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Sol id· st:lle pholoclccll"Ochcmical cclls(PECs) based 0 11 blends of conj ugatcd semiconducting 

polymers and Buckminsterfullerene have been co nstructed and studi ed . The PEe contains a 

photoac livc layer consistin g of poly(3-hcxylthiophenc) (P3HT) or poly(2-mclhoxy-5-{)',T ­

dimcthyloctyoxyl)-1,4-phcnylencv inylcl1 c) (MDMO-PPV) as electron donor and 

Buckminsterfullerene (C60) as electron accep tor, an ion conducting polymer el ect rolyte 

con ta ining amorphous p oly(clhylcnc 0 ,'(ide) ( POMOE) C omplcxcd \\ ilh 1.;'/1" r cdox couple 

and a count er electrode poly(J A-clh ylcncd iox)1hiop hcnc) ( PEDOT) coaled on indiulll 

doped tin oxide (ITO) coated glass. The phOloc lcclrochcm ica! properties of solid- state PEC 

using pure P3HT and pu re MDMO-P PV as a photoact ive layer were used for compari son. 

The effecti ve area of the PECs studied was I cm2
. The construc ted PECs have resulted in the 

following so lar cell parameters: Voc = 97.8 mV, Isc = 7.28 ~tAcJl1·2 , FF = 0.26, IPCE = 0.43 

% for blend of PJ HT/Cw. and Voc = 146 m V, Iso: = 0.17 1 ~lAcJ1l ·2 , FF = 0.25. tPCE = 0.012 

% for blcnd o f MDMO·PPV/Cw based PEC at incident light intensi ty of 100 mW/cm2
• 

Analysis of the photoelectrochcmical properties 0 f I he ce ll s s howed I hal blends 0 f P 3HT 

with C60 and MDMO-PPV wi th C60 based PECs have bette r short·circuit cu rrent (Iso:) and 

incident monochromatic photon 10 current conversion efficicncy (1PCE %) compared to that 

contained pure PJ HT and MDMO·PPV. Howeve r, the open·circuit vo ltage (Vue) and !ill 

fac tor (FF) obtained showed better values for the pure P3HT and M DM O·PPV based PECs. 

Keywords: Solid· state pholoelecl rochemical cell ; Poly(3·hexylt hiophene); Poiy( 2-mcthoxy-

5·(3 ' ,7' · dimeth yioctyoxyl)·1 ,4.phenylenevinyiene); Buckminsterfull erene; amorphous 

pol y(ethyiene oxide) ; b'II' redox coup lc; Poiy(3,4-ethylenediox yt hiophene) . 
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I. INTRODUCTION 

A huge amount of research and technolog ical application of solar energy utili zat ion is 

carried out in converting light energy from the sun to electrica l energy. The most important 

application of photovoltaic energy conversion in the past has been in space program. Today. 

however, the rising price of fuel, the realization that o il and gas supplies can only laSl a 

relati vely few decades, and freedom of so lar energy from po ll ution, have all led to closer 

look at solar energy as an alternative to present day fossil-fuel system [I] . 

Quite a number of research and development works on the use of solar cells have been made 

using inorganic semiconductors such as silicon as pholovolta ic materials. But the use of 

these inorganic materials for e lectronic and optoe lectronic devices requires high 

manufacturing cost. After the discovery that conductivity of conjugated polymer such as 

polyacetylene can be varied from insulating through semiconduct ing to metallic regimes {2], 

researches on the app lication of conducting polymers a re being conducted to find an 

alternative to the conventional inorganic materials in many applications because their 

semiconducting properties, divers ity and ease of fabrication, and potentially low cost. 

Polymers are often considered as insulators. Although this is true for saturated po lymers, 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 a long the 

backbone 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 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 

po lythiophene and its derivatives have been stud ied as Schottky juncti on diodes [4,5]. meta l­

insulator-semiconductor diodes [61 , li ght emi tt ing diodes [71. field effect transistors [8] and 

photoelectrochemical cel ls (PEes) [9- 14]. There are also othe r conjugated polymers that 



have been stud ied. All these stud ies have shown that these conjugated polymers do have 

semiconducting properties that ean be used in device fabrications. 

Recently derivat ives of polythiophene and polyparaphenylene have attracted conside rable 

attention because of the ir commercial avail abil ity, stab ility. processeabli ty. quality and ease 

of fabrication L I 0-12]. They are soluble in common organic solvents. Poly(3-

hexylthiophene) (P3HT) and poly(2-methoxy-5-(3'. 7' -dimethyloctyoxyl)- l ,4-

phenylenevinylene) (MDMO-I>PV) are one of the deri vati ves used as an act ive conjugated 

polymer fo r the devices that we studied. These polymers combine the commercial 

availabil ity wi th sufficient so lubility, a low band gap rel ative to the most conj ugated 

polymer and a high degree of intermolecular order leading to high charge carrier mobi lities. 

Increasing efforts have been put into the development of different types of solar energy 

conversion devices based on organ ic molecules and polymeric materials. Unlike 

conventional inorgan ic solar cell s, light absorption in organic solar cells leads to the 

production of excited bound electron-hole pairs commonly known as exc itons. To achieve a 

substantial photovohaic effect, the excited charge pairs thus produced need to be dissociated 

into free charge carriers through the assistance of an electri c fie ld or interface of materials 

with diffe rent electron affi nities. Several approaches have already been adopted to achieve 

efficient exc iton dissoc iation [9, 15-17). So far, the method of blending conjugated polymers 

with high electron affi nity molecules like C60 has turned out to be the most efficient way fo r 

rapid exc iton dissoc iati on result ing in solar ce ll s wi th high power conversion effic ienc ies 

[17]. 

Organic photovoitaic solar cell s with blends of conjugated polymers and fu llerenes have 

been extensively studied. A less expensive solar energy conversion can be achieved by 

photoelectrochemical ce ll s, wh ich involve the use of semiconductor to absorb incident li ght 

and an electrochemical process at semiconductorll iquid junction to allow energy conversion. 

Organic PEC grab inc reasing research attent ion recently is the solid-state PECs with the ion 

conducting solid polymer electrolyte. These ce ll s compared to liquid electrolyte PECs 

possess advantages such as hand ling, portability and packi ng. Previous studies on the sol id 

2 



state PEes were focused on usc of pure conjugated semiconducting polymer (1 2-14], and 

co-polymers [18] as photoactive electrodes. 

Solid state photoelectrochcmical solar cell based on conjugated polymer mixed with 

fu ll erene as a photoactive electrode has not yet stud ied except fo r some preliminary 

investigation. The use of conjugated polymer/C6(I blends as photoactive electrodes give 

ultrafast electron transfe r from optically excited polymer 10 Cw, resulting in improvements 

of pholocurrent [19]. The aim of thi s work is thus, to construct solid-state PECs consisting 

of blends of conjugated semiconducting polymer and fu llerene as photoact ive eleclrode, and 

ion conducting solid polymer electrolyte complexed with a redox couple. The constructed 

dev ices were investigated using opti cal and photoelectrochemical measurements. 

) 



2. LITERATURE REV IEW 

2.1. Conjugated Polymers 

Polymers arc macromolecules consisting of a great number of repealing un its, whic h are 

coupled to each other by covalent bonds to fonn a long chai n. These repeat ing units can be 

any group of atoms, however, we consider only organic polymers, where the backbone 

consists of onl y carbon. Most organic po lymers that have s ide chains are soluble in organic 

so lvents. The solvents eas il y evaporate upon spin coating or solvent casti ng, leav ing thin 

films on a substrate [20]. 

Polymers in their neutral fonn are insulators due to the large band gaps and strong electron­

phonon coupl ing, which are characteristics o f these materi als [2 1]. They are often 

considered uninteresting from electronic point of view until 1970 's 122}. They were only 

used commonly for plastic bags, paints, adhesives, cloth and insuJating electrical materials. 

Although thi s is true fo r po lymers, which contain saturated carbons in which the ir bac kbone 

consist of spJ hybridized orbitals, the situation in conjugated polymers is much more 

in teresting. In fac t the conjugated structure is the ori gin o f the interesting electronic 

properties of conj ugated polymers. Their backbone consists o f sp2-hybridized carbons and 

show semiconducting properties. 

The most interesting properties of organic materials anse from the delocali zation of 1t­

orbital. That is, the electrons in the 1t 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. These molecules have strict alteration of single and double bonds. Double bonds are 

strong, locali zed and shorter where as single bonds are weak, delocalized and long. Due to 

strong and localized nature of double bonds, conductivity of conjugated po lymers along the 

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

kinds of conj ugated po lymers out of which some are depicted in Fig. 2.1. 
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0 . 
(a) 

(d) 

N 
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(b) (c) 

(e) 

Fig. 2. 1. Chemical structures of some conjugated polymers, (a) trans-polyacetylene, 

(b) polythiophene, (c) poly(p-phenylene), (d) polypyrrole and (e) polyanil ine 

Because they had the important electronic and optical properties of semiconductors and 

metals, cond ucting polymers became potential materials fo r technological applications. 

Conducting polymers became so popular and they are now the main topic in international 

conferences and meetings on synthetic metal s. Several rev iews have been published 

covering many di ffe rent aspects of these materials [23-25]. 

2.2. Electrica l Properties of Conjugated Polymers 

Although the idea of using polymers for their electrically conducting properties dates back 

to the 1960's, the fie ld reall y started with the discovery in 1977. when Shirakawa in Japan 

with his coworkers made polyacetylene conducting (2]. The part ial ox idation with iodine or 

other reagents made polyacety lene films 109 times more conduct ive than they were 

originally thought. Since then, the dream of combining the processing and mechanical 

properti es of po lymers with their electrical and optica l properties has driven both the 

science and techno logy of conducti ng polymers [26]. 
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The work in the field of conducting polymers has become highly interdisciplinary with 

people coming from different areas such as physics, chemistry, material science and 

engineering all working toward the common goal; controlling the electrical and mechanical 

properties of these materi als. Earl y research of conducting polymers focuses on the 

electrical conducti vity of polymers. After the di scovery of the conducti vity of 

polyacetylene, a large number of conducting polymers that include aromatic and 

heterocyclic polymers and their derivatives are added. 

The conducti vity of conjugated polymers can be enhanced to highe r levels by doping the 

neutral polymers. Doping is the process of changing the oxidat ion state or reduction of 

conjugated polymers with a concomitant change in the electronic properties of the material. 

Although the tenn doping is applied to conjugated polymers, it is different from that of the 

conventional semiconductors. In semiconductors the dopant species occupy positions 

within the lattice of the host material, resulting in the presence of either electron-rich or 

electron deficient sites, with no charge transfer occurring between the two species. The 

doping reaction in conjugated polymers is essentially a charge transfer reaction resulting in 

the parti al oxidation or reduction of the polymer, rather than the creation of holes or 

electrons [27]. 

In the language of semiconductor physics, the partial oxidat ion of conjugated polymers is 

referred to as p-doping and the partial reduction is referred to as n-doping, but the basic 

process is the removal of electrons in the first case and gain of electrons in the latter case. 

The doping processes can be represented as shown below: 

For p-doping: Polymer + X ~ (Polymert + + Xn-

For n-doping: Polymer + M -+--
(fKJlymer)n-+ Mn+ 

where X is the ox id izing agent and M is the reducing agent. Xn- and Mn+ are the dopant 

anion and cation, respecti ve ly [28] . 
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Conjugated polymers can be doped either chemicall y or e lectrochemica lly. However, 

electrochemical dopi ng is emerging as the preferred technique in many applications 

because it provides a potenti all y high controllable and reproducible method for 

investigation of the dopi ng process in \vhich the transfe r of charge can be accurately 

monitored and regulated giving a degree of control which is beyond the scope of gas or 

solution phase chemical doping l27]. 

2.2. 1. Cha rge Ca rriers 

In conventional inorganic semiconductors, conduct ivity 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 fonns of po lyacetylene in its ground state, Fig. 2.2 (a, b). If 

the two phases exist in the same chain, there will be a defect, which separates the bond 

alteration, as shown in Fig. 2.2 (c). This defect is usually called soliton [29-31]. Since the 

chai n is energetil:ally equal the so litons can move freely along the backbone of po lymer 

polyacelylene. A single sol iton in polyacetylene can be accommodated per founeen carbon 

atoms along the chain [32]. Solitons conserve charge and energy as water waves conserve 

shape and energy [33]. But there is a difference in passing through each other, water waves 

can pass through while solitons in polymers cannot. 

"'" (a) 

"'" (c) 

-;/ 

(b) 

Fig. 2.2. (a) and (b) are two energetically equal structures of polyacetylene, (c) is the 

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

These defects (so litons) are neutral since the carbon atom at the soliton site is electrically 

neutral. This so liton is a dangling (unbounded) electron. It produces a new electronic state 
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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 inject ion. 

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 (sol iton) will be negat ively 

charged. On the other hand if no electron compensate the carbon ion, it wi ll be positively 

charged. In such cases the defects are called negative so li ton or positive soliton, 

respectively. as shown in Fig. 2.3. 

Doping conjugated polymers wi ll create states in the forbidden gap. If the doping level 

increases, the electronic states within in the gap will form soliton band. At about 30% of 

doping level these states expand and fill the gap resulting in the metallic conductivity [21J, 

Electronic states formed within the gap by these three types of defects, i.e., neutral, 

negatively charged, and positively charged, are illustrated below in Fig. 2.4. 

Neutral soliton 

Negative soliton 

• 

Positive so liton 

Fig. 2.3. Solitons in trans-polyacetylene. 
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Neutral Solnon 

• • 

Negative 
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• 

CB 
• 

VB 

Rlsitive Soliton 

Fig. 2.4. Schematics of the energy band di agram of polyacety lcnc with solitons. Dashed 

and thin solid arrows indicate the interband and sub band transitions, respecti vely, where as 

the short arrows represent electrons spins. 

To create defects in non-degenerate polymers, we should have double bound defects call ed 

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 if it is positively charged it will be a hole polaron. These charge carriers are 

generall y formed from charge transfer. If the dopant is 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 (0") counter ions reside between polymer chains. 

If two polarons ex ist in one chain, they will move towards each other to minimize the 

energy and form bipolarons. Here the neutral defects interact and form a bond while the 

charged soli tons remain at a minimum separation of four rings [34, 35]. 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 bipolaron (Eb < £.p. where Eb is energy of 

bipolarons and Ep is energy of polaron) [36}. If two of the defects are positive, the existing 

doubly charged defects are hole polarons, where as if both of them are negative, it will be 

electron bipolaron. There is a considerable possibi lity that an electron and a hole polarons 

interact to yield a bound electron-hole pai r called an ex icton sec Fig. 2.5. 
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hole bipolaron 

electron bipolaron 

ex icton 

Excitons can be produced by photoinjcction. That is, an inc ident 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 po lymers created as a result o f photon absorption are 

bounded together. This mechanism is photogenerat ion of charge carriers. Bipolarons may 

be formed directl y in addition to recombination of two polarons at high doping level. 

Polarons and bipolarons create two interacting states within the forbidden energy gap [37]. 

These two states are symmetric with respect to the gap center. The presence o f new 

electronic states in the band gap makes new electron ic transitions possible as Sh O\\l1 in Fig. 

2.6. 

(a) 

(b) 

(c) 

~S'<t. ;n 
'S~ __ /"S~ 

Fig. 2.5. (a) Hole bipolaron, (b) Electron bipolaron (c) Exciton 
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Fig. 2.6. Energy band diagrams showing po laron and bipolaron states in the non-degene rate 

polymer. The arrows indicated by the numbers I , 2, 3, and 4, represents the possible opt ical 

transiti ons. 

2.2.2. Cha rge Transport Mechanism 

The prerequisite for charge transport is the presence of mobile charge carriers. In 

conducting polymers the conductivity is the presence of solitons, polarons and bipo larons, 

which are formed by self-localization of the carriers, induced into the 7t electronic systems 

through doping and in some cases during synthesis [38] . Conductivity of materials depends 

on temperature. The temperature dependence of polymer conductivity is man ifested 

opposite to that of metals. In case of conjugated polymers conductiv ity depends on doping 

level. At low doping levels the temperature dependence of the conductivi ty is high. As the 

doping level increases, the dependence of the conductivity on temperature bccomes less 

[39]. 

There is no definite mechanism of charge transport and hence different models are 

suggested over the whole conductivity range. In the undopcd fonn of conjugated polymers, 

the charge transport is similar to that of amorphous semiconductors. It is explained by 

hopping between localized states. At very low doping leve ls, the conductivity is mainly due 

to hopping (phonon assisted quantum mechanical tunneling). Its concept is generally 

deduced from ionic conduction to electronic conduction in amorphous and di sordered non-
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metall ic solids and polymers. In such materials we do not have free charge carriers, rather 

than localized electrons and so they can move between these localized states which are 

distributed randomly. 

For polyacetylene, where solitons are dominant charge carriers, intersoliton hopping is the 

dominant conductivity mechanism. The solitons may be either neutral or charged, see Fig. 

2.7. 

• 
'" '" 7 y 7 

+ r3 
'" '" '" 7 7 '-':: 

r3 + 

Fig. 2.7. Intersoliton hopping in trans-polyacetylene [2 1]. 

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 [401. 

2.3. Polymer Electrolytes: Ionic Motion in Polymers 

While electronic conductivity is the phenomenon related to the electrons-holes movement 

into solid conductors, ionic conductivity is described as the charge movement due to the ions 

motion. As the first applicat ions regarding the electrical properties of polymers were 

directed to their insulating characteri stics, ionic conduction in polymers was initially 

observed as an undesired property. However, thi s point of view changed in the 1970s when 

Wright and co-workers carried out the pioneering measurements of ionic conducti vity in 

polymer-salt mixtures [4 1]. Since that time, the research on solid polymeric electrolytes has 

grown intensely and reviews with historic surveys have been published [42, 43]. The interest 

in these solid-state ionic conductors comes from the possibility of using them to substitute 

the liquid electrolytes in several electrochemical devices. The major challenge into replacing 

the liquid or gel electrolyte by a polymeric one is to keep the high operat ion efficiency, 
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similar to the electrochemical devices based on liquid junctions. Besidcs improving the 

stability of the active interface. alJowing a long~tenn durabi lity. a polymer electrolyte 

eliminates problems concerning evaporation or leakage of the so lvent. 

The use of polymer in electrolytes can be di vided in three categories, as follow: (a) a 

polymer swollen with a liquid electrolyte, which provides high values of conducti vity, but 

does not eliminate the problems related to the liqu id electrolytes; (b) a polymer containing 

cations or anions attached to the chain, which produces low conductivity values because of 

the low mobility of charge carriers; (c) a mixture of a salt in an ion~solvating polymer, that 

configures a dry and so lid electro lyte system, can present conductivity values sui tab le for 

using in electrochemical devices and eli minates all difficulties relative to the use of liquid or 

gel electrolytes in commercial appl ications. 

The thennodynamics involved in dissolution of a salt into a polymer matrix is the same as 

observed in liquid solvents. In a simple analysis, the entropy favors the dissolution since the 

salt dissociation provides the increase in the number of particles in the system and, 

consequently, the increase of the system entropy. Differences observed by dissolving several 

salts in the same polymer are related to the lattice enthalpy of the salt, cohesive enthalpy of 

the so lvent and solvation energy. Thus, the dissolution and di ssociation of a salt into a 

polymer matrix will be more effective if the salt has low lanice energy, the so lvent has a low 

cohesive enthalpy and high solvation energy [44]. Considering these statements, polar 

so lvents are the ideal candidates fo r dissolving a salt. After dissociation, cations act as Lewis 

acids and interact with electron donors sites (Lewis bases) in the polymer chain. Otherwise, 

the anions have Lewis base character and interact with electron acceptor sites (Lewis acids) 

in the polymer. 

Poly(ethylene oxide), PEO, is the reference polymer for ionic conduction, since it is the best 

matrix for al kali salts because of the high Le\\'is base character of the oxygen atoms present 

in this polyether. Due to this reason, great efforts have been devoted to make polymer 

electrolytes based on PEO, combining it with several salts [45.47]. 
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Several hypothesis have been proposed to explain the ionic mOlion in PEO chains. The fi rst 

so lid electrolyte systems were based in crystalline non-processable materials, such as Lb , 

AgI and p-alumina [48]. In analogy to these inorganic conductors, the ionic conducti vity in 

PEO was initiall y associated to its crystall ine phase. Conductivi ty measurements of PEO­

salt complexes at several temperatures showed a large inc rease above the melting 

temperature of the polymer [49]. Besides, ionic conducti vity is not significant be low the 

glass transition temperature of its amorphous phase. Taking into account these observations, 

the ionic conductivity in semicrystalline polymer-salt complexes was ass igned to the 

segmental motion of the amorphous phase of the polymer chains [50). Thus, the 

conductivity pathway was attributed to the amorphous part of the polymeric matrix, assisted 

by the segmental motion of the polymeric backbone, and the addi tional poss ibility of 

simultaneous coordination of one metallic cation to several Lewis base sites because of the 

flexibility of the polymer chai ns. 

This theory has been accepted from the 1970's and, until very recently, no studies were 

devoted to contradict it. However, a very recent work showed that, in contrast to the 

prevailing view, ionic motion in polymer systems could be higher in the crystall ine phase 

than that observed in the amorphous phase [51]. In this interesting work, the results 

indicated that ionic conductivity occurs preferentially in the crystall ine phase of the PEO­

salt complex at temperatures ranging from the glass transition temperature of its amorphous 

phase to the melting temperature of its crystalline domain. However, ionic conductivity 

values in thi s temperature range are very low in comparison to those observed above the 

melting temperature. These interesting results open new perspectives to find new solid 

electrolyte systems, however, this recent model still does not explain the significant increase 

of the conductivity above the melting temperature, when the organized crystalline phase 

disappears . 

Independent on the theories used to explain the ion motion; experimental results always 

show that PEO-based electrolytes show reasonable ionic conducti vi ty for using 111 

commercial electrochemical devices only above its melting temperature, precluding its 

appl ication at ambient temperature. Thus, several strategies have been used to decrease the 
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crystallinity of PEO and improve the conducti vi ty of its complexes at room temperature, 

such as: the addition of plasticizers, the use of PEO based blends [52, 53) or the preparation 

of copolymers [54]. 

An alternative is the use of mixtures of PEO with different acrylic polymers [52 ). The 

blends-salt complexes showed higher ionic conductivity in comparison to the pure I}EO-salt 

complexes. This effect was not only assigned to the lowering of PEO crystall inity in the 

blends, but also to the presence of a highly fl ex ible amorphous phase and the cooperati ve 

effect of polar groups on ionic transport. 

Nowadays, new electrochemical devices arc in development, making necessary the study of 

polymer electrolytes with special requirements [55, 56]. For using it in an clectrochromic 

device, for example, the polymer electrolyte film should also posses high transparence 10 

enhance the chromatic contrast of the entire device. Othef\vise, mass transport takes place 

faster in electrochromic devices. Additionally, a pholoeleclrochemical ce ll needs an 

electrolyte containing a redox couple to transport to the counter electrode the 

photogenerated charge carriers. 

The polymer electrolyte used in this study is amorphous poly(ethylene oxide), POMOE, 

with a repeating unit of CH2(CH2CH20~. It is known to have very good ionic conductiv ity 

at room temperature [57, 58]. The redox couple used to complex with the polymer 

electrolyte is iodine/tri iodide. 

2. 4. Fullerene 

The new carbon allotropes, the fullerenes, arc closed-cage carbon molecules with three­

coordinate carbon atoms tiling spherical or nearly spherical surfaces. The best known of 

these molecules is Buckminsterfulle rene, C6O, which has sixty carbon atoms forming a 

truncated-icosahedral structure with twelve pentagonal rings and twenty hexagonal rings, as 

shown in Fig. 3.1. The structure is essentially that of the soccer ball . The coord inati on at 

every carbon atom is not planar but rather slightly pramidal iscd at every carbon atom. In 
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other words some sp) character ·s . th . , 
. I prescnt In C essentially sp carbons of fullcrencs. The 

structure of C60 can be visuali zed as being obtained by spacing apart the pentagons of the 

pentagonal dodecahedron with hexagons. 

Because of their rich n·electron structure, fullercncs display complex clcctro-oplical 

properties. These constitute important applications for fullcrcncs and fullcrcnc.bascd 

material s. Some exciting appl ications of the fullercncs involve their propert ies as dopants 

and charge acceptors in polymeric systems. 

The Buckminsterfullerene, C6O, was used as an electron accepting material in this work. Its 

electron accepting properties due to ultrafast charge transfer has been extensively studied 

[59]. Besides having a high electron affinity, C6Q is fairly transparent and also has fai r 

electron conductance (10-4 S em' I). This makes fullerenes a good component in 

photo voltaic cells. 

2.5. Photovoltaic Energy Conversion using Conducting Polymers 

In photovoltaic energy conversion, the solar cell converts light energy directly into electrical 

energy. The materials which are used for thi s purpose arc classified as semiconductors. A 

tremendous research and deve lopment was made in enhancing effic iency and practical 

application of so lar cell s using inorganic semiconductor materials such as silicon, galliulll 

arsenide, sulfide salts of cadmium and copper, and other alloys of these materials. Research 

work on polycrystalline and amorphous silicon is still active. Moreover, organ ic 

semiconductors and conjugated polymers have been also used in devicing the solar cell s. 

The similarity of their electri cal and optical properties to the inorganic semiconductors 

makes the polymers an alternative for electronic and optoclectronic devices. Polymeric 

materials can be considered as II-type and p -typc scmiconductors. Thus, in the usc of these 

materials fo r so lar cell devices, Schottky barrier theory as deve loped fo r inorganic 

semiconductors, can be applied to them. As far as inorganic semiconductor is concerned the 

most popular junction in electronic industry is the p-fl junction, most of the organic diodes 

arc based on another structure, the metal- semiconductor or Schottky barrier junction . 
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Although it is possible to construct the p." j unction of organic diodes, it is nOt stable yet. 

The main source of the instability of a p-n organic diode is the great ability of doping 

impurities diffuse from the p-to-n side (and vice versa) [60], 

Pholovoltaic effect in the recti fying Schottky junction can be explained as fo ll ows. The 

absorption of photon energy greater than the band gap results in the generation of electron­

hole pairs or the absorption of a photon creates an exciton rather free charge carrie rs [6 11. 

The photovoltaic current in the cell is then a direct transport of the free carriers in the first 

case while in the second case, in order to generate photocurrcnts, the exci tons must 

dissociate into electrons and holes either in the bulk of the organic polymer or metal­

polymer interfaces. In general the sequence that leads to a photovoltaic effect in organic 

polymer solar cell device can be described by simple four steps as follows [61. 62]: 

photogeneration of charges, charge separation, charge transport and charge co llection to 

yield current. 

2.6. Photoelectrochemical Solar Energy Conversion 

2.6.1. Introduction 

Photoelectrochemical cell s are known for converting so lar energy. These devices are simple 

to construct, and often consist of semiconductor electrode and an auxiliary electrode 

immersed in an electrolyte containing adequate redox couple and exposed to sunl ight. The 

aux il iary electrode is responsible for the regeneration of the redox species and gene rall y 

covered with metals to catalyze this reaction. The counter electrode used in thi s study is 

ITO· glass coated with ox idized poly(3,4-ethylenedioxythiophcne), PEDOT. PEDOT is 

requi red on ITO because it improves the charge transfe r between ITO and the 

iodide/triiodide redox couple. It is known that bare ITO is irreversible for the 

iodide/triiodide oxidation/reduction reaction [63]. A common layout of the PEe solar ce ll s is 

shown in Fig. 2.8. In the photoelectrochemical solar cell a semiconductor-e lcctro l)1e 

j unction is used as a photoactive layer. The semiconductor is responsible for the absorption 
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of the incident light while the inte ~ b . • . . . race clwcen the semIconductor and the electro lyte is the 

key factor in the subsequent chemical steps that I d . ea to energy conve rSIOn. 

An illuminated PEe bears a Ii lb ' . orma rcsem lance to a tradlllOnal Schottky barrier 

photovoltaic device with the metal I . . • aycr connectmg the semIconductor replaced by an 

electrolyte containing an adequate redox couple. In con trast to the all-so li d conventional 

semiconductor solar cells, PEe solar cell uses a liquid electrolyte or ion-conducting sol id 

phase as a charge transport medium. For commercial applications the usc of liquid 

elec trolytes, such as the ryr redox couplc dissolved in acetonitrile, limits the application of 

pholoclectrochemical cell s. 

Light .... ·· .... t ... 
electrolyte 

semiconductor 
electrode 

Counter 
electrode 

Fig. 2.8. The cammon layout of photoelectrochemical so lar ce ll. 

Inorganic semiconductors are the natural candidates for use in photoclcctrochemical ce ll s. 

The most promising candidates to replace the inorganic semiconductors in the assembl y of 

so lar cells are organic materials, due to their photosensiti vity and photovo ltaic effects. The 

most well-known and studied unconventional photovoltaic system is the dye saniti zed nano­

structured solar cell developed by Gratze l in 1991 (64]. At the moment this unique 

photoelectrochemical solar cell based on a Ti02 nanoparticlc photoclectrodc wi th li ght 

harvesting metallic-organic dye, is on the verge of commercialization ofTe ring an interesting 

alternative for the existing silicon based solar cells as well as for the thin film so lar ce lls. At 
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the same time the research acti vity as ' II h ' " . \\c as t C industrial mterest around lhe technology IS 

growing fast. 

In the fo llowing section the basic principles of phOloclcctrochcmical solar energy will be 

discussed. 

2.6.2. T he Semiconductor/Electrolyte Interface 

When a semiconductor electrode is in contact with an electrolyti c so lu tion, a charge transfer 

occurs through the interface providing equilibrium between the Fermi level of the 

semiconductor and the redox potential of the so lution. Considering a p-typc semiconductor 

immersed in an electrolyte with redox potential higher than the semiconductor Fermi level , 

an electron transfer from the electrode to the electrolyte. 

A common aspect of all electrode-electrolyte interfaces is the formation of electri cally 

charged layers (ionic charge in the electrolyte and electronic in thc clcctrodc) with a 

capacitance related interfaces. For semiconductor electrodes a special situation is that these 

materials have lower density of charge carriers in comparison to metals. Thus, the 

electrically charged layer at the semiconductor (space chargc region) is broader than that 

fo rmed in the electrolyte. This situation induces the formation of an electric field in the 

space charge region, leveling the semiconductor Fermi level and the redox potenti al of the 

electrolyte solution, producing a band bending close to the electrolyte boundary, as shown in 

Fig. 2.9 for a p-type semiconductor. This electric fie ld is responsible for electron and holes 

transport at the interface. At the surface, the semiconductor becomes dep leted of majority 

carriers (for ap-type semiconductor, holes) and a depletion layer is fOnllCd. 

Irradiating the semiconductor with incident light intensity greatcr than the band gap energy, 

valence band electrons are promoted to the conduction band, fomling an electron-hole pai r, 

also called exciton. In p-type semiconductors, it causes the migmtion of minority carriers 

(e lectrons) towards the interface, whi le majority carriers (holes) diffuse to the 

semiconductor bulk. At the boundary, the electrons, being regenemted at the counter 
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electrode, prod ucing the photocurrent in a short-circuited system, reduce the oxidized 

species in the electrolyte solution. For n-type semiconductors the majori ty carriers are the 

electrons and the inverse behavior occurs. Additionally, the potential where no excess of 

charge ex ists is call ed zero charge potential and, under these conditions, the space charge 

region disappears and the bands do not bend. The potential where thi s situati on occurs is 

known as flat band potential. These processes arc the basic operation mode of regenerative 

photoelectrochemical cells. 

p·type 
semiconductor B I ec tro Iyte 

p .type .-
semiconductor Blectrolyte CB 

'"'" CB 1\ Bg 
Bg 

0 Eo 0 Bf Eo R 
R Ef VB 

""' VB 1\ 
.... 

a) b) 

Fig. 2.9. Representation of the fonnation of the Schottky junction between a p-type 

semiconductor and an electrolyte containing a redox couple OIR: a) before the contact, b) 

after the contact, considering the redox potential of the electrolyte is higher than the 

semiconductor Fenni level. 

2.7. Conj ugated Polymer-Fullerene Heterejonction Solar Cells 

d ' h ,;ugated polymers energy conversion emeiency is too low For solar cells rna e Wit pure eonJ ' 

I, " s Thus photoinduced charge transfer across a to be used in practical app lea IOn . 
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donor/acceptor interface provides an effective method to overcome early time carrier 

recombination in organ ic systems and thus to enhance their optoeleClronic responsc. 

In most conjugated polymers, the predominant excited species is the singlet exciton. At 

room temperature the electron and hole are bound to each other and there are no free charge 

carriers. An essential process for polymeric solar cells after photocxcit3tion is charge 

separation. Since the electron and hole are bound together, a mechanism must be found to 

efficiently separate electron and hole to prevent recombination of the two. A poss ibility to 

achieve this charge separation is by introducing an electron acceptor that dissociates the 

exciton by transferring the electron from the polymer (therefore being the electron donor) to 

the electron acceptor material. As a result, the polymer is left with a positive polaron that 

drift through the film to the anode whi le the electron is in the acceptor matcrial and can be 

transported to the cathode. The main condition for the exciton dissociation to occur is that 

the electron affinity of the acceptor is larger than the ionization potential of the donor. The 

HOMO and LUMO energy levels and energy band gap of materials used as photoactive 

layer in this study are shown in Table I. The knowledge of these values is required fo r 

finding suitable donor·acceptor pairs. A well·known acceptor materi al is the 

Buckminsterfullerene, Coo, and its derivatives. Since the discovery of uhrafast charge 

transfer from conjugated polymers to C60 by Sariciftci et (Ii [59], its properties as an electron 

acceptor have been subject of intense research. The charge transfer typically occurs wi thin 

the femtosecond time regime. An upper limit was found to be 300 fs [65], which is three 

orders of magnitude faster than an electron·hole recombination process within the polymer. 

There are two general ways to create a donor-acceptor interface in organic devices. One is to 

bring two fi lms in contact at the surface, which creates a heterojunclion. In this case, only a 

fraction of the bulk of the material builds a donor·acceptor interface. The other is to blend 

the two materials to form one mixed layer. In this case. the whole bulk of the device has a 

donor.acceptor interface. These devices are called bulk·heterojunction devices. Early studies 

showed the importance of close proximity of polymer and fullc rcne for the efficiency of 

photo voltaic devices. 
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Formation of bulk heterojunction by mixing the polymer (donor) and the fuUcrcnc 

(acceptor) lead to an enhancem t f h en 0 s on circuit currem density due to nn increased 
interface area for charge separation I-I , .. . . . r o\\cvcr, It IS stili much lower than the short ci rcui t 

current density reported for inorganic devices. This lower photocurrcnt is due to the limited 

transport of the separated charge carriers to the electrodes due to the low charge carrier 

mobi lity in organic materials. On the other hand, organic solar ce ll s produce quite 

respectable open-circuit voltages. 

Table I . The HOMO and LUMO energy levels and energy gap of 1'3HT [66J. MDMO-PPV 

[67] and Coo [68]. 

Material HOMO level (eV) LUMO level (cV) Band gap (e V) 

P3HT -5.40 -3.20 2.20 

MDMO-PPV -5.30 -2.83 2.47 

Coo -6.10 -3.70 2.40 

Organic photovoltaic cells with blends of conjugated polymers and fullercnes as a 

photoelectrode was extensively studied; and maximum power conversion efficiencies up to 

2.5 % under AM 1.5 illumination have been reported [17]. But there is no report on donor­

acceptor composite photoelectrode based solid-state photoelectrochemical cel ls. In this work 

the all-solid-state PEe cell with blends of conjugated semiconducting polymers and 

fullerene is developed for the first time and its solar cell behavior is studied. 

2.S. Solar Cell Parameters 

In solar cells the photon energy is converted into electrical energy. When a sheet of solar 

cell material is exposed to sunlight, a photon with energy greater than or equal to the band 

gap energy, E
g

, of the semiconductor is absorbed in the cell thereby generating photocurrent. 

On the other hand, photon energy less than E, makes no contribution to the ce ll out put. The 

incident photon energy depends on the wavelength of the light and hence the band gap 

energy, Eg, is related to the wavelength. 
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To derive the solar cell output parameters that are used for characterization of 

photoelectrochemical properties of the device, we shall consider an ideal chonky diode . 

When the ce ll is illuminated, the total CUrren! density, I, is equal to the sum of the 

photocurrent density, lph, and the dark current density, Ilbrlo;. 

(I) 

The dark current-voltage characteri stics of the solar cell is ex pressed as 

(2) 

where I is the total CUrrent density (dark Current density), 10 is the inverse saturati on current 

density which is the current density flowing under sufficiently high reverse bias, q is the 

charge on an electron, V is the applied voltage, n is the ideality facto r of the diode (for an 

ideal diode n = I), k is the Solzmann constant and T is the absolute temperature. 

Thus the I-V characteristics of the Schottky diodes under illumination is given by 

(3) 

The ideal 1-V characteristics of the solar ce ll under illumination is shown in Fi g. 2. 10. 
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Fig. 2.10. Typical current density.voltage characteristics of Schottky diodes (a) in the dark 

(b) under illumination. A) IK • B) Vo<. C) Pmu• D) 1m,. E) Vmp. 

The three parameters that are used to characterize the pholovoltaic properties of the ce ll arc 

derived from the I-V characteristics Eqn. (3) or the Schottky diode. 

Short-circuit current 

The short-circuit current (lsd corresponds to point A, in Fig. 2.10. It is the condition where 

photocurrent flows under zero applied vohage. It is obtained by substituting V = 0 into Eqn. 

(3). Ideally it is equal to the current density, Iph. generated by light 

(4) 

Open-circuit voltage 

The open circuit vo ltage (VoJ is obtained by setting I = 0 in to Eqn. (3). This is the condition 

where photovolatge is generated but no photocurrenl flows (point B in Fig. 2.10) 
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nkT (I,. ) Voc =--In -+1 
q 10 (5) 

Fill-faClor (F F) 

Another important parameter of solar cell is the fill factor, FF, defined as 

V 1 FF = "'p mp 

Vt,Jsc (6) 

where V mp. Imp are the voltage and the current at the maximum power point (poin! C Fig. 

2.10). It measures the squamess of the I-V characteristics. 

Power conversion Efficiency 

The energy conversion efficiency of the solar cell in converting light energy into useful 

electrical energy is the most important quantity defining the quality of the cel l. In the I-V 

curve of the Schottky diode (Fig. 2.10) point C corresponds to the maximum power point, 

where the product of photovolatge, V mp, and photocurrent,lmp• is maximum. The energy 

conversion efficieny, 11 . is then given by 

(7) 

where P in is the intensity of the light incident on the ce ll. 
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Incident monochromatic photon to current conversion efficiency (JPC£) 

One o f the most imponant parameters when studying the performance of solar cells is the 

incident photon to current conversion efficiency, (peE. It is defi ned as the ratio of the 

number of collected charge carriers to the number of incidcnI photons at the device. As the 

name suggests, the val ue is commonly measured for a spec ifi c li ght wavelength. One 

advantage of analyzing the IPeE rather than pholocurrcnt is that effects due to the spectral 

shape of the incident light, due to light source or measurement equipment, arc removed and 

the true response of the device is obtained. Understanding the reasons for obtaining a 

specific IPeE of a device is essential to obtain fundamental understand ing and thus to 

improve the device performance. Plots of IPCE versus wavelenglh ill uslfatc the spectral 

operation range of a specific solar cell. For high performance solar ce ll s, the IPCE vaiue can 

reach unity over a large spectral section. The IPCE were calculated as the rati o o r the 

observed photocurrent density and the photon density incident on the cell : 

IPCE% = 12401" 
2P;n 

(8) 

where 1st is short circuit current (~A cm·2) , >.. the excitation wavelength (nm) and P1II the 

incident photon intensity (Wm·2). Light of different wavelength is absorbed at different 

depths of the photoactive electrode. 
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3. EXPERIMENTAL 

3.1. Materials 

In this study the conjugated semiconducting polymers used as pnoLoacti vc clcelrodcs are 

poly(3.hexylthiophene) (P3HT) (Aldrich) & poly(2·mclhoxy·5.(3' ,7' .dimelhyloclyoxyl)· 

1,4· phenylenevinylene) (MDMO·PPV) (Aldrich). BuckminSlcrfullcrcnc,C", is used as an 

electron acceptor molecule. The polymer electrolyte used is amorphous poly(clhylenc 

oxide), POMOE, with a repeating unit of CH20(CH2C1-h0)9. The redox couple used to 

complex with the polymer is iodineltriiodide. The counier electrolyte used is ITO-glass 

coated with oxidized poly(3,4-ethylenedioxythiophenc), PEDOT. The chemical structures of 

the conj ugated polymers and the acceptor molecule used in this work arc depicted in Fig. 

3.1. 

o 

! ~ 
s " -0 

P3HT MDMO-PPV 

PEDor C .. 

f . l d polymers used in thi s work and the acceptor 
Fig. 3. 1. The chemical structure 0 conJuga c 

molecule, Buckminsterfullerene, C6O. 
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3.2. Experimental Set-up 

A schematic of the experimental set-up used to measure the photoclcclrochcmical properties 

of the device is shown in Fig. 3.2. A 250 W tungsten-halogen lamp regulated by an riel 

power supply (Model 66182) is used to illuminate the PEe. A grating m nochromator 

(Model 77250) is used to select a wavelength between 300 and 800 om. The resulting 

photoelectrochemical properties were studied using CHI600A Electrochemical AnaiYlcr. 

All spectra were corrected for the spectral response of the lamp and the monochromator by 

nonnaliztion to the response of a calibrated silicon photodiodc (Hamamalsu, model S- 1336-

8BK). The white light intensity was measured in the position of the sample cell with a 

Conrad electronic luxmeter (Model LX-IOI ). 

For intensity dependence measurements a series of neutral densit y fi lters were placed 

between the light source and the sample holder to vary the light intensity incident on the 

sample. 

A 
E 

. . I t for the photoelectrochcmical measurements. Fig. 3.2. General expenmenta se -up 

h . (e) monochromalOr, (0) sample holder, nnd (E) an 
(A) power supply, (8 ) lamp ousmg, 

output measuring apparatus. 
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3.3. Sample Preparation and Device Structure 

The device is fabricated on indium tin oxide (ITO) coated gl b 1lt 11'0 cd ass su Slrate. e coat 
glass is cut to a 2.5 em x 1 5 em square and cl d . I . h d' '11 . cane successive y wit 1St! cd water. 

acetone and ethanol and dried with an air gun For optl'C I b t' h . a a sorp Ion measurement I e 

conjugated polymers mixed with Fullerene were dissolved in o-dichlorobenzene and soh'cnl 

(drop) cast on the ITO-glass. The optical absorption spectrum of the films was measured 

using Spectroscopic GENESYS 2PC UV-Vis spectrometer. 

The photoactive layer was prepared by mixing 5 mg conjugalcd semiconducting polymer 

with 5 mg Fullerene. This mixture was then dissolved in I mL o..dichlorobcnzcnc solution. 

A solution of 5 mg pure MDMO-PPY in 1 mL of dichlorobenzene was also prepared. 

Photoactive electrodes were fo rmed by drop casting solutions or P3I-1T/C60, MDMO­

PPV/C60 and MDMO-PPV separately on pre-cleaned ITO coated glass substrates. 

For counter electrode, films or PEDOT were potentiostatically deposited on a pre-clean cd 

ITO-coated glass at a potential of 2 V for 4 seconds in a single compartment three-electrode 

ceiL Pre-cleaned ITO coated glass was used as working electrode; a Pt foil as counter­

electrode and a quasi AglAgCl electrode as the reference. The synthesis solution was 0.1 M 

EDOT (Bayer) in 0.1 M LiCI04-acetonitrile. The deposited fi lms were rinsed with 

acetonitrile and dried in air at room temperature. 

Quasi AglAgCI reference electrode (silver wire coated with silver ch loride) was prepared by 

applying 4.6 V to silver and platinum wi res immersed in a saturated potassium chloride 

solution. 

The polymer electrolyte was prepared by dissolving 312.5 mg of POMOE in 25 Illi of 

I I Th d I I ' f ,. was prepared by dissolving 49 mg KI and 7.4 mg 12 in 25 
met lano . e re ox coup e 3 

I f h I t I F· ally 2 mL of each solution was mi xed to produce the polymer 
m 0 met ano separa e y. m , 

I I , cd 
'th a redox couple Thc mole ratio or oxygen to potassium as 

e ectro yte comp ex WI . 

I I d b ak
· . t ount both the oxymethylene and oxycthylcnc oxygen atoms was 

ca cu ate y t 1Og mo acc . 
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25 and the mole ratio of KI to h was 10, i.e., the concemration of I ~ is one tenth the 

concentration of KI. The conductivity of POMOE is known to be hi gh at room tempemture 

when the oxygen to cation mole ratio is 25 [68]. 

Finally, the polymeric electrolyte solution was drop casted on I:he photoactivc layer coaled 

ITO· glass, allowed to dry, and pressed against PEDOT coated ITO-glass counter electrode. 

Then, the devices wefe mounted in a sample holder with I cOl l opening to allow light rrom 

the source. 

The general device structure of all·solid state PEes used in thi s work is shown in Fig. 3.3 . 

The device consisting of electrically conducting conjugated polymer mixed with rullcrene , 

ionically conducting solid polymer electrolyte complexed with redox couple and a PEDOT 

coated on ITO counter electrode. Illumination of the device was done through the 

ITO/photoactive layer (back side) or the PEDOrnrO (front sid,,). 

glass 

Fig. 3.3. The basic structure of solid·state PEe used in this work 
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4. RESULTS AND DISCUSSION 

4. 1. Solid state photoelectrochemical solar ene . rgy converSion based on 
blend of P3HT and Coo 

4.1.1. C urrent - Voltage characteristics 

The current density-voltage characteristic in the dark as \\'cll d ' II ' , , as un cr I ummallon was 

measured. The current density-vo ltage characteristics of ITO I P3HT: 60 I J> M E:I)'/r I 
PEDOT I ITO solid-state PEe in the dark and under illuminalion arc shown in Fig. 4.1.1 . 

The device was illuminated through PEDOT I ITO side. The effecti ve area of the solar celU 

was 1 cm
2

• The intensity of the white light inc ident on the cell was approximately 100 

mWcm·
2
, The device exhibits a rectification character in the dark . The recti fying property of 

the device in the dark indicates that ITO I P3HT:C", I POMOE:I, '/r II'EDOT I ITO cell has 

desirable photoelectrochemical property. Under il lumination, the ITO 11)3I-1T:C6l) 

I POMOE: b'/f" I PEDOT I ITO cell exhibits cathodic pholocurrent under zero applied 

voltage. As it can be seen from the I-V curve the cathodic photocurrent increascs with 

increasing forward voltage. Forward voltage is defined here as that corresponding to the 

application of a negative voltage to the ITO I P3HT:C60 electrode. This shows that undcr thle 

negative voltage condition the direction of camer migration upon applying electric field is 

the same as that of photoinduced charge separation, resulting in large photocllrrcnt. This 

generation of increased cathodic photocurrent indicatcs P3HT is a p-Iypc semiconductor. 

This result is consistent with the qualitative energy band diagram shown in Fig. 2,9 that ma y 

be formed at the p-type semiconducting conjugated po lymer/electrolyte interface. 

To compare the photoelectrochemical properties under the same illumination condition fm 

sol id-state PEC cells based on the pure P3HT and P3HT:C60 composite photoocti \-c 

electrodes, the typical photoelectrochemical parameters have been calculated from Ihe 

analysis of their I-V characteristics and listed in Table 2. The short-c ircu it current density 

, , d· I = 0 47" A/cm' nnd V - 130 mV for PJ IIT and open cIrcuit voltage of the eVlces are sc . ",,"v oc 

[1 4] d l 728 N ' dV - 978 mVforP3f1T:C", compositcc lcctrodcccll , ; an sc= . ~ cman ()I;- • 
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1. 1. Current density-voltage characteristics of ITO I P3HT:C60 I POMOE:I,·/I · 

lOT I ITO cell in the dark and under 1· llum,·nall·on Ihrough Co t ·d . • I· h .r n 51 C WIC. 1& t 

ty of 100 mWcm-2 at a scan rate of 1 mY/s. 

suit shows that the P3HT:C60 composite based PEe has lower Voc but greater 1510: 

than that of the pure PEC, as it is the case for other types of organic photovoltaic cell s 

lends of p-type conjugated polymer and fuJlerene [69]. Thc reason for the decrease in 

len Coo is incorporated into the photoactive electrode is not yet clear. However, it is 

;:d that in two component charge transfer systems deviations of the Voc from the 

of pure conjugated polymer devices may be because of some part of the avnilablc 

nee in electrochemical energy is used internally by the charge transfer to a lower 

tic position on the electron acceptor. Hence, decrease of Voc is probably associalcd 

inning of P3HT Fermi level to the reduction potential of 40· The incorporation of 

.n acceptors into p-type conjugated po lymers in photoacti ve electrode always 

,es photocurrent of the device due to the ultra fast photoinduced electron transfer from 

;ated polymers to acceptor molecules [5]. Hence, the large increase in the photocurrcnt 
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for P3HT:Coo composite electrode PEC could be 
result of the ultrafast phOioinduccd electron 

transfer from P3HT to Coo molecule Th I'gh 
. e S 1 tly lower FF for P3 HT:~ composite 

electrode PEe may be due to the decrease f V o oc. 

Table 2. The photoelectrochemical pararnete b ' 
. . . rs 0 tamed from I· V measurements under the 

same illummatlon condition for pure P3HT [14] d P3'- . . an dT.C60 composllc electrodes based 
solid state PEes. 

Photoactive layer V",(mV) IK(~Acm" ) FF 

Pure P3HT 130 0.47 0.3 1 

P3HT:C60 composite 97.8 7.28 0.26 

4. J. 2. Time dependence off" and V" 

The time dependence of short-circuit current density and open circuit voltage were 

measured. These measurements were used to characterize the stabil ity of the cel l towards 

illumination. 

Figures 4.1.2 and 4.1.3, respectively, show the short-circui t current and open circuit voltage 

as a function of time for ITO I P3HT:C" I POMOE:I, '/I' I ?EDOT I tTO solid-stale PEC. 

The illumination was made from the PEDOT I ITO (front side) with a white light intensity 

of 100 mWcm-2• The generation of photovoltage and phOiocurrcnl were rapid nnd 

reproduc ible under several on·off cycles of illumination. The stability of both the 

photocurrent and photovoltage were very good. The steady state values of short circui t 

phOlocurrent density and open.circuit photovoltage were 7.5 ~cm2 and 98.5 mY, 

respectively. 
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The results of time dependence study show th h 
at t e steady state II( and VO( ,'wues are 

consistent with those obtained in the J-V Curve, 
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Fi g. 4.1.2. Photocurrent response to switching illumination on and off from the front side of 

ITO I P3HT:C60 I POMOE:I,-II- 1 PEDOT l ITO solid-state PEe, 
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ITO I P3HT:C60 I POMOE:I,'/I-1 PEDOT lITO solid state PEe. 
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4. I. 3. Spectral responses 

Another important propeny of a solar cell is the spectral response for whi h it absorbs light 

and produces a photocurrent. This Spectrum helps to dctcnnine whether n solar cell is 

capable of converting the available light energy into electrical energy at difTerent 

wavelength. The spectral response of the device was studied by measuring the wavelength 

dependence of the steady state photocurrents. The phOiocurrcnts arc expressed as IPeE 

which were obtained under illumination with monochromatic light. 

The photocurrent action spectra plotted in terms of IPCE (%) versus wavelength under front 

and backside illumination conditions fo r ITO I P3HT:C,, 1 POMOE:i)·n· 1 PEDOT I ITO 

solid-state PEe is shown Fig. 4. 1.4. The wavelength was varied at 10 om intervals and the 

photocurrcnt was measured at each wavelength. For each wavelength the light intensity of 

the source was kept constant at 100 mW/cm2 but correction for monochromatic intensity at 

the different wavelength was made when calculating the IPeE. The maximum value of the 

IPeE is found to be 0.43 % for front side illumination and 0.01% fo r backside illumination 

at a wave length of 51 0 nm. 
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Fig. 4.1.4. Photocurrent action spectra for ITO I P3HT:C .. I POMOE:I,'n' l PEDOT I ITO 

solid-state PEe illuminated through (a) front side and (b) backside. 

Comparison of front side and backside conversion efficiencies showed that fronl side 

ill umination is greater than backside illumination at the maximum absorbance. 111c reason 

behind this difference lies on the optical filtering effect of the P3HT:C60 composite fi lm. 

When light is illuminated from the backside, only small fraction of the cxcilons (bound 

electron·hole pairs) produced by light absorption reach the interface to dissocialc into 

carriers. Moreover, the presence of a high density of the traps in the fi lm reduces the number 

of carriers for the photocurrent generation. The greater the di stance from the surface, the 

smaller is the probability fo r an exciton to reach the interface and dissociate into carriers. 

The fPCE (%) values at the maximum absorbance fo r the pure P3HT based PEe is 0.024 

from front side and 0.003 from back side illumination conditions (14 1· n le hi gh values of 

IPCE for P3HT:C60 composite electrode based PEe is due to greater photocurrent of the 

cell. 
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Comparison of the optical absorption spectrum and SnN't I h 
_ .. fa p OlorcsponSt can be used 10 

identi fy the active junction responsible for the photoelcct h . I h f roc cmlca p cnomena. I 
illumination through the front side of the PEe produces a 51'\1' t I h d 

I' ~C rn response t at corrcspon s 

to the absorption spectrum of the P3HT:C60 composite fi lm, then 1)3HT:C6Q I electrolyte 

junction is responsible; if illumination from back side produces a matching spcttrum. then it 

is P3HT:C60 I ITO junction that is active. The normalized absorption spectrum of P3HT:C
60 

composite film as compared to normalized photocurrcnt action spectra of ITO I 1)3HT:<4.0 I 
POMOE:h"/r I PEDOr I ITO sol id-state PEe for front side and bac kside illumination 

conditions are shown in Fig. 4.1.5. The wavelength dependence of the IPeE obtained from 

front side illumination closely resembles the absorption spectrum of Il3HT:C60 IiIm, 

indicating that the photoactive junction is the P3HT:C6Q I electrolyte interface . When 

illuminated through backside the action spectrum and the optical absorption spectrum 

mismatch (Fig. 4.1.5 (b». This is explained as follows. When the absorption constant is 

high. excitons are created very close to the ITO I photoacti ve layer (backside). Therefore, 

only a small fraction of the light reaches the barrier regions when illuminated through the 

back contact and as a result charge carriers are lost due to recombination or trapping which 

decreases the photocurrent. However at wavelengths where the absorption conslant is low, 

light penetrates deeper and the excitons will be created much closer to the photoaclive 

electrode/polymer electrolyte interface so that a relatively large pholocurrent will be 

measured. Only charge carriers in or near the space charge region of the active junction have 

a significant probabi lity of being collected for the external circui t. Thus photons absorbed 

away from the active junction generally have no effect on photocurTent generation. 
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Fig. 4.1.5. Photocurrent action spectrum of ITOIP3HT:C«>,r :r ,tPEDOTnTO for 

ill umination through a) front side b) back side; and c) optical absorption spcctm m of 

P3HT:C60 blend deposited on ITO normalized to the peak value. 

4.1.4. I" and Vo< dependence on incident light intensity 

The short-circuit current density and open circuit voltage dependence of the solid-stale I)Ee 

on the incident light intensity were studied. For intensity dependence measurements, the 

experimental set-up was modified in such a way that a neutral density optical filler was 

placed between the light source and the sample. The fate of the photogcncr3lcd clc<:trons and 

holes is crucial for the device efficiency; therefore, the influence of light intensity on the it( 

and V (X is important. 

The plot of log I~ and V ~ versus the log Pi" of ITO I P3HT:C .. I I>OMOE:I,'n ' l J>EDOT I 

ITO solid-state PEe is shown in Fig. 4.1.6 and 4.1. 7, respectively. The illumination inten ity 

was varied from 0.01 to 100 mWcm-2• To rationalize the dependence of Ix and VO( on 
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incident light intensity we should take into acCOunt the expressions used to define these: 

parameters in p-n junction diode. Isc provides a measure of the collection efficiency of 

photogenerated carriers in a particular PEe. It is expressed as indicated in Eqn.(4). ince I,. 

depends linearly on light intensity, the short circuit current increases \vilh illumination 

intensity and is proportional to Pifl", where 0: is the power ractor and Pm is the incident light 

intensity. The plot of log 1st versus log Pin yielded a straight line with u - 0.9\. (1 < I 

indicates the presence of exciton recombination due to surrace states that act as 

recombination centers. 

VO( also increases with illumination intensity. From Eqn. (4), VO( increases logarithmically 

with the light intensity, because Iph is linearly proportional to the absorbed photon intensity. 

I." 
0.75 

~ 
q. 0.00 

~ -0." 

-1.50 

, -, -, 

I 
P3HT:C .. I POMOE:I,-n- I PEDOT I ITO 

Fig. 4.1.6. Plot of log 1st versus log Pin of ITO 

solid-state PEe . 
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4.2. Solid state photoelectrochemical solar en . 
ergy conversion based On 

pure MDMO-PPV and blend of MDMO-PPV and C .. 

In this section solid-state photoelectrochemical solar e . nerg)' conversIOn based on pure 

MDMO-PPV and blends of MDMO-PPV and Coo were investigated and compared. 

4.2.1. Current-Voltage characteristics 

The current density-voltage characteristics of pure MDMO-PPV and MDMO.PPV:C6Q 

composite electrodes based solid-state PEes in the dark and under illumination with the 

light intensity of 100 mW cm
o2 

are shown in Fig. 4.2. 1. The devices wcre illuminated 

through the PEDOT I ITO side. The devices exhibited a diode behavior in the dark, which 

indicates that the cells have desirable photoelectrochemical propcny. The current at the 

negative potential range remains relatively low while at positive potential a larger current is 

noticed. Under illumination a much larger cathodic current is observed when a negative 

voltage is applied on ITO I MDMO-PPV and ITO I MDMO-PPV:Coo composite electrodes. 

The increase in cathodic photocurrent with increasing potential towards the negative 

direction indicates that the neutral MDMO·PPV is a J}-type semiconductor. Thi resull 

suggests that under negative applied voltage condition the direction of carrier mi gration 

upon applying electric field is the same as that of photoinduced charge separation, resulting 

in large photocurrent. The incorporation of C60 into MDMO-PPV caused no effect on I-V 

characteristics of the PECs in the dark but resulted in significant change in the 1-V character 

under illumination of the PEC, as it is the case for other types of organic phOlovoitnic 

devices with blends of conjugated semiconducting polymer and fuHerene photoactive 

electrodes. 

. cd fr th I· V characteristics of MDMO-
The photoelectrochemical parameters obtam om e 

d t that of the pure MDM O- PPV arc 
PPV:C60 composite based solid·state PEC as compare 0 

shown in Table 3. 

41 



[a] 

-200 

-5xl0~ 

b 
blO"' ~ 

~ c • 
5xlO" " ~ c 

~ 
" u 

< iOo 

. .............. ,'-
..... 

.., 
Potential (mV] 

photo 

da~. 
,,' 

............... 
..... .... . 

200 dark 400 
voltage [mV] 

Fig. 4.2.1. Current-Voltage characteristics the all-solid-state PEe in the dark (---_.) & under 

white light illumination t--) for [al pure MDMO-PPV and Ibl blend of MDMO-PPVlC .. 
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Table 3. Photoelectrochemical parameters ohta' d 5 
. .. . . merom I-V measurements under the same 
Illumination conditIOn for pure MDMO·ppV and MD~ 'I O I» . . 

based solid state PEes. 
IY - I v.e6O compo Itc electrod 

Photoactive layer V,, (mV) IKijulcm' ) FF 
Pure MD MO·PPV 255 0.034 0.28 

MDMO·PPV:C60 composite 146 0.171 0.25 

The results show that MDMO-PPV:C60 comJX)site photoactive electrode PEe has larger Isc 

and smaller Vrx as compared to that of pure MDMO-PPV. According to the literature [701 

the photogenerated electrons transfer from p-type conjugated polymer to C
60 

underwent an 

efficient charge-separation because of large electric field and the ultrafast electron accepting 

property of the C60 molecule. Thus, the drastic increase of Isc is related to the better charge 

transfer in MDMO-PPV:C60 composite electrode. 

Concerning the Voe behavior as it is mentioned before ilS origin is not yet clear in organic 

solar ce lls with conjugated polymer and fullerene photoactive electrode. However, it can be 

estimated that the Fermi level pinning of conjugated polymer when fu llerene is added will 

reduce the Voe compared to that of pure conjugated polymer whcn used as a photoacti ve 

electrode. S lightly lower value of FF for MDMO-PPV:C60 compositc based cell may be due 

to decrease of Voe and a large increase in the IS( as compared to that o f pure MDMO-PPV 

PEC. 

4.2.2. Time dependence of I" and V" 

To see the stabil ity of the photoacti ve electrode towards irradiation and to evaluate the 

I . h bsence of any external applied electric steady state photocurrent and photovo tage In tea 

fi Id . d h tovoltage-time characteristics were examined for the Ie ,the photocurrent-t1rne an P 0 
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PEes with illumination through the front side at the incident light intensity of approximately 

100 mWcm·
2

. Fig. 4.2.2 and Fig. 4.2.3 show the time-<iependent response of the hon. 

circuit current and the open circuit voltage, respectively, of the two solid.state PEes. In both 

cases a very low current is observed before the onset of light (Fig. 4.2.2). When switching 

the illumination on, the current increases steadily and stays fairly constant during the 

remaining illumination time. When the light was turned ofT most of the photocurrent 

decayed abruptly. The systems were more or less stable to irradiation, where no signifi cant 

decay was noticed for a longer time of illumination. The steady state photocurrents observed 

by switching the illumination on are 0.Q3 and 0.23 ~cm' for ITO 1 MDMO-PPV 1 r :r 

, I PEDOT 1 ITO&lTO 1 MDMO-PPV:C" 1 r:I,·PEDOT 1 ITO solid state PECs, respectively. 

In both cases photovoltage increased immediately when the cell was illuminated and 

remained constant during illuminations (Fig. 4.2.3) and it decayed slowly aner stopping 

illumination to a dark potential of 20 mV for pure MDMO-PPV based PEC and to 10 mV 

for MDMO-PPV:C60 based PEe. The steady state photovohage resulted by switching the 

illumination on is 198 and 150 mV for the pure MDMO-PPV and MDMO-PPV/C60 sol id­

state PEe devices, respectively. 
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Fig. 4.2.2. Photocurrent response to switching illumination on and off from the front side of 

the solid-state PECs based on lal pure MDMO-PPV & Ibl MDMO-PPVlC60 blend. 
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Fig. 4.2.3 . Photovoltage response to switching illumination on and off from the front side of 

the solid-state PECs based on lal pure MDMO-PPY & Ibl MDMO-PPy/C" blend. 

4.2.3. Spectral Response 

The photocurrent coll ected at different wavelengths, relative to the number of photons 

incident on the surface at that wavelength determines the spectral response of the device 

(sometimes known as the quantum efficiency or collection efficiency at each wavelength). 

The IPeE is a measure of the number of photons that are converted into electrons withdrawn 

as current by a solar cell device at a given wavelength. The action spectra were plotted in 

tenns of lPCE % at different wavelengths (calculated using Eqn.8.). Fig. 4.2.4 shows IPCE 

% plotted as funct ion of wavelength for [al pure MDMO-PPY and [bl MDMO-PPY:C" 

composite electrode based solid-state PEes obtained under illumination through fron l sides 

and backside of the cell s. The plots suggest that these solar cells can efficient ly convert 

visible light in the region between 350 and 600 nm to photocurrent when illuminated from 

the front s ide . Comparison of front and backside conversion efficiencies showed that front 

side illumination has greater IPCE than backside illumination at the ma.ximum absorbance 



for both cell s. The same explanation as for P3HT/C6Q PEC (section 4.1.3) can be given for 

this difference. However. at higher wavelengths the IPCE from backside is almost similar 10 

those from front side for both cells. For backside illumination, when the absorption constant 

is high (at the maximum absorbance), the excitons will be generated very close to the ITO 

on which the photoactive polymer fi lm has been deposited . Therefore, fewer numbers of 

excitons will reach the photoactive electrode/polymer electrol)1e inlerface . As a 

consequence the photocurrent will be less. 

The maximum IPCE % values for the pure MDMO-PPV and the blend ofMDMO-PPV/C .. 

from front side and backside illumination conditions are compared. For the pure MDMO­

PPV cell maximum IPCE is 0.001 (front side) and 2.4xI0·' (backside) where as for the blend 

of MDMO-PPV/C60 cell maximum [peE is 0.012 (front side) and 3.36xI0·) (backside). The 

high values of IPCE % for MDMO-PPV:C6Q composite electrode based PEC is due to 

greater photocurrent of the cell. 
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Fig. 4.2.4. Action spectrum of the all-solid-state PEes under a) front and b) backside 

illuminatio n. la l MDMO-PPV, Ibl MDMO-PPv/Coo composite electrode. 

To identify the active junction responsible for the photoelectrochemical phenomena, 

comparison of the optical absorption spectrum and spectral photoresponse arc used. Fig. 

4.2.5 shows the normalized photocurrent action spectra of the two PEes under fronl and 

backside illumination together with the optical absorption spectra of pure MDMO-PPV and 

MDMO-PPV with C60 coated on ITO. Normalization was done to the peak value in order to 

facili tate the comparison between the spectral response and the absorption spectrum. 

Actually, it was expected to observe an overlap of IPCE spectrum of solar cell wi th 

absorption spectrum of active layer when illuminated from the front side. As can be seen in 

both cases, when the PEe was illuminated through the front side the action spectrum 

resembles the absorption spectrum, but when illuminated through the backside the action 

spectrum and the absorption spectrum mismatch. Therefore it can be concluded thai the 

Junction responsible for the photocurrent was photoactive electrodclpolymer clcc.trolYlc 

interface. 
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Fig. 4.2.5. Normalized photocurrent action spectrum of (i) pure MDMO-PPV and (ii) blend 

of MDMO.PPV/C60 for illumination through a) front side b) backside and c) optical 

absorption spectrum ofMDMO- PPV and MDMO-PPV/C", films on ITO normalized to the 

peak value. 
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4.2.4. V" and t" dependence on incident light intensity 

Fig. 4.2.6 and 4.2.7, respectively, show the dependence of shon-circuit curren! and open­

circuit voltage on the incident light intensity for the two PEes. The illumination intensity 

was varied from 1 to 100 mWcm'2, Both Voc as well as log 1St increases with increasing log 

P. for each cell. The slope (a value) of log I~ vs log p;" is 0.59 for pure MDMO-PPV based 

PEC and 0.52 for MDMO-PPV/C60 composite PEC. From these values, we can sec that 

there is a recombination of the charge carriers. Furthennore, the less 0. value of MDMO­

PPY/C60 based device can he due to the poor absorption of the polymer and other relaxation 

pathways beside charge transfer from polymer to the C60 acceptor. 

It can be concluded that the analysis of Isc and V DC dependence on incident light intensity 

shows that at all illumination intensity used in this experiment MDMO·PPV/C60 composite 

based PEe exhibited higher photocurrent density but reduced photovoltage . 
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ITO solid-statc PEC. 
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;, CONCLUSION 

;olid state photoelectrochemical solar cells can be Cd' . . onstructe wnh conjugated 
;emiconductlng polymerlbuckmmsterfullerene composite as ph t . I o oacUve e cctrodc. In this 

;tudy solid-state PECs were constructed from P3HT and MDMO PPV d , • as onors, and C60 as 

3.cceptor, in bulk heterojunction structure. Photoelectrochemical and . I . opuea propcJ1ICS of 

these organic devices were studied together with the dependence of IS( and VO( on 

illumination intensity. The dark current-voltage characteristics are rectifying in both the 

devices stud ied, which indicates that the devices have desirable photoelectrochcmical 

property. The effective area of the PEes studied was 1 cm2
• The intensity of the white light 

incident on the ce ll was approximately 100 rnWcm
o2

, 

Photoelectrochemical properties of the polyrner/C60 blend based solid-state PECs were 

compared v. ith that of the corresponding pure polymer PECs. The results show that Isc and 

lPCE % values were increased in many folds while the other measured PEC parameters 

were slightl y less for polymer/C60 based PECs. 

Table 4 summarizes the maximum values of the main solar cell parameters measured for the 

solid-state PECs whose active layer is composed of P3HT/C60 and MDMO-PPV/c.. blends. 

The conjugated semiconducting polymer/C60 stoichiometry is identical (1:1 w/w) in both the 

PECs studied. In addition, the active layer of both PECs is a smooth film indicating phase 

separation at most on the small dimensions. 

Table 4 V I FF and IPCE % for the two solid-state PECs based on polymeriC" blends 
• OCt $C . 

for companson. 

Photoactive layer V", (mV) I" (!lAcm- ) FF \PCE ('Yo) 

P3HTIC", blend 97.8 7.28 0.26 0.43 

0.171 0.25 0.012 
MDMO-PPV ICw blend 146 

. 'd hi variation in V 0<:. lsc. FF and IPeE % 
As can be seen from the table, there IS conSI era e 

between different polymers. 

52 



6. REFERENCES 

I. H. 1. Hovel, Semiconductors and se' I 
mlmeta s, Vol. II, Solar Cell s, academic press 

New York, 1975. ' 

2. H. Shirakawa, E. 1. Louis, A.G. MacD' 'd C . 
larml . .K. Chiang and A. J. Hecger, J 

Cilem. Com., 16 (1977) 578. . 

3. 1. Kaniki , Handbook of conducting polymers ed TASk th' N ' . . . 0 elm, cw York, Marcel 
Dekker, (1986). 

4. W. Banikassegn and O. Inganas, Thin Solid Films, 293 (1997) 138. 

5. G. Gustafsson, M. Sundberg, O. Inganas and C. Svensson, J. Mol. Elecl., 6 (1990) 

105. 

6. C. S. Kuo, F. G. Wakim, S. K. Sengupta and S. K. Tripathy, lpn. J. Appl. Phys., 33 

(1994) 2629. 

7. D. Braun and A. 1. Heeger, Appl. Phys. Lell., 58 (1991 ) 1982. 

8. P. Dyrcklev, G. Gustafsson, O. Inganas and H. stubb, Solid Siale Comm., 82 (1992) 

3 17. 

9. G. Yu and A. J. Heeger, l. Appl. Phys., 78 (1995) 4510. 

10. L. S. Roman, M. Wendimagegn. L. A. A. Pettersson, M. R. Andersson and O. 

Inganas, Adv. Mat., 10 (1998) 10. 

II. Teketel Yohannes and O. Inganas, Solar energy and Solar Cells., 51 (1998) 193. 

12. Teketel Yohannes, and O. Inganas, Synth. Met .. 107 (1999) 97. 

13. Teketel Yohannes and O. Inganas, 1. Electrochem. Soc., 143, 2310; and references 

ci ted therein. 

14. M. Adi, Teketel Yohannes and T. Solomon, Solar Energy Materials (lnd Solar 

Cells., 83 (2004) 301 ·310. 

15. L. C. Chen, D. Godovsky. O. Inganas, M. Svensson and M. R. Anderson, At/v. 

Mater., 12 (200) 1367. 

16. 1. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H. Friend, S. C. 

Moratti , and A. B. Holmes, Nature., 376 (1995) 498. 

17. S. E. Shaheen, C. J. Brabec, F. Padioge" T. Fromherz, J. C. Hummelen, and . S. 

Saricifiic, Appl. Phys. Lell .. 78 (200 1) 841. 



18. T. Lemma, PholoelectrochemicaJ Solar Energy C . 
. . onverslOn, M.Sc. Thesis, Addis 

Ababa Umverslty, Addis Ababa, 2004. 

19. G. Zerza, C. 1. Brabec, G. Gerullo S. De Silvestri and N S S . ·ft · 
, • . " ariel IC, Synth. Mel., 

11 9 (2001) 637. 

20. F. W. Bi llmeyer, Textbook a/polymer Science John Wiely & SIN Y k ' ons, nc., ew or , 
(1971). 

2\' S. Roth, One-Dimensional Metals, VCH Publishing, Inc. New York, NY, (1995). 

22. H. Naarmann, Synlh. Met., 17 (1987) 223. 

23. B. Scrosati, Prog. Solid State Chern., 18 (1988) I. 

24. A. O. Pat il, A. J. Heeger, and F. Wudl, Chern. Rev., 88 (1988) 183. 

25. A. K. Bakhshi, Bull. Mater. Sci., 18 (1995) 469. 

26. W. R. Salenck, and 1. L. Bredas, Solid State Comm, Vol. 92, Nos, 1-2 (1994)3 1. 

27. O. P. Evans, Advances in Electrochemical science and Engineering, Vol. I. VCH 

Veriagsgesell Schaft mbH, 1990. 

28. Teketel Yohannes~ All-Solid-State Photoelectrochemical Solar Energy Conversion. 

Ph.D. dissertations, Addis Ababa, 1997. 

29. H. C. Longuet-Higgeins and L. Salem, Proc. Roy. Soc.A, 251 (1959) 172. 

30. J. A. People and S.H. Walmsley, Mol. Phys., 5 (1962) 15. 

31 . L. Salem, The molecular Orbital Theory of Conjugated polymers, Benjamin, New 

York, 1966. 

32. N. Basescu, Z. X. Liv, D. Moses, H. Naarmann, and N. Theophilou, Nature. , 327 

(1987) 403. 

33 . J. S. Russel, Proc. Roy. Soc., 134 (1844) 150. 

34. J. L. Bredas, R. R. Chance, and R. Si lbey, Mol. Crys., 77 (1981) 319. 

35. J. L. Bredas, B. Themans, J. G. Fripiat, J.M. Andre and R. R. Chance, Phys. Rev. B., 

26 (1982) 5843. 

36. Y. Onodera, Phys. Rev. B., 30 (1984) 30\. 

37. J. L. Bredas,!. C, Scott, K. Yakushi and G. 8. Street, Phys. Rev. 8., 30 (1984) 1023. 

38. A. J. Heeger, S. Kivelson, J. R. Schneffer and W. P. Su, Rev. mod. Phys., 60 (1988) 

782. 

54 



39. A. B. Kaiser, Electronic properties of conjugated 1 
.. po ymers, ed. H. Kuzmany M. 

Mehring, S. Roth, Heidelberg: Springer Verlag, (1987). 

40. S. Kivlson, Phys. Rev. B., 2S (\ 982) 3798. 

41. D. E. Fenlon, J. M. Parker and P. V. Wrighl, Polymer, 14 (1973) 589. 

42. M. B. Armand, Solid Slale Ionics., 69 (1994) 309. 

43 . P. V. Wright, Eleclrochim. Acla. , 43 (1998) 1137. 

44. 1. Owen, C. Booth and C. Price In Comprehensive Polymer S . p , Clence, ergamon 

Press: Oxford, 1989, Ch. 21. 

45. A. Valee, S. Besner and 1. Prudhomme, Eleclrochim. ACla., 37 (1992)1579. 

46. S. Neyetz and D. Brown, Eleclrochim. ACla. , 43 (1998) 1343. 

47. T. Srcekanth, M.1. Reddy and U. V. Rao, 1 Power Sources, 93 (2001) 268. 

48. T. Takeoka, H. Ohno and E. Tsuchida, Polymer for Advanced Technologies, John 

Wiley & Sons: New York, 1993. 

49. P. V. Wright, J. Polym. Sci. , 14 (1976) 955. 

50. M. B. Armand, Solid Slate Ionics., 9/10 (1983)745. 

51. Z. Gadjourova, Y. G. Andreev, D. P. Tunstall and P. G. Bruce, Nalllre, 412 (2001) 

20. 

52. W. Wieczorek, K. Such, Z. Florjanczyk and 1. Przyluski, Electrochim. Acta., 37 

(1992) 565. 

53. J. Li, and I. M. Khan, Macromolecules, 26 (1993) 4544. 

54. S. Kohjiva, S.Takesako, Y. Ykeda and S. Yamashita, Polym. Bull., 23 (1990) 299. 

55. H. OhllO, Electrochim. Acta. , 37 (1992) 1649. 

56. O. Inganas, C. Carlberg and Teketel Yohannes, Electrochim. Acta., 43 (1998) 161 5. 

57 J R C R H Mobbs and 1. R. M. Giles, Makromol.Chem. Rapid Cam .. 7 
.. . raven, . . 

(1986)8 1. 
58. M. Nekoomanesh, H. S. Nagae, C. Booth and 1. R. own, 1 Electrochem. Soc., 139 

(1992) 3046. 
W dl S · 258 (1992) 1474. 

59 N S S . ·ft . L S 'Iowitz A.1. Heeger and F. u , elenee, . . . anci CI, . ml , 

60. G. Horowitz, Adv. Maler. , 2 (1990) 617. 

61. A. K. Ghosh and T. Feng, J. App/. Phys., 49 (1978) 5982. 
A d mic Press New York, 1982. 

62. D. A Seanor, Eleclricai properlies o/polymers, ca e . 

55 



63. T. A. Skotheim, S. W. Feldberg, and M. B. Armand, J. Phys. Paris Colloq.,C3 

(1983)615. 

64. B. O'Regan and M. Gratzel, Nature, 353 (1991) 737. 

65. B. Kraabel, D. MeBraneh, N. S. Sarieiftei, D. Moses and A. J. Heeger, Phys. Rev. B., 

50 (1994) 18543. 

66. D. Gebeyehu, C. J. Brabec, N. S. Sariciftci, D. Vangeneugdcn, R. Kicbooms, 

D.Vanderzande, F. Kienberger and H. Schindler, Synth. Met., 125 (2001) 279. 

67. I. H. Campbell, P. S. Davids, D.L. Smith, N. N. Barashkov and J. P. Ferraris, Appl. 

Phys. Lett., 72 (1998) 1863. 

68. Q. Pei, G. Zueearello, M. Ahlskog and O. lnganas,palymer, 35 (1994) 1347 

69. c. J. Brabec, N. S. Sariciftci and J. C. Hummelen, Adv. Flinct.Mater., II (2001) 15. 

70. V. D. Mihailetchi, P. W. M. Blom, J. C. Hummelen and M. T. Rispcns, J. Appl. 

Phys., 94 (2003) 6849. 



DECLARATION 

I, the undersigned, declare that this thesis is my original work and has not been presented for 

a degree in any other University and that all the sources of materials used for this thesis has 

been duly acknowledged. 

Name: Ushula Mcngesha 

Signature: --t¥'------

This thesis has been submitted for examination with my approval as University advisor. 

Name: Dr. Teketel Yohannes 

Signature: __ 0/lJ~L---_ 

Place and Date of Submission: Department of Chemistry 

Addis Ababa University 

June 2005 


