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ABSTRACT
Several measurements have been performed on filins of poly (9—
vinylcarbazole) doped with iodine. These measurements include DC
conductivi'ty, AC conductivity, and photovoltaic effect.
The DC conductivity of doped films have been studied. The current —
clectric field dependence was found to obey Schottcky emission mechanism.

The experimental value of Schotti{'y coefficient g, was calculated from the
current-electric field dependence. The experimental value of Brs Wwas found to

be different from the theoretical value. Its value increased as the thickness of
the film was increased.

The thermal activation energy of DC conductivity &, was studied for
doped samples at various dopant concentrations. The activation energies g, for
all samples were found to be typical of electronic conduction.

The AC conductivity of doped. films was found to'.'increase almost
linearly with frequency until 0.5MHz. Then some kind of saturation was
reached. It was found that the AC conductiyity does not:depend on film
thickness and no role was played by the dopant molecule.

Double layer films (ITO- PVK doped with 1,- Rhodamine 6G -Al) were

_found to exhibit low photovoltaic effect with a curve fitting factor c.f. equal to

0.54, a short circuit current Iy equal to 4.46 nA, and an open circuit voltage V.

equal to 7.7mV. _ i

Xiv
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CHAPTER 1

INTRODUCTION



Introduction

1.1 Fundamental Aspects of Polymer Molecules

The term "polymer" comes from tl;e Greek wordé poly (meaning
"many") and mer (meaning "units" or " parts "). Polymers are very large
organic molecuies formed by thousands of repeating units‘Iiniéed together. One
can view these heavy organic molecules (molecular weights ranging from
about 10° to 107) as very long chains mostly made of C-C, C-O and C-N bonds.
Polymer technology has existed for decades and is used for the synthesis of
natural rubber and common plastics such as polythene which dates back to as
early as 1820s [1,2].

The simplest organic polymer is polyethylene. Consider the single
chemical unit shown in fig. 1.1. This unit is called ethylene (or ethene), which
consists of two carbon atoms and four hydrogen atoms. A double covalent bond
exists between the carbon (C) atoms while a single covalent bond exists
between the hydrogen (H) and carbon atoms. The chemical composition of the
ethylene mer is written as C, H, or CH, =CIH,. Under the proper conditions,
one of the double covalent bonds lq_etwef;n the, two carbon atoms can be broken,
which enables each of the carbon atoms to form a new covalent bond with a
carbon atom in a neighboring mer. In this way three ethyl,n;ane mers form a
"new" molecule, whose atomic weight is three ‘[i.mes as greal as the initial mer.
If "n" ethylene mers join together, the chemical composition of the resulting
molecule can be represented as Cy, [y, where 1 is any positive integer. In this

way a "chain" of ethylene mers join together to form the well- known polymer
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Figure 1.1 The monomer “ethylene”.
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Figure 1.2. Schematic representation of polyethylene. The "mer" and chain
structure of carbon and hydrogen atoms are shown.



polyethylene, as shown in fig. 1.2. A typical polyethylene molecule may
contain 50,000 carbon atoms or more.

A single ethylene unit is called a monomer, and i.f two ethylene
monomers bond together the resulting chemical entity has two repeating units
and is called a "dimer". Similarly, the chemical entity formed by three
repeating units is called a "trimer". The molecular weight of a dimer is twice
that of the monomer, the molecular Weight of a trimer is three times that of the
monomer, and so on [2,3,4].

The process of causing a monomer to chemically react and form long
molecules in this fashion is called polymerization, and the number of repeating
units in the polymer molecule is called the degree of polymerization (DP) [2,5].
The product of the molecular mass of monomer M, and the degree of
polymerization n equals the molecular weight of the polymer Mo [3]:

Mpol = an‘
Polymers with a high degree of ﬁoiy@erization (molecular weights ranging
from about 10* to 10%) are called high polymers, while those with a low degree
of polymerization (fnoleéular weights ranging from about 500 to 6000) are
known as oligomers [3].

A macromolecule may consist of monomers of identical or of different
chemical structure. If only one type of monomer is emp,loyed fo form a
polymer, the resulting molecule is called homopolymer. Polyethylene is a good

example of a homopolymer. Polynieric compounds that consist of two or more



types of constitutional repeating units are called mixed polymers or
copolymers. Acrylonitrile-butadiene-styrene is an example of a common

copolymer, known as "ABS" [3,4,5].

1.2 Types of Polymer Molecular Structure
1.2.1 Homopolyiers

The molecular structure of homopolymers can be classified according to
one of three major types: linear, branched, and crosslinked (three-dimensional)
structure. The three types of molecular structure are shown schematically in fig.
1.3 (denoting a monomeric residue by A and B) [2,3,5].

Linear Polymers

In a bulk sample of linear polymer those long macromolecules become
entangled and twisted together, much like as bea@s on a string, where each bead
represents a monomer unit. It should be emphasized that the length of these
"strings" is enormous; if a typical linear molecule were scaled up to be 10 mm
in diameter, it would be roughly 4 km long. A linear polymer is formed by
difunctional monomer. Obviously, as the molecular weight (i.e., the length) of
the polymer molecule increases, the number of entanglements increases, and
the secondary bonding forces betwéen 1ﬁblecules increase |[2].
Branched Polymers

In branched 15013’1‘161‘3, a 1‘elétively shoit éide chains are attached to the

main chain ( primary backbone ) of the macromolecule ( see Fig. 1.3.b ). The

monomers that form branched polymers must be at least trifunctional [2,3,5].



Crosslinked or Network Polymer

The monomers that form crosslinked polymers must be at least
trifunctional. Crosslinked polymers consist of long chains connected up into a
three-dimensional network by chemical crosslinks. Since the individual
molecular chains within a crosslinked polymer are themselves linked togefher
by covalent bonds, the eﬂﬁre molééularanetwbrk' can be consi&iered as a single
molecule. Common examples of a crosslinked polymer are natural rubber,

silicon rubber, and epoxy.

1.2.2 Copolymers

Copolymers may also be classified according to the arrangement of the
monomer units in the macromolecules. The simplest type of copolymers
contains only two types qf monomer units A and B. Copolymer may be linear
or branched (see Fig. 1.4) [2,4,5]. In linear raﬁd(ﬁn copolymeré, the two distinct
repeating units appear randomly along the backbone of the molecule. In
contrast, for linear block copolymiers, each type of repeat 'unité form fairly long
continuous sequences within the polymer chain [2,3). In branched copolymers
a short side chains repeat units B are attached to the primary backbone with

repeat unit A of the macromolecule, such materials are called graft copolymers.



(b)

()

Figure 1.3. The three types of molecular structure (a) Linear polymer, (b)
Branched polymer and (¢) Crosslinked or network polymer.
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Figure 1.4. Types of Copolymers, (a) Linear block copolymer (b) Linear
random copolymer and (¢) Graft copolymer. .



1.3 Polymerization Processes

The process that converts a monomer to a polymer is called
polymerization. There are two different methods of polymerization processes,
polycondensation and addition polymerization [5,6]. During the formation of
a polymer the condensation takes place between two polyfunqtional molecules,
with the possibility of éliminatio';l (migrati::)n)‘. of some m'olecules such as
water, and the reaction continues unfil one of the reagents is used up [3,5].

Addition or chain reaction polymerization consists ‘of activation or
initiation of the monomer molecule converting an ion to a free radical. The free
radical reacts with the double bond of an unexcited monomer molecule and
adds to it, forming a new radical capable of further interaction with the initial
monomers. In a short period of time more monomers add successively to the
growing chain. At last, two free radicals annihilate each other’s growth activity

forming one or more polymer molecules [3,7].

1.4 Classification of Polymers

Polymers are classified according to their chemical composition into
three main categories [3, 5]
[- Organic polymers include polymeric substances containing other elements in

their molecules provided that the main chain are not connected directly to

- 1
v

carbon atoms (e.g., organic polyacid salts).
2- Elemento-organic (or hetero-organic) polymers include:
(a)  compounds whose chains are composed of carbon afoms and hetero-

atoms (except for nitrogen, sulphur, and oxygen atoms).



(b)  compounds with inorganic“:‘ chains if they contain éide groups with
carbon atoms connected directly to the chain.

(¢)  compounds ﬁhose main chains consist of carbon atoms and whose side
groups contain hetero-atoms (except for nitrogen, sulphur, oxygen, and
halogen atoms) connected direcily to the carbon atoms of the chain.

3- Inorganic polymers are polymers containing no carbon atoms.

L5 Thermoplastic and Thermosfat Polymers

Suppose that a bulk-sample «;f a linear Ior;branched polymer exists as a
solid material at room temperature, and is subsequently heated, then the
average distance between individual molecular chains is increased as
temperature is increased. Subsequently, this results in an increase in the
molecular mobility and a decrease in the secondary bonding forces and the
macroscopic stiffness. That is, as the molecules move apart both the
intermolecular forces of attraction as well as the degree of entanglement is
decreased, resulting in é decreaée in stiffness at the 111écr0300pic level.
Eventually, a temperature is reached at which the polymer starts to melt where
the polymeric molecules can slide freely past each other and the polymer can
no longer support a shear force.

A polymer that can be melied (i.¢., a linear or branched polymer) is
called a thermoplastic polymer [21. Examples of thermoplastic polymers
include polyethylene, PVC, polystyrene, polypropylene, acrylics, nylons,
polycarbonates, polyesters, and {lubroplastics [8]. Thermopleéétics can be sub-

divided into those which crystallize on cooling and those which do not

10



crystallize on cooling. The ability of polymers to crystallize depends upon
many factors such as the degree of branching and the regularity of molecules
[4]. In contrast, a crosslinked poly'}ner cannot be melted, alth:éugh the average
distance between individual segments of the molecular network are in fact
increased as temperature is increased. The crosslinks do not allow unrestricted
relative motion between chain segments, and eventually limit the molecular
motion. Therefore, a crosslinked polymer cannot be melted and can support
shear forces even at high temperatures. Of course, if the temperature is raised
high enough the covalent bonds that form the crosslinks as well as the
backbone of the molecular chains are brgken,.ch_e}.nical degradation occurs, and
the polymer is destroyed. A polymer that cannot be melted is called a
thermoset polymer. Examples of thermosettin_g polymers _,linclude epoxies,

silicones, polyesters, amino resins, and polyurethane [2,9].

1.6 The Glass Transition Temperature

The temﬁerature affects the macroscopic stiffness of both thermoplastic
and thermoset polymers. All polymers exhibit a decrease in stiffness near a
characteristic temperaturé' called the glass-transition temperﬁure Ty It is the
temperature at which the polymer is transformed from a relatively "glassy” and
brittle solid to a relatively "rubbery" and ductile solid. This transition is due to
an increase in the mobility of large segments of the main polymieric chain. That
is, when a polymer has been heated to the T the associated increase in the

average molecular spacing results in a sharp decrease in the secondary bonding



forces, allowing segments of the polymer molecules to each "slide" past each
other [2,10].

At temperatures significantly below Ty the polymer molecules are
closely packed and tightly bonded by secondary bonding forces, and cannot
easily slide past each otlier. The polynqer is: said to be in a "glassy" state at
lower temperatures, and exhibits a high stiffness and strength but in general a
lower ductility. Con_versely, at a tgmperatures §igniﬁcantly above the T, the
molecular spacing is increased and ‘hence secondary forces are greatly
decreased such that large segments of molecular chains can more readily slide
past each other. The polymer is said to be in a "rubbery"” state at these higher
temperatures, and exhibits a lower stiffness and strength but in general higher
ductility. The preceding discussion of transit‘ion temperatures has been based
on observed changes in stiffness‘. H&vvever, almost any physical property
measured at the macroscopic level will exhibit a simiia; dependence on
temperature. Thus, tﬁe T, can be 1ﬁeasured by 1;10nitoring p(IJIymers stiffness,

density, and thermal expansion [2,10].

1.7 Poly(N-vinylcarbazole)

Graebe and Glaser discovered Carbazole (dibenzopyrrole) in 1872 as a
by-product from the coal tar industry. nPure.Ca.rbazole is a-white crystalline
material with a melting point of 246°C and a molecular weight of 167.20
g/mole. Carbazole, an aromatic tricyelic _.compound, -exhibits  strong
fluorescence and long phosphorescence upon ex.pos'ure to ultraviolet lighi. It is

readily soluble in acetone, slightly soluble in cther and ethanol, and barely

[2



“ solubIe 1n chloroform, acetlc acid, carbon tetrachloride, and carbon disulfide
[11].

Carbazole is ‘aIso used to éynthesize th.é monomér N-vinylcarbazole,
which can be polymerized to form poly(N-vinylcarbazole). The 1. G.
Farbenindustric in Germany began the production of poly(N-vinylcarbazole)
(PVK) under trade name Luvican. The shortage of mica during the World War
I was the reason for the ‘developlgent of poly (N-Vinylcarbagole), under trade
name Polectron (General aniline anli F ilrh Cor‘p.); as a mica substitute [5, 11].

Poly(N-vinylcarbazole) (PVK) can be polymerized by both free radical
and cationic polymerization. The 'propagating chain end s;fabiiizes electron
deficient centers by resonance, involving the nonbonding electron pair on the
nitrogen of the Carbazole ring. N-Vinyl Carbazole has not been successfully
polymerized by anionic means [11]. The number 9 in Poly(9-vinylcarbazole)
indicate that the vinyl group is attached to the nitrogen in the Carbazole
molecule. The structure fdrmﬁlas c;%poly(9-viﬁylbérbazole) is ;hown in fig. 1.5.
We can categorize poly (9-vinylcarbazole) as an organic homopolymers since it

consists of only one type of constitutional repeating - units, also, it is a

heterochain polymer since its main chain made up of different kind of atoms

[5).

1.8 Propertics of Poly(8-vinyicarbazole)
Poly(9-vinylcarbazole) is a transparent thermoplastic material, with a
good thermal and chemical Stabﬂity; For example, it has a softening

temperature of 150°C, a reported glass transition temperature T, 0f211°C, and

13



(a)

(b)

(c)

Figure 1.5 The structure formulas of poly(N—Vinyicarbazole), (a) Carbazole,
(b) N-vinylcarbazole, and (c) Poly(N-vinylcarbazole).

14



does not begin to decompose until over 300°C. The glass transition temperature
of this polymer is high. Unfortunately, poly(9-vinylcarbazole) is brittle and has
a poor mechanical strength. Poly(9-vinylcarbazole) has a high refractive index
of 1.69 at 20°C. The solvents of Poly(9-vinylcarbazole) are aromatic
hydrocarbons, chlorofoﬁn, chforobenzené, " methylenc chloride, and
tetrahydrofuran (THF) [12]. Poly(9-vinylcarbazole) is also a photoconductive
material: it behaves like an insulator in the dark, and becomes electrically
conductive upon exposure to uliraviolet radiation. Since a practical usage
employs visible light, the photosensitivity of the polymer must be extended into
the visible. There is an enormous literature dealing with the subject of
sensitization, and yet despite this, major questions remain unanswered about
the details of this technélogicallyf and, scientiﬁéaﬂy importént phenomenon.
With intense laser light, Poly(9-vinylcarbazole) can undergo a change in
refractive index and thus is considered a phojtorefractiye material. Poly(9-

vinylcarbazole) also has other excellent electronic properties, such as low

dielectric loss [11].

Poly(9—vinylcarbazole) has been the subject of considerable research due
to its application as photoreceptors in photocopying technology. Recently,
interest has developed in phiotoconducting  material “applications in
electroluminescent, photorefractive, photovoltaic, and transistor devices

[13, 14, 15].
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L9 Methods of Polymer Doping

In inorganic semiconductors doping occurs via the iﬁtrociuction of dopant
atoms that provide additional free charge carriers at room temperature so that
the extra charges increase the conductivity for this type of semiconductor. The
electrical conductivity of polymers is markedly increased upon doping. Thus,
various methods for doping of polymers have been employed. Among these
methods are [16, 17]: | 7 ' |

a. Doping with Gaseous Vapors

This method is -applied for doping of the organic polymer by vapor
substances (e.g., I, SbFs, Br,, and AsFs), and may be achieved by the
exposure to vapors of the dopants.

b. Photo-Initiated Doping
When organic polymer is exposed to radiation of energy greater than its band-
gap, clectrons are promoted across the gap -and the pdly_mer undergoes
‘photo-doping’. It disappears rapidly due to recombination of electrons and
holes when irradiation is discontinued. If a potentiql is applied during
irradiation, then the clectrons and holes separate and photoconductivity is
observed.

¢. Solution Doping

This method is used when the polymer is soluble in the organic

solution e.g., tetrahydtofu1'an THEF, chloroform. The outcome of such

doping method is an n- type doped polymer
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d. Doping by Oxidizing Cations

This method can be carried out by using' salts that contain NO," or NO*
ions to produce p- type doping material. The salts oxidize the organic polymer
and introduce anions in the lattice,

¢. Chemical or Electrochemical Doping

The p-doping can be accomplished by electrochemical anodic oxidation by
immersing, for example, a trans-(CH), film in a solution of LiCIO, dissolved in
propylene carbonate and attaching it to the positive terminal of a dc power
source, the negative terminal attaqhed to an ¢lectrode is also-immersed in the
solution.

The n-doping can also be carried out by elecffrochemical cathodic reduction
by immersing a trans-(CH), film in, e.g. a solution of LiCiO;; dissolved in THF
and attaching it to the negative terminal of a dc power source, the positive

terminal attached to an electrode is also immersed in the solution.

1.10 The Aim of This Work

We study poly(9—\'}inyicarbé{zole), doped with various 'chpes of dopants
in order to improve its electrical conductivity. Our goal has been to develop a
type of doped polymer that can be used for electronic applications. Some
reports [18,19,20] show that the electrical conduction mechanism in this doped
polymer is not yet quiet well understood, and more theorctical and
experimental work are required to understand its nature.

It seems that most research, so far, conducted on Poly(9—vinylcarbazole)

has focused on various photoconductivity measurements. While measurements

17



on Dc electrical conductivity of doped Poly(9-vinylcarbazole) are very rare.
We believe that doped Poly(9—vinylcarbazole) is a promising material. It may
offer good opportunities to researchers to investigate. Much work is needed to
be done on this material in orgier to bring insight on various electrical
conduction properties such as transport, conduction mechanism, trapping, the
role of dopant molecules, etc. |

In this thesis we report our work on doped Poly(9-vinylcarbazole)

which we have extensively studied.
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Background on Polymer. Electrical Conductivity

2.1 Introduction

Electrical conductivity in a normally insulating polymer is made possible
by doping. It is universally agreed that the conductivity in doped polymers is a
direct consequence of the proportionate amount of dopant in the sample being
tested. [21]. The conductivity changes with the range of the doping level and the
type of the dopant. Shirakawa achieved conductivity on the order of 10° S/cm for
polyacetylenc doped with iodine:’ [22]. In 1987 Naarmann et al produced
conductivity on the order of 10* S/cm [23], and in 1990 Tshukomoto had increased
it to 10° S/em [24]. Although initially these doped condpctigg polymers were
unstable in air and difficult to process, new generations of conducting polymers
are greatly improved fo be air-stable and casily processable from a variety of
solvents [25].

It is known that the electrical conductivity depends on the size of the
bandgap between the valence band and the conduction band. For insulators, the
band-gap is typically several times le;rger fhan the éemiconductor b.and—gap. On the
other hand, for semi-conductor the energy gap is small, e.g. 1 eV, and the electrons
can easily be excited into the conduction band by'sevcral 1ﬁeaﬁs such as thermal
excitation, vibrational excitation and photoexcitation. Most semiconducting
polymers appear to have a band-gap that lies in the range 1.5-3 eV, which makes

them ideally suite as optoelectronic devices working in the visible light range [26].



Poly(phenylenevinylene) (PPV), with a band-gap of 2.2 eV can be considered as
an example of an infrinsic polymeric semiconductor [1). For a conduction to take
place in conventional mnorganic serpicon_ductors, like silicon or germanium, free
electrons must generally be excited from the valence to the conduction band.
Normally, photo excitation or thermal excitation at room temperature gives rise to
some conductivity in ﬁlany inorganic semiconducto-rs. |

Uniike the widespread inorganic compounds, doped polymers are
semiconductors as a result of their unique, extended m-conjugation. Indeed the

extended-overlap 7-bands become the valence band and the 1* bands become the

conduction band in conducting polymers (CPs). The n-conjugated system is
formed by the overlap of carbon pz 01'bi£als. The- chemical bonding between the
atoms in the main carbon “’backbone’’ of the polymer chain alternates between
single and double bond lengths which is the comlﬁbn electr(')nic.lfeature of pristine
(undoped) conducting polymers. The semiconducting behavior of polymers
originates from those delocalized m-orbitals formed in carbon-containing
compounds [1,26,27]. The pristine electronic polymers can be transformed to their
conducting form by simple chemical or electrochemical oxidation, or in somec
cases, reduction, by a numser of simi;le anionic or cationic speciés'(dopmﬁs) [27].
Conjugated polymers can be easily oxidized or reduced, and when

oxidized, electrons are removed from conjugated polymers "and counter jons

(anions) are introduced into the system such that the local charge neutrality is
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preserved, causing p-doping (electron accepting-e.g., I, PF4, Cl, and AsFg). On the
other hand, when reduced, electrons are added to the polymer chains. Counter ions
(cations) are also introduced to the polymer system to preserve the charge
neutrality, yielding n-doping (electron donating-e.g. Na, K, Li, Ca, and
tetrabutylammonium) [20]. In short, p-fype doping is electron accepting and n-type
is electron donating. Compared tof- the uintrinsic. semiconducting polymers, the
conductivity of doped conjugated polymers increases by several orders of
magnitude and approaches that of metallic conductors in-'some cases [l].
Since conjugated polymers can be easily processed into thin films they can be used
as the active material in a number of applications, including photovoltaic, light
emitting diodes (LEDs), rechargeable batleries, sensors, corrosion protection,
electro-optics,  electromagnetic  interference shielding, microwave-based
technologies, electrochl'om-.ic devicéé, and field effect tl‘allSiStOi:S (FETs) [28,29].
Furthermore, the polymers are lightweight and flexible, with many of their

properties being adjustable to suit specific requirements.
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2.2 Models that Discuss Electrical Conductivity in Insulating Film
The current across a metal-semiconductor junction is mainly due to the
motion of majority carriers. Different mechanisms that expléin the flow of carriers

from a semiconductor to a metal were introduced. Among these mechanisms are:

2.2.1 Schottky Emission

Schottky effect is the increase in the discharge of electrons from the surface
of a heated material by application of an electric ﬁpld that reduces the value of the
cnergy required for electron emission. The heat supplies the minimum energy
required for an electron to escape the surface of a specific material, called the
work function ¢. A véry weak eIectric field may bé applied ihat Qmply sweeps the
already emitted electrons away from the surface of the material. When the field is
increased, a point is reached for quite moderate fields at which the value of the
work function itself is lowered. As the applied field (voltage) is further increased,
the work function continues to decrease, so that the electron emission current
continues to increase. At very hlg}'l values of the applied ﬁéld however, the
electron emission undergoes an excessive increase because of the onset of a
different type of emission, called high-field emission or, simply-field emission
[30,31].

A Schottky barrier is created by contact of a metal and a semiconductor
surface. Fig. 2.1 shows the situation of a Schottky barrier at a metal and a p-type

semiconductor junction. The Fermi levels of a metal and a semiconductor before
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contact is shown in fig. 2.1.a. This difference in Fermi levels will cause electrons
to flow from the semlconductm to the metal when br ought togeiher where a region
of uncompensated charged acceptors results, Thls 'space charge" causes a voltage
drop at the interface[32]. When an electric field is applied across the junction the

electric current density is given by the following expression |3 1]-::

J, = RT? exp( %Je p(kT \/?’T ] 2.1)

Where R is Richardson’s constant, 7 is the absolute temperature, ¢,; is the
electrode dielectric work function, g, is the dielectic constant, £ is Boltzman’s
constant, £ is the applied electric field, and e represents the electronic charge.

Equation 2.1 can be written as:

CInlyg :consrf%Eyz : S (2.2)

Where £, is the Schottky coeficient given by
, Vs
Brs :[ J (2.3)
7T

Equation 2.2 illustrates a linear relation between InJ/ zs and B with slope

eﬁRS )
kT
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Figure 2.1. (a) A metal and a semiconductor before contact, and (b) Schottky
barrier formed after contact of the metal and the semiconductor. Where V,; is the
built-in voltage, W is depletion width, ®gg is the barrier height, and ®,, is the
work function of the metal o g
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2.2.2 Ohmic Contact

A metal-semiconductor junction results in an olmic-contact (i.e. a contact
with voltage independent resistance) if the Schottky barrier is zero or negative. In
such case, the carriers are free to flow in or out of the semiconductor so that there
is a minimal resistance across the contact, For an n-type semiconductor, this
means that the workfunction of the metal must be close to or smaller than the
electron affinity of the semiconductor. qu a p-type semiconductbr, it requires that _
the workfunction of the metal must be close to or larger than the sum of the
electron affinity and the bandgap energy. Since thg workfunction of most metals is
less than 5 eV and a typical electron alfinity is aboﬁt 4 eV, i1; can be problematic to

find a metal that provides an ohmic contact to wide bandgap semiconductors.

2.2.3 Tunneling

Tunneling through a barrier of finite width becomes possible with the
presence of an clectric field across a juncﬁion. Tunneling is a quantum mechanical
effect, such contacts do have a positive barrier at the metal-semiconductor
interface, but also have a high enough doping in the semicondluctor that there is
only a thin potential barrier separating the metal .from the semiconductor. If the
width of the depletion region at the metal-semiconductor interface is very thin
then, the wavefunction of an electron in the metal electrode extends into the
semiconductor; thus there is some probability that the eleciron can exist there.

Tunneling from a Dirac well with height AE into a continuous energy band has
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been calculated by a Green’s function approach and in Oppenheimer

approximation [31, 33]. The current 'Elensiiy due to- tunneling formula is given by

242 8.2
Jr= e’k exp _ Ve (egf'h)% _ ; (2.4)
87hg, 3hel : :

Where #is Planck’s constant, ¢, 1s the electrode work function, and m, is the

¢clectronic mass.
2.2.4 TJonic Conduction

Conduction under high temperature in thick-films and bulk insulators
oceurs by ionic conduction rather tflan electronic’ éonduction. .Izons are large and
heavy carriers of low mobility, also they need high activation energy to execute
nearest neighbor diffusive jumps, which causes charge transport. Tonic conduction

mechanism is given by the following formula [5]

afl &
J.o= — 2.5
r kTeXp( /cT] 23)

Where « is a constant and €, is the activation energy.

2.2.5 Intrinsic Conduction ;

This mechanism is generated from the direct electronic exitation from the
valence band to the conduction band. The intrinsic: conduction is negligible at low
temperature because the energy gap ¢, of the insulator is large. The formula of

intrinsic conduction mechanism is given by[5]:
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J. =BT exp[— %JE (2.6)

Where B is constant and ¢, is the energy gap.

2.2.6 Poole-Frankel Emissi@n

The Poole-Frenkel effect is a classical effect, where the carrier is still
emitted by thermal activation over the top of a potential barrier; which is lowered
by the presence of an electric field. The electric current density in this mechanism

is given by the following expression [5, 31]

e@ny e ‘
J o = AE exp| — —2PF - [ek 2.7
PE BXP( T JeXP[ T /zgsj (2.7)

where 4 is a constant, e¢p. 15 the depth of potential well, els the electronic

b

charge, and &, is the dielectric constant. Equation 2.7 can be written as:
InZ,, = const+ %f— ol | (2.8)

where f,, is the Poole-Frenkel coeficient given by

’
Ber = (‘e—} (2.9)

8,

v
Equation 2.8 illustrates a linear relation between InJ/ »- and E” with slope

efpr

KT

28



CHAPTER I1I

THE EXPERIMENTAL
TECHNIQUES

29



The Experimenial Tecl:miques

3.1 Introduction
In this chapter, we present the experimental techniques used in this
work. It includes a description of samples preparation method, DC electrical

conductivity measurements, the activation energy measurements, and other

measurements.

3.2 Sample Preparation

Two sets of samples were prepared in this work. Tht; films of the first
set consist of a siﬁgie layer doped with Varirrous Weight ;oncentrations of
iodine I, Poly(9—vinylcarbazole) with molecular weight equal to 11x10°
(available from Aldrich chemical company, inc. Milwaukee) was used. Films
with different iodine 1, dopant based on weight concentrations were prepared
(1%, 2%, and 4%). Pol_y(9_viny%carbazole) and the dopants were weighted
using a sensitive electric balanc; (Stftoriusl, AG Gottingen nﬁodel BA1105)
with a resolution of 10 gm. The second set of samples is composed of
double layer ﬁlmi the first layei‘ consists of ﬁoly(9viﬁylcarbazole) (doped
with I or undoped) and the second thin layer of Rhodamine 6G is deposited
on PVK layer by vaccum evaporation. Figure 3.1 shows a schematic
drawing of these films.

Previouse studies indicated that a charge transfer complex CT between

PVK and iodine is formed [15,34,35].
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Figure 3.1. Schematic drawing of (a) a single layer sample, and (b) a double
layer sample.
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Poly(9—vinylcarbazole) was dissolved in proper a mounts of organic
solvents such as chloroform and THF. Then the desired weight
concentrations of the dopants iodine I, were added to the solution. A
homogeneous solution was then obtained by thoroughly stirring this
mixture for several minutes. Cleaned electrodes were obtained by
thoroughly wiping each electrode surface by a cotton pad wetted with
acetone. This procedure was repeated twice for each electrd&e surface then
the eclectrodes were placed in a beaker containing an organic solvent
(chloroform) for twenty minutes. Then the electrodes were-oven dried at a
temperature of a bout 200C° for one hour. The sample films were then
prepared by spin coating few drops of this solution onto the pre cleaned
aluminium electrodes or the indium tin oxide (ITO) electrodes. Then, the
prepared samples were heated in an oven at 80C® for several hours to
remove residual solvent,

The thickness of the films were determined by measuring the
capacitance of the samples using a digital LCR meter (Ten‘ma 72-960). The
film thickness 4 was approximately estimated ﬁsing the following equation

&84
C

d...

Where ¢, is the permittivity of free space, ¢, is the relative dielectric

constant of poly(9—v1nylca1bazole) taken to be equal to 3.0 [5] A is the film

area, and C is the capacxtance of the sample
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3.3 Experimental Procedure

The sample films in this e'é;;periment 'were arranged iil,sandwich type
configuration i.e. electrode—film—electrode structure. A thin polymer layer of
thickness ¢ was spin coated between two electrodes of different work
functions. The other aluminum electrode was either pressed on the film for
the single layer samples or vacuum evaporated for the double layer samples.
The DC conductivity measurements of the samples were done in dark, at
normal atmosphere, and at room temperature. Also, the variation of the DC
conductivity with temperature (;?pt normal atmosphere) was s_tudied. In this
case the samples were heated using an electrical heater. The heater was
positioned directly beneath the sample. The temperature was measured using
a thermocouple of type K(NiCr-NiAl) attached to the .sample. This K-type
thermocouple was connected to a digital multimeter indicator (model He-
5010Ec) with a resolution of 1C°. The experimental arrangement used in

these measurements is depicted in fig 3.2.a.

3.4 Thermal Vacuum Evaporat’fon

The thermal vacuum evaporation deposition technique is established in
by heating the material to be deposited in vacuum until evaporation is
reached. A scheme of the deposition equipment is illustrated in the fig. 3.3.a.
The material vapor condenses in a form of thin film on the cold substrate
surfacer and on the vécruumr chamber walls. Usuaily low préssurés are used;

about 10 torr or lower, to avoid reaction between the vapor and atmosphere.
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Figure 3.2. (a) The experimental setup used in measuring the DC conductivity

of the single layer samples and (b) the experimental setup used in measuring
the photovoltaic effect response of the double layer samples.
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At these low pressures, the mean free path of vapor atoms should be of the
same order as the vacuum chamber dimensions, so these particles travel in
straight lines from the evaporation source towards the substrate. The
components of the evaporating system are shown in Fig. 3.3.?}. The vacuum is
obtained by an Edwards Diffstak 1er0 “;ater-coc;led diffusion pump capable of
achieving vacuum pressures in the 107 torr range at a pumping speed of
280 Is. The diffusion plimp is eqﬁipped with a'ﬁlanual h'igh-lvacumH isolation
valve and a cooling fail thermal snap-switch, a safety device that will cut the
power to the pump heater if the temperature of the cooling water becomes too
high. This prevents thermal breakdown of the pump fluid, Santovac 5, into
dangerous organic compounds such as benzene or phenohc materials. The
Diffstak is backed by an Edwazds E2M8 rotary pump that drlves up to 14.7¢fm
of air. The two pumps are connected by a flexible stainless steel pipeline that

permils minor position adjustments of the rotary pump.

3.5 Measurement of the DC and the AC Electrical Conductivity
3.5.1 Measurement of the DC Electrical Conductivity

The sample films used in these measurements were arranged in
sandwich type configuration that is Aluﬁlm—ITO structure, This sandwich
configuration was held fixed together by pressing the aluminum electrode to
the polymer film (or, by vacuwm evaporating the aluminum electrode).

The current — Voltage signals were proéessed thfouéh a MetraByte's

DAS-20 data aquasition card. MetraByte's DAS-20 is a multifunciion, high-
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Figure 3.3.b. A schematic of the evaporation experimental apparatus,
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speed, A/D (Analog/Digifal), /O ‘Eaxpaﬁsion ijoe;rd that turns. a host computer
into a precision data-acquisition and signal-analysis instrument. The board
plugs directly into any expansion slot of an IBM PC/XT/ 'AT;' Or PS/2 models
25 and 30, or compatibles. This card has eight analog to digital (ADC) input
terminals and two digital to analog (DAC) output terminals. One of these DAC
terminals was used to control the voltage across the sample.

Before applying the potential to the sample, the output of this terminal
was amplified using a naﬁonal sen{iconductof LMI2¢l linear éinpliﬁer (see fig.
3.4). This combination insured that the input voltage across the sample can be
varied from —30 volt to +30 volt. The circuit of the amplifier that has been
used in these measurements is shown in fig. 3.4. One of the input terminals was
used to measure the voltage across the sample. Another input terminal was
used to measure the current passing through the sample via a current to voltage
converter fig. 3.5. The output voltage of this amplifier was recorded by the card

interfaced to the computer and Was converted back into current using the

following equation

gat‘n:1+R—'+£‘T ,- o (3.1)

»  Rr

Vour = gainx I, (3.2)
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3.5.2 Measurement of AC Electrical Conductivity
The AC electrical conductivity and loss tangent which is defined as the ratio
of the imaginary or loss permittivity to the real permittivity of a material, were
determined for the samples over a frequency range from 1kHz to IMHz.
These measurements were taken at room temperature and at normal atmosphere
pressure. The circiut used in these measurements is depictéd_ in fig. 3.6. It
consists of the following
I- A function generator ( GFC 8055G) connected across the sample in
scries with a standard resistance R.
2- Tekronix TDS 360 dual-channel digital oscilloscope which was used to

measure the total input voltage ¥, and the potential drop across the

standard resistance 7,.
The AC current passing through' the sample and the resistance R is the

same and can be calculated using Ohm’s law

Ve
R

i=

(3.3)

The wvalues of loss tangent were obtained from the Lissajous figure
displayed on the cathode ray oscilloscope screen. Referring to fig. 3.6, let 7,

be the voltage applied to the X-channel and v, the voltage to the Y-channel.

If

V, =, sin(ar) (3.4)

then

V, =V, sin(wt - &) - (3.5)
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Where ¢ is the phase angle between, the two-potential v, Emd V,,and @ is
the angular frequency. These two signals form a Lissajous figure as shown in
fig. 3.7. The position ¥, =0, gives , =V,. Also, Tor 7, =0, it implies that
(ax - g)=00r ot =¢. Therefore, we find that

V, =V, sin(z - §) =V, sin($) (3.6)

sin(g) = 3.7)

NN

Hence, the loss tangent D or loss coefficient defined as-the ratio of the

imaginary or loss permittivity to the real permittivity of a material. It is given

by
D:tanﬁ:f;:cot;é (3.8)
£
2 2
V) (3.9)
Vﬁ'

Values of 7, and v,can be obtain directly from the oscilloscope screen, and the

value of D at a given frequency can'be calculated using equation (3-8).

3.5.3 Photovoltaic Effect Measurements

A schematic diagram of the experimental setup used "to measure the
photovoltaic effect is shown in fig, 3.2.b. A light beam from tungsten lamp was
allowed to illuminate the sample through the transparent ITO electrode. The
current and voltage were measured and recorded. Unfortunately, we don’t have
the capability to measure the light intensity falling on the sample in order to

calculate the efficiency of the cell, ”
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| Results;:‘and;'discﬁss{ion

4.1 Introduction

In this chaptet, we present the experimental results and the discussion of
our work. These results include the I-V characteristic curves for poly (9—
vinylcarbazole) films doped with iodine. Also, the dependence of the DC
current on the electric field, the sample thickness, the dopant level, and the
temperature will be presented. The conduction mechanism will be discussed.
Finally, additional measurements that include AC cbnductivity and

photovoltaic measurements will be reported.

4.2 Resulis and Diséussibn

Poly (N-vinylcarbazole) can be considered as a prototype pendant group
polymer. Its electronic properties, for instance the capability to transport optical
excitations or charge carries, are all controlled by the dopant rather than main
chain [5].

In this section, we discuss the results of our work performed on doped

films of poly (9—vinylcarbazole).

4.2.1 DC I-V Characteristic Curves

Figure 4.1 through figure 4.3 depict the I-V characteristic curves of
poly(9-vinylcarbazole) films doped with iodine at various dopant
concentrations. It is clear from these figures that the current flowing through
the sample (single Iayer)- at low applied voltage increases slowly as the voltage

i

increases. At higher voltages the rate of increase of current is much faster than
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that at lower voitages. Morcover, when the polarity is reversed the current

flowing through the sample shows similar behaviour.

b

4.2.2 Current—Electric Field Dep;andel;ce

The relation between the natural logarithm of the measured current 1nJ
and the square root of the applied electric ﬁeid: E'2 is shown in the fig. 4.4
through fig. 4.9. It is clear from these figures that these plots exhibit linear
relationships; a slight deviation from this linear behaviour appears at the low
applied electric field region. When the polarity is reversed the relationships for
the current flowing I,hrough the sample and the electric ﬁeld shows the same

behaviour with different slopes. The slopes of these lines are shown in table 4.1

and table 4.2 for positive and negative ITO elecirode respectively.,

4.2.3 Conduction Mechanism

Figure 4.4 through fig. 4.9 show plots of the natural logarithm of the
current against the square root of the applied electric field. These plots exhibit a

linear relationship that can be iflustrated by the following relation [5],

172 _
Iae;ip(eﬂ]i } '. s (4.1)

Where £ is the applied electric field, ¢ is the electronic charge, # is a
constant characteristic of the conduction mechanism,’ ks Boltzmann’s
constant, 7and T is the absolute temperature. From the behavior depicted in
these figures between In/ and E'" the conduction mechanism could be
determined. One can say that the charge carriers are released by thermal

activation over a potential barrier. The physical nature of this potential barrier
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may be interpreted in two different ways. Iirst, it can be a transition of
electrons over the potential barrier between the electrode and the polymer film
(Schottky emission mechanism). Secohd, the charge carriers can be released
from the traps into the sample film (Poole-Frenkel mechanism). In order to
differentiate between these two cO;lduction mechanisms the values of £ were
calculated from the slopes of In7 versus E2 plots. The theoretical value of g
can be calculated separately for either Poole-Frenkel or Schottky emission

mechanism using the following equations

b
B —"«( : J 4.2)

7ES,

For the Poole-Frenkel mechanism, and

o B ,
ﬂRS_r'Z . - (4.3)

For the Schottky emission mechanism, where ¢, is the permittivity of free
space, and ¢ is the dielectric constant of poly(9-vinylcarbazole) which equals

to 3 [12]. The theoretical value of the Poole-Frenkel coefficient Bor 18
4.38x 107 V"m"? and, the theoretical value of the Schottky coefficient g, is
2.19x107 V*”m'?. The experimental values of /2 are shown in fable 4.1 and
table 4.2 for various samples. Tt is clear that the experimentgl values of f is
larger than the theoretical Values}lof cither " ,8” and S, ”."It also, in most

cases, increases as the thickness of the films increases. The experimental values

of f cannot determine the conduction mechanism becaise the experimental

values are different from the theoretical values.
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Jonscher and Carchano have suggested a proper way to draw a
distinction between either Schottky or Poole-Frenkel mechanism [5]. The

distinction between these mechanisms depends on the pre-exponential factors

of cquation 2.1 and equation 2.7 in chapter 2. These pre-exponential factors are

= RAT? exp| — 0 e ) (4.4)
i)

Where eg,, is the barrier height at the metal-insulator interface in the absence

of a field in the case of schottky mechanism and

- %cAEexp( ¢PF] 7 (4.5)

In the case of Poole-Frenkel mechanism. Here edyr 1s the depth of the potential
well.

Therefore, if one takes two electrodes of different work functions
forming an asymmetric structure, the current will be very asymmetrical when
one reverse the polarities in the case pf Schottky mechanism. On the other
hand, the current remains practically unchanged when one reverses the
polarities in the case of Poole-Frenkel mechanis_m, which do,.c;s not depend on
the potential barrier between the electrodes and the bulk of the material.

It is clear from the plots of In7 versus E? for Al-film—ITO sandwich
structure that the conduction depends on the polarities. It is obvious, from table
4.1 and table 4.2, that the slopes of the lines are different when the polarities
are reversed. This indicates that the condgction in the films doped with

different concentrations of iodine is Schottky mechanism (see section 2.2.1).
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4.2.3 Activation Energy Measurement

The DC conductivity depen.ds on the temperature. The .DC conductivity
arises from the thermal expansion of the. material and the phonon contributions
to the self-energy of the electrons [5]. The measurements were taken at various
temperature (betweeﬁ 300K to 40dK ). At each .data poiﬁt th‘e temperature of
the sample was allowed to stabilize for several minutes. Figure 4.10.a shows
the variations of the I-V curves with temperature for a sample doped with 1%
iodine. This figure illustrates that the DC conductivity of all samples increases
with increasing temperatqre. The r;:lation between In/ versus}EU ? for the same
sample doped with 1% Iz-at differént ter:npera'turé is illustratea in fig. 4.10.b. It
is clear from the figure that these plots exhibit linear relationships. Figure 4.11
through fig. 4.17 show plots of the natural logarithm of 'the-;DC conductivity
against the reciprocal of temperature. In these measurements the applied

voltage was kept fixed at 14, 18, 20 and 22 volt respectively. The resistance of

the sample was calculated from the relation

V
R=_ 4.6
=7 (4.6)

The DC conductivity was calculated using the following relation

IL
o= : 4.7

Where o is the DC conductivity, Lis the film thickness, and 4 is the
electrode area. The relation between the DC conductivity and the temperature

in films doped with different concentrations of iodine I, is shown in fig. 4.11
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through fig. 4.17. It is clear that these figures exhibit linear relationships. This

behavior indicates that the DC conductivity o obeys the following relation

o =0, exp[— —E}—] (4.8)

Where o, is the maximum conductivity, and ¢, is the activation energy.
Table 4.3 lists values of ¢, for various single layer samples at different dopant
weight concentrations. These values of &, indicate a typical electronic

conduction [34].

4.2.4 Thickness Dependence

The current dependence on the thickness of poly(9—vinylcarbazole)
films doped with iodinc at Vari_f)us dopant concentration; is apparent in
fig. 4.18 through fig. 4.20. These‘fdata were ‘talgen from the I-V characteristic
curves by fixing the value of the square root of applied electric field E'? to
1400 ,1600, 1800, and 2000 (V/m)'% These graphs show that the current
flowing through a sample decreases as the film thickness increases, and the
current flowing through thinner films is several times higher than the current
flowing through thicker ones. This behavior indicates that the conduction
electrons experience more difficulty in flowing through thicker films than
flowing through thinner lones. Fféure 421 shows that the'=current flowing
through films with different thicknesses and doped with iodine increases as the

dopant weight concentration increases. Figure 4.22 depicts' the variation of

current with dopant concentration at constant thickness (5.5 pm, 6 um, 7pum).
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4.3 Additional Measurements
4.3.1 AC Electrical Conductivify Measurelﬁents

The variation of the AC conductivity with the frequency in the range
from 1KHz up to 3MHz was studied for samples of the poly(9—vinylcarbazole)
films doped with different iodine weight concentrations as indicated in
table 4.1. These measurements were taken at room tcmperature and in normal
atmosphere. Figure 4.23 depicts the vanatlor; of current with frequency It is
clear from these figures that the current flowing through the sample at
frequencies higher than 1KHz increases fast. At frequenéies higher than
0.5MHz the current starts to increase slowly. All samples exhibit the same
behavior with the variation of the applied frequency. The relation between
tand and frequency is shown in fig. 4.23.b. The current density J through the
sample is given by

J=or - '-: (4.9)

Where ¢ is the conductivity and E is the electric field. Thus, the conductivity is
given by

1j4
E Vi (4.10)

Where A is the area of the sample electrode and V is the applied voltage.

Figure 4.24 shows the variation of conductivity ¢ with frequency.

4.3.2 -V Characteristic Curves for Double Layer Films
The I-V characteristics for a double layer film arrangement 1TO-poly

(9-vinylcarbazole)-Rhodamine 6G-Al electrode is illustrated -in fig. 4.25. Tt is
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clear from this figure that the current flowing through the sample at low
applied voltage 1ncreases‘ slowly ;*fls the apphed voltage increases. At higher
voltages the rate of increase of current is faster than at lower voltages when the
ITO electrode is negative. When the polarity is reversed (ITO electrode is
positive) the I-V characteristic curves show the same behaviour with lower
current flowing through the sample. We found that such behaviour is more
pronounced in the case of disimilar electrode (Al-sample-1TO) than the case of
samples with similar electrodes (Al-sample-Al) as shown in fig.4.26. This
indicates that the conduction mechanism is most profaabiy Schottcky

mechanism.

Figure 427 and fig. 4.28 show the relation between the natural
logarithm of the current and the square root of applied voltage V"2 This
indicates that the conduction mechanism in these films obeys Schottcky

mechanism (see section 4.2.3).

4.3.3 Photovoltaic Effect for Double Layer Film

It was found that poly(9 V1nylcarba.zole)-1od1ne complex exhibits
photovoltaic effect when illuminated with light [18,24]. We found that the
double layer sample described in section 3.2 exhibits this effect.

Figure 4.29 shows the I-V characteristic curve for our sample. This
confirms the existence of photovoltaic effect in our sample though it is rather
weak compared with that of a silicon cell. In order to further investigate this
effect, the output power of the illuminated sample was calculated. Figure 4.30

v
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illustrates the output power verses voltage. The maximum power was attained
at an output voltage of 5.26mV.

The curve factor (c.f) is defined as the ratio between the biggest
rectangle inside the curve ‘V'and the smallest oné outside it is givén- by

C.f. - Imax Vmax (d 1 1)

1.V

s oC

are the short circuit current and open circuit voltage

0o

Where 7, and V¥
respectively. The curve factor for our sample was found to be equal to 0.54.

The photovoltaic may be explained as foliows: The sample absorb light
at energies above the band gap, leading to the separation of positive and
negative charge carriers. These qgrriers are collected at opposite electrodes.
Upon increasing the light intensity fmore-electron‘—hole pairs will be created and
scparated, and, thus the greater will be the potential difference across the

electrodes of the ﬁlrﬁ.
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Sample Thickness Slope x 107 B (Vlfzmuz)xlo-s
(um)
4.84(im 2.49 6.43
1.0% iodine doped 5.87um 2.74 7.08
poly (9-vinylcarbazole) |  7.97um 4.34 11.21
9.35pm 3.31 8.55
5.21um 4.29 11.08
2.0% iodine doped 6.85pm 2.06 5.32
poly (9-vinylcarbazole) 8.26um 2.59 6.61
8.90pm 4.08 10.54
4.0% iodine doped >-84um 3.52 9.09
poly (9-vinylcarbazole) | -20Mm 445 11.49
8.63um 4.6 11.88

Table 4.1. Experimental values of B and slopes of lines for samnles at different
thickness, ITO electrode is positive.
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Sample Thickness Slope x 1073 B (V"m"x10”
(m)

1.0% iodine doped 4.84um 3.65 9.43
poly (9-vinylearbazole) | 797um .| = 427 C 1103
9.35um 4.44 11.47

52Tum 3.71 9.58

2.0% iodine doped 6.85um 3.87 9.97
poly (9-vinylcarbazole) 8.26um 337 14.39
| 8.90um 5.6 14.46

4.0% iodine doped 5.84pm 421 . 10.87
poly (9-vinylcarbazole) 726um 4.48 11.57
8.63um 4.62 11.93

Table 4.2. Experimental values of P and slopes of lines for samples at different
thickness, ITO electrode is negative.
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Sample Thickness (um) | Activation energy £,{eV)
4.84pm 0.473
1.0% iodine doped 5.87um ' 0.456
poly (9-vinylcarbazole)
7.97um 0.332
9.35um " 0.357
521 um 0.556
2.0% iodine doped 6.85um 0.544
poly (9-vinylcarbazole) 8.26um 0. 47 g
8.90um 0.441
4.0% iodine doped >-84um 0451
poly (9-vinylcarbazole) 7.26um 0.531
8.63um 0.486

Table 4.3. Experimental values 6f the activation energy ¢, for samples at
different thickness and different dopant weight concentrations.
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CONCLUSION

In this work, we conducted several measurements on single and double
layer films with structure and composition as described in section 3.2, Among
these measurements are the DC Q_onductivit}f measurements, AC conductivity
measurements, and photovoltaic effect I;leasurelnents. All these measurements
were done at normal atmosphere pressure. The DC conductmty i-v
characteristic curves for Poly (9- melcarbazole) films doped with various

concentrations of iodine have been studied. The current-electric field

dependence in these films was found to obey the following relation,

1/2
Iaexp[eﬂE J

kr

Also, the dependence of the current on the electric field for asgqmnetric electric
electrodes structure was found to be dependent of polarities. This indicated that
the conduction in these films obeys Schottky mechanism. Also, the double
layer films obey Schottky mechanism.

It was found that the current in films doped with I, increases as the
weight conceniration of the dopant increases.

We found that the current flowing through a sample is dependent on the
film thickness: the current ﬂowing-}through thinner films is several times higher
than the current flowing through thicker ones.

The thermal activation energy ¢, of the DC conductivity was studied at various

dopant concentrations. We found that the values of &, are a typical of electron
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conduction, which provide an evidence to our conclusion that the conduction
mechanism is of an électronic type é.nd obeys Scﬁbttky mec.‘,han;ism.

The AC conductivity for doped poly (9—vinyicarbazolej films with
various weight concentrations have been studied as a function of frequency up
to 3MHz . At frequencies higher than 1KHz the AC conductivity increase almost
linearly with frequency until about 0.5MHz , then some kind of saturation is
reached. On the other haﬁd, the dgelectfic lolss fangent was found to decrease
with increasing frequency. Our data showed that the 4C conductivity as a
function of frequency has no dependence on film thickness and 1o role seemed
to be played by the dopant molecule.

We found that the double layer samples (ITO-PVK doped with I,-Al)
exhibited weak photovoltaic effect with curve fitting factor ¢.f, equal to 0.54,
short circuit current I, equal to 4.46 nA, and open circuit voltage V,, cqual to
7.7mV. |

Finally, for farther development and improvement of this work we
recommend the following:

I- Providing means for measuring the light intensity.

2- Providing means for performing the electrical and photovoltaic

measurements under low pressure and low temperature.

Providing a technique for depositing samples with constant thickness

L
1

in order to case’comparisons at different concentrations.
4- More work should be done to optimize parameters to obtain higher

photovoltaic effect.
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