we have provided a thotough literature review and
provided the experimental work of this study. The literature review included the
theoretical background of charge transport and review of research advances and
challenges in the application of organic semiconductors in optoelectronic devices
such as solar cells, OLEDs, and FETs. The experimental part included electrical
transport, spectroscopy, and device fabrication and analysis.
In Chapter 2, it has been discussed that the charge transport in organic
semiconductors occurs by the hopping of charges between localized states. Different
models have been presented to account for the charge localization effect and verify
the experimental results. Those models are: Hopping in a Disordered Medium, The
Polaron Model, and Hopping in a disordered medium including polarons. The models
correctly predict the temperature and field activation dependence of mobility in
disordered organic materials. But they differ as to the functional dependencies. It was
demonstrated that the interplay between the polaronic and disorder effects may be
responsible for the specific temperature dependence. The basic theoretical and semiempirical physical concepts used to describe the transport properties of conjugated
polymer-metal interfaces have also been presented. In the charge transport across
Metal-Semiconductor junction, different charge transport mechanisms exist. These
are: Thermionic emission, Generation recombination, quantum mechanical tunneling,
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and leakage currents. The thermionic emission equation is used to extract important
parameters of the Schottky device.
The review of the three different device applications of organic
semiconductors and metal semiconductor junction has also been presented in Chapter
3. The devices are solar cells, light emitting diodes, and field effect transistors.
Evidence of the considerable progress that has been made in the field and some
commercial products on the market have been mentioned. The main challenges
remaining for those devices are low mobility, degradation of the device under
operation, and high contact resistance.
The experimental work of this study is presented in chapters 4, 5, and 6. In
chapter 4, we presented the spectroscopic study of various nanomaterials and
composites. All the spectroscopic results (absorption, fluorescence and Raman
spectroscopies) of PmPV-C60 confirmed the existence of an electron transfer from the
conjugated polymer PmPV to C60. By attaching an Eosin dye to single wall carbon
nanotube, we have been able to increase the range of optical absorption of the
polymer, nanotube, and dye composite. In chapter 5 conductivity studies of different
composites have been presented. A significant increase in conductivity has been
achieved by composites made from polystyrene and multi-wall carbon nanotubes.
The conductivity plot of the composite shows two distinct transport regions
associated with nanotube loadings and corresponding polymerization. These regions
suggest two different charge transport mechanisms: charge hopping in low MWCNT
loadings (0.02-0.6 wt %) and ballistic quantum conduction in high loadings (0.6-0.9
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wt %).
Schottky devices made from Polymer-Gold and P3HT-SWNT_Eosine
composites have been presented in chapter 6. The devices made from the composites
have a better ideality factor than those that are made of pristine polymers. The
ideality factors are 10.86 and 1.32 for PmPV and PmPV-gold nanocomposite cells,
respectively. The device made from P3HT-SWNT_Eosine composite has an ideality
factor of 1.309. In general all the devices made from the composites have shown a
decrease in barrier height.
7.2 Suggestions for further research
In this work, we have been able to make composites with good optoelectronic
properties. We made devices from composites and the devices show good
performance. Therefore studying those composites for solar cell, OLED, and OFET
applications would be a natural extension of this work.
Electrical transport study of polymer-gold composite has shown an increase in
conductivity as the gold concentration increases. The device made from the
composite has also shown a better diode quality factor than that of the device made
from pristine polymer. This research shows that this polymer-gold composite can be a
good candidate for OLED applications, since OLEDs operate on the basis of the
Schottky effect.
The composite made from polymer, single wall nanotubes, and dye has shown
an increase in conductivity as the concentration of nanotubes increases. The device
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made from this composite has a better ideality factor than that of the device made
from pure polymer. This composite has also shown an increased absorption range in
the solar spectrum. This has happened because of the fact that the attached dye is an
optically active material. All those results indicate that this composite is a good
candidate for solar cell application. For a composite material to be applicable for solar
cells, it should satisfy the requirements of good conductivity and absorption.
The research on polystyrene-MWNT and C60-PmPV composites has been
done only in terms of spectroscopy and conductivity. The studies show very
interesting results. An interesting topic would be, for example, further examination of
the composites for device applications. Specifically, the polystyrene-MWNT
composite has shown two profile percolation conductivities. These very large
increases in conductivity are critical for applications in both solar cells and OLEDs.
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