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Abstract· 

.. , 

This thesis is based on the study of the electrical properties of 

the Sckottky barriers formed between aluminum and spin-coated films 

of PDOPT in the form of AI/PDOPT/PEDOT-PSS/ITO and 

AIIPDOPT/ITO sandwich structures, respectively. From the I-V 

characteristic, the rectification ratio, diode quality factor and barrier 

height have been obtained for both AIIPDOPT/PEDOT-PSS/ITO and for 

AIIPDOPT/ITO structures. 

The Cole-Cole plot of the complex impedance spectra for 

AI/PDOPT/ITO exhibits part of a single bias voltage-dependant 

semicircle, which is a characteristic of most metal semiconductor 

junctions. The complex impedance spectra of AI/PDOPT/ PEDOT-

PSS/ITO device showed two partially overlapping semicircles at reveres 

bias voltages which revealed the existence of thin insulating interfacial 

layer at metal/polymer junction. 
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1. INTRODUCTION 

Modern electronics is built upon the foundation of a well-established 

semiconductor technology, which is based on inorganic semiconductors such as 

silicon. But the use of these inorganic materials for electronic and optoelectronic 

devices require high manufacturing cost. After the discovery that conductivity of 

conjugated polymer, polyacetylene, can be varied from insulating through 

semiconducting to metallic regimes [1], researches on the application of conducting 

polymers are being conducted to find an alternative to the conventional inorganic 

materials in many applications because of their semiconducting properties, diversity, 

ease of fabrication, and potentially low cost. 

These organic polymers are large molecules made up of the repetition of 

small, simple, chemical units with alternating single and double bond known as 

conjugation. The exact molecular weight for a molecule to be called a polymer is a 

subject of continued debate. Often polymer scientists put the number at about 

25,OQOg/mol or more. This is the minimum molecular weight required for good 

physical and mechanical properties for many important polymers [2]. Polymers are 

often considered insulators. Although this is true for saturated polymers, the 

situation for conjugated polymers is different. In conjugated polymers the Sp2 

hybridization leads to one unpaired electron which results in alternating single and 

double bonds along the back bone of the chain. This alternating single and double 



bonds (conjugation) is the origin of the interesting electronic properties of 

conducting polymers. 

The first conjugated polymer to be tested as a semiconductor in a diode was 

polyacetylene [3]. But subsequent improvements in synthesis, stability, and 

processability have lead to numerous studies on polymeric diodes. Undoped or 

doped conjugated polymers, such as poly thiophene and its derivatives have been 

studied as Schottky junction diodes [4-7], metal-Insulator-Semiconductor diodes [8], 

light-emitting diodes [9], field effect transistors [10]) and photoelectrochemical cells 

[11,12]. There are also other conjugated polymers that have been stUdied. For 

instance, polypyrrole as Schottky barrier diodes [13-16], solar cells [17], and 

polyaniline as Schottky barrier diodes [18], and solar cells [19]. All these stUdies 

have shown that these conjugated polymers do have semiconducting properties that 

can be used in device fabrications. 

Recently derivatives of poly thiophene have attracted considerable attention 

because of their stability, processability, quality, and ease of fabrication. They are 

soluble in common organic solvents and melt processable [20]. Poly[3-(2,5-

dioctylphenyl) thiophene] (PDOPT) is one of the poly thiophene derivatives, that we 

used as an active conjugated polymer for the device that we stUdied. 

In this thesis electrical properties of junctions between a low work function 

metal (aluminum) and an organic polymer, PDOPT, spin coated on Indium Tin 

Oxide (ITO) in the form of (AI/PDOPTI ITO) and PDOPT spincoated on Poly(3-,4-
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ethylenedioxythiophene )-Poly( 4-styrenesulfonate) (PE DOT -PSS) film initially 

spincoated on ITO in the form of (AIIPDOPT/PEDOT-PSSIITO) sandwich structures 

were studied. Both polymeric films are extremely thin and their electrical properties 

differ considerably from that of melt-processed thick films [20]. The current-voltage 

measurements as well as the complex impedance spectroscopy are used for the 

characterization of this structure. We used thermionic emission theory to interpret 

the J-V characteristics and the complex impedance is measured and plotted as a 

Cole-Cole plot and analyzed. 
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2.Conjugated Polymers 

Polymers are macromolecules consisting of a great number of repeating units, 

which are coupled to each other by covalent bonds to form a long chain. These 

repeating units can be any group of atoms, however, we consider only organic 

polymers, where the backbone consists of only carbon atoms. Most organic 

polymers that have side chains are soluble in organic solvents. The solvents easily 

evaporate upon spin·coating, leaving thin uniform films on a substrate [21]. 

Polymers in their neutral form are insulators due to the large band gaps and 

strong electron·phonon coupling, which are characteristics of these materials [22]. 

They are often considered uninteresting from electronic point of view until 1970's 

[23]. They were only used commonly for plastic bags, paints, adhesives, cloth and 

insulating electrical materials. Although this is true for polymers, which contain 

saturated carbons in which their backbone consist of Sp3 hybridized orbitals, the 

situation in conjugated polymers is much more interesting. In fact the conjugated 

structure is the origin of the interesting electronic properties of conducting polymers. 

Their backbone consists of sp2·hybridized carbons and show semiconducting 

properties. 

In conducting polymers the Sp2 hybridization leads to one unpaired electron 

per carbon atom. Out of the remaining three valence electrons, two form a 

rotationally symmetric a·bonds with neighboring carbon atoms, while the remaining 

one bonds with hydrogen or another hetroatom. These a·bonds are in a plane 
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one bonds with hydrogen or another hetroatom. These a-bonds are in a plane 

forming 1200 [24] to each other. The main chain of conducting polymers is held 

together by these rotationally symmetric a-bonds. The remaining electron has 

symmetry of a 2pz orbital, which is perpendicular to the plane formed by the other 

three. 

Two adjacent 2pz orbitals interact and form n-bonds which are not rotationally 

symmetcic. Rather they are perpendicular to these u-bonds. Because of this, it 

forces the molecule into a planar conformation to maintain maximum overlap 

between each pair of Pz orbitals. The most interesting properties of organic 

materials arise from the delocalization of n-orbital. That is, the electrons in the n-

band are not concentrated along an axis between the two atoms but are shared in a 

region of space both above and below the plane defined by Sp2 orbitals. On the 

other hand, if the 2pz orbitals don't overlap along the backbone, due to being 

orthogonal to each other, the resulting n-bond will be flat, which results in localized 

electronic states. 

Fig.2.1 Representation of u and n- bonds [24]. 
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These molecules have a strict alternation of single and double bonds, i.e., 

cr and cr+n bonds respectively. Double bonds are strong, localized, and shorter, 

where as single bonds are weak, delocalized, and longe. Due to strong and 

localized nature of double bonds, conductivity of conjugated polymers along the 

chain is very small, leading them to be insulators or semiconductors. There exist 

different kinds of conjugated polymers out of which some are depicted below in 

Fig.2.2. 

a) 

~S>r-O--08 0-0--8 
U 8 / 8 \ / 

b) 

c) 

Fig.2.2. Some chemical structures of conjugated polymers, a) trans-Polyacetylene, 

b) Poly thiophene and c) Poly (p- phenylene). 
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Most conjugated polymers are synthesized from hetrocycles by the addition of 

side chains. For instance, PDOPT, PEDOT, PTOPT and POPT are a few derivatives 

of polythiphene. The sulfur in poly thiophene increases the interchain coupling 

through d-orbital overlap and thereby improves the interchian transfer of charge 

carriers necessary for conductivity [22]. 
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3. Electrical Properties of Conjugated Polymers 

From energy point of view, we can divide conjugated polymers into two, i.e., 

polymers having degenerate ground state energy and polymers having non­

degenerate ground state energy. In the degenerate case, the change in the order of 

single and double bonds doesn't result in a difference in the ground state energy. So 

from quantum chemical point of view they are two-fold degenerate, where as in non­

degenerate case, the molecular structure favors a certain alternating order only. For 

the sake of simplicity, we consider two examples, polyacetylene (PA) and 

polythophene (PT) for degenerate and non-degenerate respectively. 

a) 

b) 

Fig. 3.1 Structural diagrams for trans-polyacetylene showing the two equivalent 

phases (a), and for poly thiophene showing Quinoidal and Aromatic structures (b). 
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Polyacetylene is a linear polymer consisting of weakly coupled CH units 

forming a one-dimensional lattice. It has the most regular and symmetric structure of 

all conducting polymers. Moreover the concept developed for polyacetylene can be 

generalized for all polymers whether degenerate or non-degenerate. It has only a 

main chain of covalently bonded carbon atoms except one hydrogen attached to 

every carbon atom. 

3.1. Peierls Distortion 

Quasi-one-dimensional metals tend to distort spontaneously [25] such that the 

spacing between successive atoms along the chain is modulated with period 

27t/a=27t/kF, where kF is the fermi wave number. When the band is half filled the 

tendency toward symmetry breaking is strong, and the distortion leads to the pairing 

of successive atoms along the chain or dimerization. This dimerization opens a gap 

at the fermi surface, which is the property of semiconductors or insulators. 

If we consider that polyacetylene is an extended chain with a bond angle of 

180°, then it will be a one-dimensional lattice with equal length of C-C bonds. 

Carbon has four valence electrons so one electron is not involved in the covalent 

bond. A chain with equidistant carbon atoms would have one free electron per unit 

cell making a half-filled metallic band. So polymers like any other one-dimensional 

solids undergo a metal-to-insulator transition because of lattice distortion. The 
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dimerization doubles the size of the unit cell from one C-H unit to two, which 

reduces the first brillouin zone to half its previous size, i.e., the fermi wave vector 

values from nla to nl2a, and opens a gap (Eg). Hence conjugated polymers become 

insulators or semiconductors in case of lower value of Eg, as depicted in Fig.3.2(d). 

This is the case in which the conjugated polymers are dimerized. 

E 

E, 

N(E) 

(a) 

E 

E 

K 
n/a 

(b) 

:iC··.··.· .. ··· ..... I 00 

F ----

Er 

N(E) (c) 

J 
K KF=n/2a K=n/a 

(d) 

Fig.3.2 The reduction of the brillouine zone into half due to dimerization. N(E) is 

density of states. 
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In the case of undimerized polymers, the free electron of each carbon atom is 

"equally" distributed over the neighboring carbon atoms. There is no single and 

double bond alternation. Such unstable polymers behave like metals, see Fig.3.2 

(a,b). 

Several conjugated polymers have Eg varying from iev to 4ev. For instance, 

from optical absorption spectrum, energy gap of Polyacetylene is i.7ev [22]. But 

most other conjugated polymers have values higher than i.7ev. Due to this, their 

intrinsic conductivity is very low. To get a considerable conductivity they should be 

doped. Doping of polymers is different from doping of inorganic materials. In the 

case of polymers doping causes the local geometry modification of the chain that 

affects the electronic structure by inducing electronic states in the energy gap. 

These levels are all due to charge-transferred-induced modifications of the 

1t-system of the polymer and in that sense are intrinsic to the polymer [26,27]. 

3.2 Charge Carriers 

In conventional inorganic semiconductors, conductivity is due to the presence 

of electrons and holes. In conducting polymers the conductivity is due to defects in 

conjugation. 

There exist two energetically equal forms of polyacetylene in its ground state, 

Fig. 3.3 (a, b). If the two phases exist in the same chain, there will be a defect, 
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which separates the bond alternation, as shown in Fig. 3.3 (c). This defect is usually 

called soliton [28-30]. Since the chain is energetically equal the solitons can move 

freely along the backbone of polymer polyacetylene. A single soliton in 

polyacetylene can be accommodated per fourteen carbon atoms along the chain 

[31]. Solitons conserve charge and energy as water waves (also called solitons from 

solitory waves) conserve shape and energy [32]. But there is a difference in passing 

through each other, water waves can pass through while solitons in polymers 

cannot. 

~ 
(a) 
~ 

(b) 

Fig.3.3. (a) and (b) are two energetically equal structures of PA, (c) is the 

formation of a soliton due to a misfit of the two structures in a single chain. 

These defects (solitons) are neutral since the carbon atom at the soliton site is 

electrically neutral. This soliton is a dangling (unbounded) electron. It produces a 

new electronic state at the band gap. This state carries a reversed spin-charge 

relationship. Solitons can be generated by means of chemical, electrical, exposure 

to light or charge injection. 
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During doping the defect is more sensitive than the rest of the chain. In the 

process of doping, if two electrons compensate the carbon ion, the defect (soliton) 

will be negatively charged. On the other hand if no electron compensate the carbon 

ion, it will be positively charged. In such cases the defects are called negative 

soliton or positive soliton, respectively, as shown in Fig. 3.4. 

Neutral soliton 

~ ~ ~ -:;::?' ~ ;::?' 
Negative soliton 

• 
~ ~ ~ -:;::?' ~ ;::?' 

Positive soliton 

~ ~ ~ -:;::?' ~ ;::?' 

Fig. 3.4 Solitons in trans-polyacetylene. 

Doping conjugated polymers will create states in the forbidden gap. If the 

doping level increases, the electronic states with in the gap will form soliton band. At 

about 30% of doping level these states expand and fill the gap resulting in metallic 

conductivity [22]. Electronic states formed within the gap by these three types of 

defects, i.e., neutral, negatively charged, and positively charged, are illustrated 

bellow in Fig. 3.5. 
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S=1/2, q=O 

Negative Soliton 

S=O, q=-e 

CB 

VB 

Positive Soliton 

S=O,q=+e 

Fig.3.5 Schematics of the energy band diagram of polyacetylene with solitons. 

Dashed and thin solid arrows indicate the interband and subgap transitions, 

respectively where as the short arrows represent electron spins. 

Solitons may be created in polyhetrocyclic polymers such as polypyrrol and 

poly thiophene. The soliton site separates the polymer chain into aromatic and 

quinoidal segments as shown in Fig. 3.6. These are two different bond alternations. 

The aromatic has lower energy while the quinoidal has higher energy. The solitons 

in non-degenerate polymers are unstable, since creation of solitons requires two­

fold degeneracy. This is because the lattice force pushes it to change the higher 

energy quinoidal to lower energy aromatic [33]. 

Direction of soliton motion 

aromatic quinoidal 

Fig.3.6. Unstability of solitons in non-degenerate polymers. 
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To create stable defects in non-degenerate polymers, we should have 

double-bound defects called polarons. Here one of the defects must be neutral while 

the other is charged negatively or positively. If the other is negatively charged the 

bound defect will be an electron polaron, where as if it is positively charged it will be 

a hole polaron. These charge carriers are generally formed from charge transfer. If 

the dopant is an acceptor, charge transfer takes place from polymer to acceptor, 

where as if it is a donor, charge will transfer from dopant to polymer. Here an 

acceptor (A) and donor (0") counter ions reside between polymer chains. 

a) 

b) 

Fig.3.7 (a) Positive polaron, (b) Negative polaron. 

If two polarons exist in one chain, they will move towards each other to 

minimize the energy and form bipolarons. Here the neutral defects interact and form 
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a bond while the charged solitons remain at a minimum separation of four rings 

[27,34]. So bipolarons are doubly charged spinless charge carriers. Formation of 

bipolarons is due to the fact that formation energy of bipolarons is favorable over the 

existence of two polarons, i.e., energy of the two polarons is greater than energy of 

a bipolaron (Eb<Ep, where Eb is energy of bipolaron and Ep is energy of polaron) 

[35]. That is, electron-electron coulomb correlations are relatively weak compared to 

the energy difference between a bipolaron and a pair of isolated polarons. If two of 

the defects are positive, the existing doubly charged defects are hole bipolarons, 

where as if both of them are negative, it will be electron bipolaron. There is a 

considerable possibility that an electron and a hole polarons interact to yield a 

bound electron-hole pair called an exciton, see Fig. 3.8. 

hole bipolaron 

p-+p.-+p .. electron bipolaron 

exciton 

Excitons can be produced by photoinjection. That is, an incident photon is 

absorbed by an electron in the valence band and jumps to the conduction band 

leaving a hole in the valence band. These electron hole pairs in polymers created as 

a result of photon absorption are bounded together. This mechanism is 

photogeneration of charge carriers. Bipolarons may be formed directly in addition to 

recombination of two polarons at high doping level. 
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a) 

b) 

s 

c) 

Fig.3.8 (a) Hole bipolaron, (b) Electron bipolaron (c) Exciton. 

Polarons and bipolarons create two interacting states within the forbidden 

energy gap [36]. These two states are symmetric with respect to the gap center. The 

presence of new electronic states in the band gap makes new electronic transitions 

possible as shown in Fig. 3.9. 
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Negative 
bipolaron 

Positive 
bipolaron 

Negative 
polaron 

Positive 
polaron 

VB 

Fig.3.9.Energy band diagranis showing polaron and bipolaron states in the non-

degenerate polymer. The arrows indicted by the letters a, b, c and d, represent the 

possible optical transitions. 

When polymers are doped, two absorption features appear within the gap, 

corresponding to the new transitions as shown in the Fig.3.10 [37]. At higher level of 

doping polymers show metallic property [38]. 

o 
u 
c 

'" -e 
o 

0.2 

I Neutral PTOPT 

2 Doped PTOPT 

..b 0.1 a 
-< b 

o.oL-'L'~==:===~~--~---",--~ 
o 

Energy (eV) 

Fig. 3.10 Optical absorption spectra of (1) neutral and (2) doped PTOPT [37]. 
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3.3 Charge Transport Mechanism 

The prerequisite for charge transport is the presence of mobile charge 

carriers. The elementary equation of conductivity is 

(J=nej.1 (3.1) 

where, n is carrier concentration, e is elementary charge of the carriers and f1 is 

mobility of the carriers. 

In conducting polymers the conductivity is due to the presence of solitons, 

polarons and bipolarons, which are formed by self-localization of the carriers, 

introduced into the n electronic systems through doping and in some cases during 

synthesis [39]. The characterization and modeling of electrical conductivity due to 

this charge carriers is difficult since conducting polymers are highly disordered with a 

considerable amount of impurities. The charge carriers are supposed to be mobile 

along the polymer chain. But actually, the carriers must hop not only across the 

defects in the conjugated system but also across the interchain and fibrillar gaps [40]. 

Conductivity of materials depends on temperature. Conductivity of metals 

increases when temperature decreases wile incase of inorganic semiconductors it 

decreases exponentially with decreasing temperature. For some metals, when 

temperature decreases, lattice vibrations, which act as obstacles for the charge 

carriers, freeze out. However, in case of crystalline semiconductors, both charge 

carriers and lattice vibrations freeze out. 
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In case of conjugated polymers conductivity depends on doping level. Park.et 

al identified three different regimes of doping to describe electrical conductivity in 

polyacetylene [41]. These are slightly doped, moderately doped and heavily doped. 

At low doping levels the temperature dependence of the conductivity is high. As the 

doping level increases, the dependence of the conductivity on temperature becomes 

less [42]. Because of these doping level dependence, the charge transport 

mechanism cannot be described by one single model over the whole range of doping 

level. Different models need to be applied to different regions. 

In modeling the conductivity of polymers, hopping between localized defects 

and tunneling are often the dominant charge transport mechanisms. The value of the 

conductivity at zero temperature distinguishes tunneling and hopping conductivity. 

Hopping conductivity vanishes as temperature comes to zero but not tunneling [43]. 

Hopping conductivity is applicable for undoped and slightly doped polymers. In 

the undoped form, the electronic states responsible for charge transport in 

conjugated polymers are localized and have a very low mobility. The model 

suggested by Mott [44] called variable range hopping (VRH) best describes 

conductivity in conjugated polymers in their neutral states. Variable range hopping is 

a thermally activated transport near the Fermi level. 

For polyacetylene, where solitons are dominant charge carriers, intersoliton 

hopping is the dominant conductivity mechanism. The solitons may be either neutral 

20 



or charged, see Fig. 3.11. The charged solitons are trapped by the dopant ions and 

neutral solitons are free to move. When neutral soliton passes close by a charged 

soliton, an electron can hop between the mid gap states belonging to the solitons 

[45] 

"'" ~ 7" -:P" -:P" 

1-3 
~~~_7"-:P"+~ 

13 

Fig.3.11. Intersoliton hopping in trans- polyacetylene [22]. 

Electrons hop from occupied states to empty states with the assistance of 

phonons. These phonons are available at high temperature and freeze out at very 

low temperature. The temperature dependence of hopping conductivity is given by 

[44] 

a = aoexp[-(T oilY] (3.2) 

where y depends on dimensionality d of the hopping process as 

y equals 1/4,1/3 and 1/2, which corresponds to hopping in three, two and one 

dimensions, respectively. This model is used at low bias, since conductivity is 
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dependent on electric field that affects the dimensionality d [46]. Considering inter-

chain hopping, i.e., three-dimensional conductivity, y = 1/4, which results in Mott's 

famous "r1/4 " low. 

(3.3) 

with aD = e2N (EF) dVph, Where d is the average hopping distance, 

d = [8/9nuN (EF) kTF 

a inverse localization length, Vph is typical phonon frequency and N(EF) is density of 

states given by 

where Vg is group velocity. 

When doping level increases, a model with small conducting islands with 

metallic conductivity separated by insulating barriers is used. These barriers have 

been suggested to be conjugational defects, segments of undoped or weakly doped 

polymer chains, interchain or fibrillar contacts or other inhomogenities [46-48]. In 

such a case tunneling conductivity becomes dominant. Depending on the size of the 

insulating barriers, the temperature dependence of tunneling conductivity has been 

given by (when the size of the barrier is sufficiently small) 
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1/2 a = ao exp[-(TofT) I (3.4) 

where ao, To as specified in hoping conductivity. When the size of the barrier height 

is larger, then 

(3.5) 

where T1 and T2 are material constants dependent on the width and height of the 

tunneling barrier. 
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4. Metal-Semiconductor Contact 

When two different conducting materials come into intimate contact, the 

energy band edges near the interface will be discontinued. This is due to the fact 

that materials generally do not have the same energy band gap. That is the position 

of the Fermi-levels of the two materials is different before contact is made. When 

contact is made, there will be a net charge at the surface that causes an electric 

field. This electric field produced in the semiconductor causes the flow of charge 

carriers from the semiconductor to the metal or vice versa and consequently 

bending of the band comes about. The motion of charge carriers from the 

semiconductor to the metal creates depleted region with depletion width W [49]. In 

Fig.4.1, we have illustrated a band diagram of a metal and an n-type semiconductor 

with work functions ~m and ~s, respectively, where ~m > ~s. As shown in the figure, 

relative to the fermi level of the metal, the fermi level of the semiconductor is 

lowered by an amount equal to the difference between the two work functions. 

This bending of the band edge and creation of barrier height is an important 

feature for all semiconductor devices. The barrier height is nothing but the difference 

between the work function of the metal and electron affinity of the semiconductor. 

Work function of the metal is the amount of energy required to remove an electron 

from the fermi-level to a state of rest, that is, vacuum level. The electron affinity of a 

semiconductor is the difference in energy between an 
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a) 

Vacuum level 

..... \ ..............•.................... EFs 

........................... EFi 

f------,Ev 

n-type 
semiconductor 

b) 

Vbi 
---+":7--- Ec 

Depletion 
region 

EF 

Fig.4.1. Energy band diagram of a metal and n-type semiconductor ($m>$s) a) 

before, b) after contact. 

electron located at the vacuum level and an electron at the bottom of the conduction 

band [50]. 

(4.1 ) 

where rpm is work function of the metal and Xs is electron affinity of the 

semicond uctor. On the semiconductor side there is a parameter called the built in 

potential (Vbi) which is given by [51] 
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(4.2) 

Considering the contact of a low work function metal and p-type 

semiconductor, the band will bend as shown in FigA.2. For an ideal contact 

between the metal and p-type semiconductor, the barrier height is given by [51] 

Elm 

P-type semicoductor 

Ec 

(4.3) 

FigA.2 Energy band diagram of a metal and p-type semiconductor ($m<$s) at 

equilibrium. 

If a positive voltage is applied to the semiconductor with respect to the metal, 

the built-in potential will be reduced to Vbl - VF (we use the subscript F to indicate 

that the junction is forward biased when the semiconductor is connected to the 

positive polarity of the voltage source). But the barrier height in the side of the metal 
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remains the same. This makes easier for the holes to flow from the semiconductor 

to the metal, see Fig.4.3. On the other hand if we apply negative voltage to the 

semiconductor, which is the reverse bias condition, the barrier in the side of the 

semiconductor increases to Vbi +VF. This makes the flow of carriers to the metal 

difficult [50]. 

p-type semiconductor 
E, 

Erm 

Fig.4.3. Band diagram for metal and p-type semiconductor when forward bias 

voltage 01F) is applied. 

4.1. Charge Transport Mechanism Across the Junction 

Drift or diffusion causes transport of charge carriers (current) in conducting 

materials. Drift is due to applied electric field, where as diffusion is due to difference 

in carrier concentration. 
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The four basic process that occur under a forward bias are a) emission of the 

carriers over the top of the barrier, b) quantum mechanical tunneling through the 

barrier, c) recombination in the space charge region, d) recombination in the neutral 

region [51] as shown in Fig. 4.4. 

a 

d 

"'-----+- Ee 

Ev 

Fig.4.4.The four basic transport mechanisms of a Schottky diode under forward bias 

of a metal and n-type semiconductor junction. 

Emission over the barrier: The current flow across the barrier is due to carrier 

transport from the edge of the space charge layer to the metal. When we apply a 

forward bias, carriers move through the depletion layer and emitted from the 

semiconductor to the metal by going over the barrier as shown by arrow (a) in 

Fig.4.4. 

Tunneling Current: When the semiconductor has a high concentration of charge 

carriers, tunneling through the barrier occur due to the reduction of depletion width. 
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This flow of charge carriers through the barrier has equal probability for each 

direction at equilibrium condition. It is indicated by arrow (b) in the above figure. 

Recombination current: When we apply a forward bias, it increases the charge 

carrier concentration at the edge of the space charge layer. These excess carriers 

may cross the space charge layer so that the carrier concentration exceeds the 

equilibrium values. Consequently recombination occurs as indicated by arrow (c). 

Hole injection: If the height of the Sckottky barrier on n-type semiconductor is 

greater than half of the band gap then the region of the semiconductor adjacent to 

the metal contains a high density of holes. These holes may diffuse in to the neutral 

region of the semiconductor under forward bias, which results injection of holes see 

Fig. 4.4 arrow (d). 

The current in a Schottky barrier diode is interpreted using thermionic 

emission theory [49J. In thermionic emission theory, not all charge carriers cross the 

junction barrier, but only those carriers that have a velocity component normal to the 

interface, and an energy greater than Ef + qq\m are capable of crossing [48]. The 

familiar current density equation obtained from the thermionic emission theory is 

given by[50J 

(4.4) 
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where J is current density at an applied voltage V, Jo is reverse saturation current 

density, q is the charge of an electron, k is the boltzmann constant, T is absolute 

temperature and n is the diode quality factor. The reverse saturation current is given 

by 

J = A'T' exJ - qrPb) 
o \ kT 

(4.5) 

where A' is the modified Richardson constant, $b is barrier height. 

There are three possible current-voltage (I-V) characteristics depending on the 

relative magnitudes of J and Jo. These are 

I) If J » Jo the contact will completely block current flow in the reverse 

direction and allows current in the forward direction. Then eq. 4.3 is 

applicable to the rectifying diode. 

II) If J «Jo, the equation can be expanded and a linear relation of J-V 

will be obtained 

which is Ohms low 

30 



III) If J = Jo, the contact will be neither ohmic nor rectifying. 

If the junction obeys the first condition, we can find Jo by extrapolating the 

linear part of InJ-V plot to the InJ-axis at small forward bias voltage. After 

determining Jo , we can determine the barrier height from the relation 

kT (A'T'J fA =-In --
q J o 

(4.6) 

where A" is equal to 120Ak2/cm~, and the ideality factor(n) of the diode can be 

calculated from the relation 

(4.7) 

For ideal diodes, the diode quality factor n = 1. All real diodes have n >1. If trapping 

and recombination of charge carriers is high, then n 2 2 [49]. 

4.2 Impedance Spectroscopy and Circuit Models 

It is one of the techniques used to study the properties of junctions formed by 

any two electronically conducting materials. From this technique we can find the 

resistance(R) and capacitance (C), of the junction. Impedance is measured in the 
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frequency domain by applying voltage or current to the device under test and 

measuring the resulting current or voltage. The impedance is expressed as a 

complex number: 

z = Z, + jZj (4.8) 

where, j = Hand Z, and Zj are the real and imaginary parts of the impedance, 

respectively. 

The real and imaginary parts of the impedance are recorded as a function of 

frequency and plotted in a complex plane. The real part is plotted along the x-axis 

and the negative of the imaginary along the y-axis. Ideally the imaginary part of the 

impedance is zero at frequencies, w=o and w approach to 00[52]. This plot forms a 

semicircle with the center on the real axis. 

One of the most important advantages of impedance spectroscopy is direct 

correlation between the response of a real system and an idealized model circuit 

composed of discrete electrical components. For the interface formed by metal­

polymer contacts, the resistance(R) represents the dissipative component and the 

capacitance(C) describes the storage component. These resistances and 

capacitances can be combined in different forms according to the nature of the 

interface formed. We shall begin by taking a simple parallel R-C circuit as shown in 

Fig.4.6 [53]. The impedance of this model is given by 
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R 
Z=----

1 + jOJRC 

Normalizing this 

a) 

R 

c 

b) 

(0=0 

Rl2 Zrreal 

FigA.5. Circuit model (a) and idealized Cole-Cole plot of -Zimg versus Zreal as a 

function of frequency scanned from 0 to 00 (b) for M-S contact [52]. r is radius. 

By evaluating dZ/dw =0 we can get the value of the resistance as a function 

of Zimax. In doing this, R = 2(-Zimax). If there is a contact resistance in series with the 

RC parallel circuit, the impedance will be 
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R 
Z=R +---­

, 1 + jmRC 

whose circuit (a) and Cole-Cole plot (b) is illustrated below in fig.4.8 

R 

c 
( 

R 

a) b) 

z, 

Fig.4.6. Circuit for M-S contact in series with contact resistance Rc (a) and the 

corresponding idealized Cole-Cole plot (b). 

For a metal-insulator-semiconductor device, the model consists two resistors 

(R1 and R2) and two capacitors (C1 and C2) where R1 and C1 represent the insulating 

layer, while R2 and C2 stand for the depletion region. The corresponding impedance 

will be 

Z=R , 
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Figure 4.7. Circuit model for M-I-S junction. 

The complex impedance plot of such a device consists of two semicircles as 

shown in Fig.4.8. 

( )( 

~ 

)( ) Z, 

Figure 4.8. An idealized Cole-Cole Plot for the circuit shown in fig. 4.7. 
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5. Experimental 

5.1 Sample preparation 

Commercially available transparent conductor on glass called indium tinoxide, 

ITO/glass substrate was cut out in an appropriate size and washed with distilled 

water, ethanol, and rinsed with acetone. These cleaned pieces were partly covered 

by photoresist. The exposed part of the ITO was etched out with a mixture of 

hydrochloric acid, sulfuric acid and water with a ratio of 48: 4: 48 by volume, 

respectively as shown in Fig 5.1 (a). Then the photoresist was removed using 

acetone and then thoroughly cleaned. 

Two different types of diodes with PDOPT as an active organic 

semiconductor were prepared for characterization. For both types of diodes, a 

chloroform solution of PDOPT with a concentration of 4mg/ml was prepared and 

kept in a clean and cool place. The first type of the devices was made by spin 

coating PDOPT solution on the ITO/glass substrate, while the second type was 

made such that a commercially available liquid PEDOT-PSS was spin coated on 

ITO/glass followed by spin coating of PDOPT on top. All spin coating process were 

done using a programmable spinner system at a speed of 600 rpm which yielded a 

thin (about 100nm) uniform films. On both types of diodes, aluminum (as a low work 

function metal) was evaporated at a pressure of about 2x10·6 mbr to form 

AIIPDOPTIITO and AIIPDOPT/PEDOT-PSSIITO sandwich strictures, respectively, 
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as shown in Fig. 5.1 (b, c). The commercially available PEDOT-PSS is a relatively 

highly conducting polymer complex. It is used in the second type diode merely to 

enhance charge transport. The active area of the diodes was about 3x1 0-2 cm2
. 

n 
S 

a) 

4 5 

2 3 

(b) (c) d) 

Fig.5.1 (a) chemical stracture of PDOPT, (b) substrate prepared for the deposition of 

polymer, (c and d) the working samples AI/PDOPTIITO and AI/PDOPT/PEDOT-

PSS/ITO, respectively. The numbers 1,2,3,4 and 5 represent Glass, ITO, PEDOT-

PSS, PDOPT and AI, respectively. 
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5.2 Current-Voltage Measurement 

The current density-voltage characteristics of the diodes were measured by 

using HP 4140B pA MeterlDC Voltage Source, together with HP 16055A-test fixture. 

During the measurement, the samples were placed at room temperature, dry air and 

in the dark. The applied voltage was scanned between -2.5V to +2.5V. In this 

measurement the data were taken point by point with two-minute interval and a step 

voltage of 0.1V. The plots of J-V and InJ-V curves are shown in fig. 6.1 and fig. 6.2 

respectively. 

5.3 Impedance Measurement 

Complex impedance spectroscopy of the diodes was measured as a function 

of frequency and applied bias voltage using an HP 4192A LF Impedance Analyzer 

together with an HP 16047A-test fixture. The Cole-Cole plots for 

AI/PDOPT/PEDOPT-PSS/ITO and AI/PDOPT/ITO structures are shawn in Fig. 6.4, 

6.5 and 6.6. The data were taken in frequency range between 0.5kHz to 100k Hz for 

bias voltages ±3v, ±2v, and ±1v. For every applied bias voltage a sinusoidally 

oscillating voltage of Vrms =10mV was used. 
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6. Results and Discussions 

6.1. Current-Voltage Characteristics 

Figure 6.1 shows the J-V characteristics of AIIPDOPT/PEDOT-PSS/ITO (a) 

and AIIPDOPTIITO (b) diodes in the dark at room temperature. Under forward bias, 

which corresponds to positives voltages applied to ITO electrodes, the current 

increased fast, where as in the reverse direction the current was almost blocked. 

Th is confirms the formation of a Schottky barrier type at the interface between 

aluminum and the polymer. According to the theory of Schottky barrier, the work 

function of the metal must be smaller than that of the p-type semiconductor and a 

rectifying barrier would be formed at the interface. If the work functions were in 

reverse order, an ohmic contact would be created rather than rectifying. The 

interface between aluminum and polymer is rectifying and between polymer and ITO 

is ohmic. So the polymer, PDOPT, is a p-type semiconductor whose work function is 

between that of aluminum and ITO as observed from the rectification characterstics 

of the diodes. 
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Figure 6.1. Current density versus applied voltage at room temperature of 

AIIPDOPT/PEDOT-PSSIITO (a) and AIIPDOPTIITO (b) diodes. 
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Depending on the applied voltage in the forward direction, a semilogaritmic 

plot (fig. 6.2) of the forward current density (J) versus the applied voltage (V) shows 

three types of regions. In the voltage range, O<V<1.3 for AI/PDOPT/PEDOT-

PSSIITO diode, the current increase slowly. This may be due to recombination of 

electrons and holes in the depletion region. Between the voltages 1.3V and 1.9V, 

the currents grow faster and form a straight line, showing formation of depletion 

layer between aluminum and the polymer. In this region qV/kT » 1, so that we can 

use the modified Schotky diode equation. 

J = J o exp( q V ) 
nkT 

When the applied voltage increase further beyond 1.9V, the bulk resistance of the 

polymer limits the current. 
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Fig.6.2. The logarithm of current density vs. voltage for a) AIIPDOPT/PEDOT-

PSSIITO (open circles) and AIIPDOPTIITO (solid squares). b) InJ-V for 

AIIPDOPT/PEDOT-PSSIITO diode showing the three regions in the forward bias. 
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The forward current increases exponentially in the voltage range 1.3V to 1.9V. 

As a result, these devices clearly exhibit rectifying behavior in the dark, with a 

rectification ratio of 330 and 10 at ±2.5V for AIIPDOPT/PEDOT-PSSIITO and 

AIIPDOPTIITO diodes, respectively. 

By extrapolating the straight line to zero voltage, the reverse saturation 

current densities Jo are obtained to be 6x10-12 Ncm2 and 7xlO-11 Alcm2 for 

AIIPDOPT/PEDOT-PSSIITO and AIIPDOPTIITO, respectively (Table 6.1). And the 

barrier height of AIIPDOPT calculated using equation 4.6 is 1.1 eV in case of 

AIIPDOPT/PEDOT-PSSIITO diode and 1eV for AIIPDOPTIITO diode. By using 

equation 4.3, the electron affinity of the polymer is 3.3ev using ~b of 

AIIPDOPT/PEDOT-PSSIITO diode. The ideality factor of 1.5 and 2.3 were obtained 

for the AIIPDOPT/PEDOT-PSSIITO and AIIPDOPTIITO, respectively. 
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Fig.6.3. Linear part of InJ versus V curve for AI/PDOPT/PEDOT-PSS/ITO diode. 

The rectification and ideality factors are different for AI/PDOPT/PEDOT-

PSS/ITO and AI/PDOPT/ITO diodes. This is due to the fact that PEDOT-PSS has 

relatively higher conductivity and the interface between PDOPT and PEDOT-PSS is 

conducive for charge transfer as the result of the interpenetrating nature of the 

polymers [11]. Moreover, the presence of PEDOT-PSS layer increases the 

conductivity because the injection/collection properties of the PEDOT-PSS/PDOPT 

interface are superior to those of the ITO/PDOPT interface. 
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Table 6.1. Parameters extracted from the current-voltage characteristics of 

AIIPDOPT/PEDOT-PSS/ITO and AI/PDOPT/ITO (primed) sandwich structures 

of Fig. 6.2. 

Jo'(Alcm') Jo(Alcm') <Pb'(eV) $b(eV) n' n y' y 

7x10-" 6x10-1< 1 1.1 2.3 1.5 10 330 

6.2 Complex Impedance Analysis 

Figure 6.6 shows the complex impedance spectroscopy of Schottky diodes 

made of AI/PDOPT/ITO and AI/PDOPT/PEDOT-PSS/ITO sandwich structures as a 

function of frequency and bias voltages. During this measurement a sinusoidal 

oscillating voltage of Vrms=10mV is added for each bias voltages. The frequency 

ranges from 0.5kHz to 100kHz. The filled points are the measured coordinates of 

the real and imaginary parts of the impedance. 
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Fig. 6.4 Cole-Cole plots of (a) AI/PDOPT/PEDOT-PSS/ITO and 

(b)AI/PDOPTIiTO sandwich structures. 
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The plot of -limaginary vs. lreal consists of parts of semicircles whose diameters 

are bias voltage dependant. Since an R-C parallel circuit yields a semicircle in the 

complex plane, we can model our diode (AIIPDOPTIITO) by a one parallel R-C 

circuit in series with the contact resistance, Re. The diameter of the extrapolated 

semicircle represented by lreal is the resistance of the depletion region. To find this 

resistance (R), a circular fit to the complex impedance representation was 

performed with the help of origin. The capacitance was estimated from the relation (­

lim) =(Cror1 at highest value of lim, knowing the value of co for which limg was 

maximum. 

The Cole-Cole plots of the impedance measurements are consistent with our 

current voltage curves (Fig 6.1). For the bilayer sample, resistance is very large at 

reverse bias voltages and small at forward bias, which is consistent with its 

rectification property. From the Cole-Cole plot Fig 6.6, two partially overlapping 

semicircles are observed at -1V and -3V bias voltages. This shows the formation of 

thin insulating layer at the aluminum polymer interface [54]. The left (high frequency) 

small semicircle represents the thin insulating layer and the (right) larger low 

frequency semicircle represents the depletion region, which is strongly dependent 

on bias voltage. The structure may be interpreted as a metal-Insulator­

Semiconductor (MS'S) junction whose circuit model illustrated in Fig 4.7. The fact 

that no two distinct semicircles observed at +1V and +3V bias voltages is due to the 

reduction of the depletion region thereby resulting in total overlapping of the two 

semicircles. 
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From Fig. 6.5 and 6.6 the complex impedance spectra show that presence of 

PEDOT-PSS layer enhances conductivity owing to high injection/collection property 

at PEDOT-PSS/PDOPT interface. The ranges of the resistances in reverse and 

forward bias voltages confirm with the rectification of the two diodes. The 

parameters obtained from fig. 6.5 and 6.6 are listed in Tables 6.2 and 6.3, 

respectively. 

Table 6.2. Parameters obtained from the Cole-Cole plots of AIIPDOPT liTO diode fig 

6.5. Vb-bias voltage, Rc -contact resistance, Rd-depletion layer resistance and 

Cd-capacitance of the depletion region. The negative values of the voltage 

correspond to the reverse bias. 

Vb (volts) Rc (Q) Rd (kQ) Cd(10-· F/cm') 

-2 130 292 57 

-1 130 260 67 

1 130 244 83 

2 120 226 96 
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Table 6.3 Parameters extracted from the Cole-Cole plots of AlfPDOPTfPEDOT­

PSSflTQ sandwich structure fig 6.6. Rs and Cs are resistance and capacitance 

of the insulating layer. 

Vb(voltes) Rc(Q) Rd(kQ) Cd( 1 O"F fcm') Rs(kQ) Cs( 1 O"F fcm') 

-3 150 258 34 100 26 

-1 130 202 37 120 23 

+1 150 56 37 

+3 130 21 44 
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Conclusion 

We have prepared diodes AIIPDOPT/PEOPT-PSS/ITO and AIIPDOPTIITO 

sandwich structures, in which PDOPT is an active component. The J-V 

characteristics were studied using thermionic emission theory. The J-V 

characteristics of the two diodes show rectification. The bilayer diode is found to be 

more rectifying than the single layer devices. Use of PEDOT-PSS greatly enhances 

the diode quality. The ideality factor of a single layer diode is large due to trapping 

and recombination. 

Single layer, thick film AIIPDOPTIITO diode [20] was found to give non-linear 

non-rectifying I-V curves. However, if the film of PDOPT is made thin enough by 

spin coating, the diode rectifies. This is because the bulk resistance of thick films 

dominates the Schottky behavior of the junction. Introducing a conductive PEDOT­

PSS polymer complex over the ITO/glass reduces the recombination and trap which 

is manifested in the value of the diode quality factor (n=1.5), and the rectification 

ratio of 330. It is there fore highly recommended that a thin layer of PEDOT-PSS be 

spin coated over ITO/glass substrate inorder to enhance the electron/hole injection. 

It is observed from our studies that using bilayer diode increases the rectification 

ratio by a factor of 33, and changes the non-ideality factor from 2.3 to 1.5. Further 

use of PEDOT-PSS thin film would make the bilayer diode a candidate of solar cells. 

Thus it will be the task of future investigations of photovoltaic property of 
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AIIPDOPT/PEDOT-PSS/ITO diodes as it is seen from Table 6.1 that this device has 

Jo =6x1 0-12 Alcm2 and n = 1.5 which are indicators of photovoltaic properties. 

The Cole-Cole plots of both types of diodes are consistent with their 

rectification behavior. However, the single layer diodes and the bilayer diodes at 

forward bias voltage manifest part of a single semicircle plot on a complex 

impedance plane. It is possible to model such diodes showing the feature of a 

parallel R C circuit. This is typical of metal-semiconductor junction property. On the 

other hand, the AI/PDOPT/PEDOT-PSS/ITO diodes manifest parts of two partially 

overlapping semicircles upon the application of reverse bias voltages. This may be 

attributed due to the relatively thicker film of the bilayer, which gives rise to higher 

value of the bulk resistance. The complex impedance of such a system senses as if 

there are two distinct regions with regards to resistance, one the common depletion 

region and the other due to a highly resistive nature of polystyrene sulphonate 

(PSS) in PEDOT-PSS. This component dangles out of the random coil when a 

reverse bias is applied as a result of which a resistive layer is formed at the 

interface. Such a behavior may be modeled as metal-insulator-semiconductor 

junctions. Its electrical circuit may be interpreted as two parallel RC connected in 

series. 
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