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Organic and organic/inorganic hybrid solar cells have been receiving a 

significant amount of attention due to their potential to yield 

environmentally friendly and cheap source of energy. As a result they are 

being investigated widely. Making use of nanostructures in such devices 

has also received a great attention as they provide percolative pathways 

for charge carriers by quantum confinement, helping in the improvement 

of the efficiency of the devices. In this thesis bulk heterojunction 

photovoltaic devices have been produced by blending different ZnO 

nanostructures and surface functionalized ZnO nanostructures with poly-

3-hexylthiophene. 

ZnO nanostructures (nanoparticles, nanowires and nanofibers) have been 

produced by different techniques and characterized by XRD, UV-Visible 

spectroscopy and SEM.  ZnO nanoparticles and ZnO nanowires were 

prepared by wet chemical synthesis and thermal decomposition of zinc 

acetate dihydrate respectively. ZnO nanofibers were prepared by 

calcination of polyvinyl alcohol/zinc acetate composite nanofiber, which 

had been produced by the electrospinning process. These nanostructures 

were also surface functionalized with pyrene-1-carboxylic acid and 

characterized. Subsequently, these nanostructures and their surface 

functionalized forms were used to fabricate photovoltaic devices by 

combining them with P3HT and its whiskers. The photovoltaic devices 

have been prepared in two different configurations. In some ITO and 

aluminium deposited by thermal evaporation were used as the 

electrodes, while in the others ITO and silver paste were used. The first 

set of devices had the order glass/ITO/PEDOT:PSS/photoactive layer/Al, 

while the latter had the order glass/ITO/ZnO/photoactive layer/ 

PEDOT:PSS/Ag paste. The PEDOT:PSS and the photoactive layers were 

deposited by spin coating of the suspension of PEDOT:PSS in water and 

the suspension of the ZnO nanostructures in the poly-3-hexylthiophene 

solution respectively. The photovoltaic cells were finally characterized by 

current-voltage characteristics measurement under simulated standard 

illumination conditions. The photovoltaic devices prepared have 

demonstrated photovoltaic properties, but their efficiencies need further 

improvement. 
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As células fotovoltaicas à base de compostos orgânicos e de híbridos do 

tipo orgânico/inorgânico têm recebido bastante atenção devido à sua 

potencial aplicação como fonte de energia limpa e económica. A 

utilização de nanoestruturas neste tipo de dispositivos tem também 

recebido especial atenção já que o confinamento quântico a elas 

associado promove a percolação, facilitando a passagem dos portadores 

de carga o que aumenta a sua eficiência. Nesta tese foram preparados 

dispositivos fotovoltaicos “bulk heterojunction” através da mistura de 

poli(3-hexiltiofeno) com diferentes nanoestruturas de ZnO.  

As nanoestruturas de ZnO (nanopartículas, nanofios e naofibras) foram 

preparadas por diferentes técnicas e caracterizadas por XRD, 

espectroscopia no UV-Vis, SEM e TEM. As nanopartículas e os nanofios de 

ZnO foram preparadas por métodos químicos em solução e 

decomposição térmica de acetato de zinco dihidratado respectivamente. 

As naonofibras de ZnO foram preparadas por calcinação de nanofibras 

compostas por alcóol polivinílico e acetato de zinco preparadas por 

“electrospinning”. As nanoestruturas preparadas foram ainda 

funcionalizadas com o ácido pireno-1-carboxílico. As nanoestruturas 

preparadas, funcionalizadas ou não funcionalizadas, foram misturadas 

com soluções de P3HT de modo a preparar dispositivos fotovoltáticos em 

duas configurações distintas. Numa delas os eléctrodos consistem em ITO 

e o alumínio depositado por evaporação térmica, na outra, os eléctrodos 

consistem em ITO e tinta de prata. O primeiro tipo de configuração 

utilizou a seguinte sequência: vidro/ITO/PEDOT:PSS/camada 

fotoactiva/Al. Na segunda configuração a sequência utilizada foi: 

vidro/ITO/ZnO/ camada fotoactiva/ PEDOT:PSS/Ag. As camadas de 

PEDOT:PSS bem como as camadas fotoactivas foram depositadas por spin 

coating. A caracterização dos dispositivos foi feita através de medições da 

corrente-tensão sob condições simuladas de iluminação padrão. Os 

dispositivos preparados apresentaram actividade fotovoltaica mas a sua 

eficiência ainda precisa de ser melhorada.  
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1. INTRODUCTION 
 

New photovoltaic (PV) energy technologies can contribute to environmentally friendly, renewable 

energy production, and the reduction of the carbon dioxide emission associated with the non-

renewable and expensive fossil fuels and biomass. An alternative to PV technologies based on 

inorganic semiconductors is plastic (polymer based) solar cell technology [1].  

Solar cells are made of semiconductors, either inorganic or conjugated polymer, sandwiched 

between two metallic electrodes, of which one is transparent. Conjugated polymeric materials have 

technological advantages over conventional inorganic materials. Among them are: the reduction of 

production costs by large scale production through a continuous printing process, the possibility of 

easy integration in to different large area flexible devices with different architecture, the possibility 

of solution processing with a very high speed [2],the tunability of the electronic band gap by 

chemical synthesis [3],  high absorption coefficient, hence can absorb photons and produce high 

density of photo excited electrons and holes [1, 4] and the potential to be semitransparent[5]. 

However, the power conversion efficiency achieved by polymer based solar cells is still low, which 

needs to be improved. 

Among the different types of device concepts developed so far, bulk heterojunction solar cells are 

found to show the best performance.  The active layers of such devices are made by blending p-type 

and n-type semiconducting polymer which can phase separate at nano level. It can also be formed 

by blending an electron donating semiconducting polymer with organic or inorganic materials, which 

acts as electron transporting media. Bulk heterojunction provides interfaces throughout the 

photoactive layer for efficient exciton dissociation and can be made in thick layer for efficient 

absorption of light. 

Nowadays organic/Inorganic hybrid solar cells have been receiving much attention as they combine 

the advantages of both entities and are being investigated. The photoactive layer of these bulk 

heterojunction devices is made of a nanocomposite of semiconducting polymers, mainly derivatives 

of poly (phenylene vinylene) PPV and polythiophenes with inorganic semiconductors as fillers. For 

example composites of (MEH-PPV (poly (2-methoxy-5-(2´-ethylhexyloxy)-p-phenylenevinylene)) and 

P3HT (poly (3-hexylthiophene))) with nanostructures (nanocrystals, nanofibers, nanoparticles, 

nanotubes, nanowires, nanoribbons, etc) of inorganic semiconductors (TiO2, ZnO, CdSe, CdS, PbS, 

SnO2 and CuInS2) have been produced by different techniques [6-13] and used as photoactive layer 

in bulk heterojunction solar cells. This type of devices is attractive as it combines desirable 
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properties of the semiconducting polymer with those of the inorganic semiconductor. Moreover, it 

can take advantage of the fascinating properties of nanostructures.  The fabrication conditions of the 

polymer/nanostructured inorganic semiconductor nanocomposites determine the morphology of 

the active layer, which in turn determines its properties (like exiciton dissociation, charge separation 

and transport) and eventually the performance of the device. By optimizing the morphology of the 

bulk heterojunction to nanoscopic phase separation between the electron donor and acceptor, the 

efficiency of the cell may be improved [6]. The achievement of a power conversion efficiency of 10% 

for such devices is sufficient for large-scale commercial installation [14]. 

 

1.1. Problem Statement, Objectives and Outline of the Thesis 
 

Even though polymer-based photovoltaic devices look promising in terms of cost effectiveness, and 

environmental friendliness, their power conversion efficiency is still low, to be commercialized. 

Therefore, it is very important to optimize the morphology of the photoactive layer of such devices 

so that improvement of efficiency of these devices can be achieved, so that they are competitive 

enough with other sources of energy to be commercialized. 

Based on this the objectives of this thesis are: 

 To understand the current state of art of polymer based photovoltaic devices and their 

working principles. 

 To produce and characterize nanostructures of ZnO and P3HT and employ them to fabricate 

and characterize photovoltaic devices. 

 To modify the surfaces of ZnO nanostructures with pyrene-1-carboxylic acid and 

subsequently use them to produce photovoltaic devices. 

 To study the morphology-property-performance relationships of the photoactive layer of the 

photovoltaic devices produced from these nanostructures and optimize the morphology. 

 

This thesis is organized in five main sections. After the introduction, a brief literature review about 

historical background of organic solar cells, conjugated polymers, architectures, working principles, 

fabrication and characterization techniques of polymer based photovoltaic devices, will be 

presented.  In the subsequent sections the experimental part of the thesis will be described followed 

by the results and discussion. In these sections synthesis of nanostructures like P3HT whiskers, ZnO 
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nanoparticles, nanowires and nanofibers will be discusseded. Surface functionalization of ZnO 

nanoparticles, nanowires and nanofibers will also be presented. Subsequently fabrication of hybrid 

organic/inorganic photovoltaic devices employing these materials and their characterization is 

discussed. Finally, conclusions and recommendations will be made based on the analysis of the 

results. 
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2. LITERATURE REVIEW 
 

2.1. Historical Development of Organic Photovoltaics 
 

Photovoltaics is a field of technology and research related to the conversion of sunlight energy into 

electrical energy. The photovoltaic effect was discovered by a French physicist Edmund Becquerel in 

1839, when he observed the photoelectrochemical process during illumination of platinum 

electrodes coated with silver bromide or silver chloride in aqueous solution [15]. The start of organic 

photovoltaics is traced back to 1906, when Pochettino observed photoconductivity in anthracene 

[15]. Organic materials were also used as photoreceptors in imaging systems in the late 1950s.  

The use of polymers in photovoltaics started when Hoegel et al. proposed the practical use of 

poly(vinyl carbazole) as an electrophotographic agent in 1958 [15]. After the discovery of 

conductivity of conjugated polymers in 1970s, different types of these polymers have been tested 

for their photovoltaic properties. They were first investigated in photovoltaic solar cells in 1980s. 

Even though, the efficiency obtained at that time was as low as 0.1% [15], these days the polymer 

based solar cells have been widely investigated and efficiency reaching up to 6% [16] has been 

obtained. Polyacetylene was investigated as the active material in an Al/polyacetylene/graphite cell 

by Weinberger et al. back in 1982. Later different types of polythiophenes were investigated by 

Glenis et al. However these cells had poor power conversion efficiencies. Poly (phenylene vinylene) 

was first investigated by Kargf et al. in ITO/PPV/Al photovoltaic devices in 1993. It yielded power 

conversion efficiency of 0.1% under white light illumination.  

The first heterojunction photovoltaic device was reported by Tang in 1986 which was made by a 

combination of phthalocyanine and perylenetetracarboxylic acid bis-benzimidazole into p-n 

heterojunction [1]. This concept has enabled to increase the power conversion efficiency to 1%. 

After this discovery the concept of heterojunction was applied to different types of donor-acceptor 

heterojunction cells: dye sensitized solar cells, bilayer heterojunction and bulk heterojunction solar 

cells.  In 1991 Hiramoto made the first dye/dye bulk heterojunction photovoltaic device [15]. 

Sariciftci et al. made the first polymer-fullerene heterojunction photovoltaic device in 1993 preceded 

by the discovery of photoinduced electron transfer from polymer to fullerene by Sariciftci.  Later in 

1994 Yu made the first bulk polymer-fullerene heterojunction device.  Yu et al. and Halls et al. 

reported the first polymer/polymer bulk heterojunction independently in 1995 [15]. Ramos et al. 
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reported the use of double-cable polymers in photovoltaic devices [15]. In double-cable polymer, 

fullerene moieties are covalently grafted onto the donor polymer backbone. This helps in the control 

of a bicontinuous phase separation and ensures a large interfacial area between the donor and 

acceptor. These days a blend of conjugated polymers and nanostructures of inorganic 

semiconductors are used to make the active layer of photovoltaic devices. These types of solar cells 

are known as hybrid solar cells [6].  This thesis focuses on the hybrid organic/inorganic bulk 

heterojunction solar cells from poly (3-hexyl thiophene) and ZnO. 

 

2.2. Conjugated Polymers 
 

Conjugated polymers are organic materials containing alternating single and double carbon-carbon 

(sometimes carbon-nitrogen) bonds in their chains. The bonding in conjugated polymers can be 

explained by molecular orbital theory [17], which states that when atoms are brought together their 

respective orbitals interact with each other to form a new set of molecular orbitals. Depending on 

the nature of overlapping of the atomic orbitals two types of bonds are formed. A head on 

overlapping of atomic orbitals leads to the formation of sigma (σ) bond where the participating 

electrons are strongly localized between the bonding atoms. While a lateral overlapping of the 

atomic orbitals leads to the formation of pi (π) bond where electrons are considerably less localized 

between the bonding atoms. The π bond together with a σ bond makes a double bond (or a triple 

bond if an additional π bond is added). 

 
The backbone of conjugated polymers is constituted by sigma bonds formed by head on overlapping 

of planar sp2 hybrid atomic orbitals. The out of plane pz orbitals of adjacent atoms overlap sideways 

to form pi-bonds. This results in the formation of two types pi molecular orbitals, a lower energy 

bonding molecular orbitals (π) and a higher energy anti-bonding molecular orbitals (π*), which is due 

to the splitting of energy levels upon bond formation.  These molecular orbitals overlap and spread 

over the entire molecule and the electrons in these orbitals are delocalized along the whole 

molecular chain.  

As the number of atoms in a conjugated system increases the energy difference between the 

molecular orbitals decreases and the overlapping of these molecular orbitals of a conjugated 

polymer results in the formation of band-like electronic state/ continuous energy bands. The π 

bonding molecular orbitals form the valence band (VB), while the π* anti-bonding molecular orbitals 

form the conduction band (CB).  The lowest energy level in the conduction band is known as LUMO 
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(lowest unoccupied molecular orbital) and the highest energy level in the valence band is known as 

HOMO (Highest occupied molecular orbital). The energy difference between the LUMO and HOMO 

levels, the band gap, also decreases as the number of atoms in a conjugated system increases. I.e. 

the band gap depends on the conjugation length in the polymer chain. The band gap is much larger 

than the energy difference between the molecular orbitals forming a band. The delocalization of the 

pz orbitals of carbon atoms of the polymer backbone forms the dimerization of double bonds, also 

known as Peierls distortion [18], which makes the band gap of the neutral conjugated polymers to lie 

in the range of 1.5 (near IR) to 4 eV (UV), resulting in semiconductor properties [19], which makes 

them suitable for applications in optoelectronic devices. A schematic energy diagram illustrating the 

band structure of conjugated polymer, for example polythiophene, is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1: Band Structure of conjugated polymer ( taken from reference [17]) 

 

Conjugated polymers have been investigated widely for applications in electronics and 

optoelectronics after MacDiarmid, Shirakawa and Heeger showed in 1977 that conjugated polymer 

can be made electrically conductive by doping, when they discovered that the conductivity of the 

conjugated polymer polyacetylene can be increased by seven orders of magnitude upon oxidation 

with iodine, for which they were awarded the Nobel Prize in Chemistry in 2000 [1].  Doping involves 

oxidation (p-doping) or reduction (n-doping). For example when the conjugated polymer is oxidized 

to produce p-doped material, electrons are removed from the polymer leaving holes. The holes can 

be filled by electrons hopping resulting in electrical conductivity. 
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Conjugated polymers and molecules have the immense advantage of facile, chemical tailoring to 

alter their properties, such as the band gap. Conjugated polymers combine the electronic properties 

known from the traditional semiconductors and conductors with the ease of processing and 

mechanical flexibility of plastics. Therefore, this new class of materials has attracted considerable 

attention owing to its potential of providing environmentally safe, flexible, lightweight, inexpensive 

electronics [1]. These days conducting polymers have also found applications in sensors, 

biomaterials, light emitting diodes, thin film transistors, corrosion protection agents, batteries and 

solar cells. Since conjugated polymers were first investigated in photovoltaic solar cells in 1980s [15], 

they have been widely exploited and undergone through different development stages and these 

days the polymer based solar cells have achieved efficiency reaching up to 6% [16]. 

 

2.3. Architectures of Polymer Based Photovoltaic Devices 

 

A polymer based photovoltaic device is made in a planar-layered structure, in which a photoactive 

layer is sandwiched between two electrodes with different work functions one of which is 

transparent or semi-transparent, so that it allows light to reach the photoactive layer. This electrode 

is often Indium-tin-oxide (ITO), but a thin metal layer can also be used.  The ITO is usually coated 

with a thin layer of PEDOT:PSS (poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate)), which 

smoothes rough ITO surface and act as exciton blocking layer/hole transporting media.  The 

chemical structures of PEDOT and PSS are shown in Figure 2.  

 

                                     (A)                                                   (B) 

Figure 2: Chemical structures of A) PEDOT and B) PSS  

 

The other electrode is very often aluminium (calcium, magnesium, gold and others are also used) 

[15].   The arrangement of these layers in polymer solar cell is indicated in Figure 3.   
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Figure 3: The structure of a polymer solar cell [20] 

 

Regarding the morphology of the photoactive layer, so far roughly three different device concepts 

have been developed for polymer PV devices that meet the energetic, morphological and charge 

transport requirements [9].  Accordingly, the photoactive layer can have a single layer of 

semiconducting polymer, a double layer of a p- and n-type polymer semiconductor or a bulk hetero 

junction of electron donor polymer (p-type) and electron acceptor species (may be n-type polymer 

or fullerene or n-type inorganic semiconductors).  

For organic photovoltaic devices comprising a single polymeric semiconductor active layer external 

quantum efficiencies are typically below 1% [5]. This is attributed to the fact that organic materials 

have a lower dielectric constant and the exciton binding energy is larger than for inorganic 

semiconductors, which retards the dissociation of excitons into electrons and holes [1, 16].  For 

active dissociation of excitons, two layers are required as it occurs at interfaces. This led to the 

discovery of bilayer heterjunction. In a bilayer heterojunction polymer solar cell the photoactive 

layer contains two layers, an electron donating p-type polymer and an electron acceptor n-type 

polymer. Therefore employing bilayer heterojunction (p and n-type materials) overcomes the 

problem encountered by the single layer. 

To harvest a large amount of photons the optical density of the layer should be high, i.e. the layer 

should be thick enough. However, the diffusion length (about 10 nm) of exciton is very short and 

recombination occurs before it reaches the interface [18]. Therefore, it is necessary to use thin 

layers in a bilayer heterojuction solar cell.  The overall effect is that the power conversion efficiency 

of a bilayer heterojunction is limited due to the small percentage of light absorbed by the thin layer. 

To keep the thickness of the film large enough for efficient absorption of light and make the distance 

to interfaces very short at the same time, it is important to blend p and n-type materials at the nano-

scale level (about 10 nm). Thus interface is distributed throughout the device. Hence, most of the 

photo generated excitons are likely to find an interface and dissociate before recombining if the 

charge transfer is significantly faster than competing recombination channels, either radiatively or 
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non-radiatively. This concept of blending p-type semiconductors with n-type semiconductors has 

become popular under the name bulk heterojunction composites [5], which was introduced 

together with the discovery of ultrafast charge transfer between p-conducting polymers and 

fullerenes by Sariciftci in 1992 leading to the development of donor–acceptor type polymer solar 

cells, in which p-conducting polymers act as the donor and fullerene acts as the acceptor [21]. 

Therefore, the photoactive layer of a bulk heterojunction polymer based solar cell contains a blend 

of two components, electron donor and electron acceptor. The electron donor is a p-type polymer 

while the electron acceptor can be an n-type polymer, electron accepting organic molecules like 

fullerene or n-type inorganic semiconductors. The two components should be able to phase 

separate at the nano-scale. The bulk heterojunction enables short exciton paths to the interface and 

can be made into thick layers (up to 100 nm) to harvest most light.  Therefore, the performance of 

such bulk heterojunction devices is expected to be higher compared to those of devices made from 

single components or donor-acceptor bilayer heterojunction devices. Figure 4 shows the comparison 

of architectures of the bilayer and bulk heterojunction solar cells.  

 

 

 

 

 

 

                              (A)                                                                                                   (B) 

Figure 4: Device structures of (A) a simple (bilayer) photovoltaic device and (B) the bulk-heterojunction concept [1] 

 

2.4. Principles of Operation of Donor-Acceptor type polymer based 
solar cells 
 

For efficient conversion of the solar energy into electrical energy to take place by a polymer based 

solar cell three fundamental processes occur in the cell: A) Light absorption and Exciton generation 

B) Exciton diffusion and Exciton Dissociation/Charge separation and C) Charge transport and 

collection [22, 23].  
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When the photoactive layer is illuminated, the polymer (donor) absorbs light which excites electrons 

from the HOMO level to LUMO level creating an exciton (electron-hole pair).  The photogenerated 

excitons then migrate and reach the donor-acceptor interfaces to dissociate into holes and 

electrons. Therefore thin layers of the materials, less or equal to exciton pathway length are 

required for the excitons to reach interfaces before recombination. The dissociation of the exciton 

can only occur efficiently at interfaces because of the high exciton binding energy of polymers, 

hence the need for two components. The difference in electron affinities creates a driving force at 

the interface between the two materials that is strong enough to split photogenerated excitons [5]. 

The electrons are then accepted by the electron acceptor; i.e. they pass from the LUMO of the donor 

to the LUMO or the CB of the acceptor. Subsequently, the electrons are injected from the LUMO of 

the acceptor into the cathode (eg. Al), the electrode with lower work function. The holes are 

transferred from the HOMO of the donor into the anode (e.g. ITO), the electrode with higher work 

function.  Work function (φ) is the energy needed to remove an electron from a solid to a point 

immediately outside a solid surface.  A material with high work function has high electron affinity, 

while a material with low work function has low ionization potential. 

The internal electric field created because of the difference in the work functions of the two 

electrodes is the driving force for the transport of the charge carriers.   Electron flow is obviously 

more favoured from the low-work function electrode to the high work function electrode, i.e. 

forward bias. This phenomenon is known as rectification [15]. This results in accumulation of 

negative and positive charges on the high work function electrode and the low work function 

electrode respectively.  Therefore, an internal electric field is developed directing from low work 

function electrode to high work function electrode. Thus under illumination of the photovoltaic 

device the electron and the hole migrate to the low work function electrode and the high work 

function electrode respectively; i.e. photocurrent flowing in reverse bias direction. 

The high hole transporting property of the donor material and the electron transporting property of 

the acceptor is desirable for efficient collection of charge carriers at the electrodes. Figure 5 

illustrates the working principles and the band energy diagram for a donor-acceptor type polymer 

based photovoltaic device. 
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                                                (A)                                                                    (B) 

Figure 5: (A)Illustration of working principles of polymer based Photovoltaic Device. (B) Energy level diagram for polymer 

based solar cell. All energy levels are relative to the vacuum energy level, the energy of a static free electron at infinity 

[10].  

 

2.5. Polymer Nanocomposites in Bulk Heterojunction Photovoltaics 
 

As the photoactive layer of bulk heterojunction photovoltaic device is made of two components it is 

classified as a composite material. The morphology of this layer has a direct influence on the 

properties and performance of the device.  The most intensively investigated bulk heterojunction 

concept is the system consisting of an electron donating polymer combined with an electron 

accepting fullerene [16]. In these bulk heterojunction solar cells, two types of conjugated polymers 

are widely used, namely derivatives of poly(phenylene vinylene) PPV and polythiophenes. With 

poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO PPV) and [6,6]-phenyl-

C61-butyric acid methyl ester (C60-PCBM) or [6,6]-phenyl-C71-butyric acid methyl ester (C70-PCBM) 

efficiencies of around 3% could be achieved [16].  With poly(3-hexyl-thiophene) (P3HT) as hole 

transporter and C60-PCBM as electron transporter 5% efficiency has been reported for optimized 

cells. Many other conjugated polymers have been tested, but none of them could thus far (used 

solely) top the 5% of P3HT, a regio-regular polythiophene with good stacking behaviour [16].  

Devices made according to this concept have reached efficiencies of 4–5% under standardized test 

conditions (AM1.5, 100 mW/cm2) [24].  Figure 6 shows the chemical structures of the polymers 

P3HT, MDMO-PPV and the electron acceptor molecule C60-PCBM. 
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                     (A)                                                   (B)                                                        (C) 

Figure 6: Chemical structures of (A) P3HT, (B) MDMO-PPV and(C) C60-PCBM [25] 

 

Higher efficiencies of the bulk heterojunction photovoltaic devices have been achieved using phase-

separated composite materials through control of the phase separation into an interpenetrating 

network of organic donors and acceptors sandwiched between two electrodes with different work 

functions. Due to the necessity of bipolar charge transport in the bulk of such devices a strong 

connection between the efficiency and the morphology is expected [25]. By changing the solar cell 

architecture to a tandem cell an increase in power conversion efficiency from 5.5 % to 6 % is 

achieved by utilizing a donor-acceptor low band gap polymer- blending of alkanedithiols [16]. 

Nowadays organic/Inorganic hybrid bulk heterojunction photovoltaic devices making use of p-type 

polymer as electron donor and nanostructured inorganic semiconductors as electron acceptor has 

emerged and is being widely investigated. Inorganic semiconductors offer advantage in making 

polymer nanocomposites for solar cells as they have high electron mobility and excellent chemical 

and physical stability [8].  However, there are risks of phase separation at macro level because of 

incompatibility of the two components. Therefore, the inorganic nanostructures require surface 

modification to be well dispersed in the polymer solution, so that phase separation occurs at 

nanoscale. 

Employing nanostructured materials in polymer based solar cell is expected to improve the 

efficiency of the device, because of their high surface area to volume ratio, they will lead to an 

increase of the total interface area in bulk heterojunction solar cell which helps in the efficient 

dissociation of photogenerated excitons. They also help the photogenerated excitons to reach 

interfaces before recombination occurs, as their dimension is usually less than or closer to the 

exciton diffusion length. Moreover, nanostructures like nanowires and nanofibers  provide extended 

pathways for charge carriers towards electrodes because of quantum confinement leading to 

improvement of charge carrier mobility [23]. This would also help in increasing the thickness of the 
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photoactive layer so that most part of the incident photons is absorbed. Furthermore, 

nanostructured inorganic semiconductors are attractive because of ease of fabrication, good control 

of film morphology, and interfacial properties [26]. Using nanowires and nanofibers looks 

advantageous compared to nanoparticles, which should be used in high concentration so that they 

will form interconnected paths for transport of charge carriers or at least in close proximity for 

charge carriers to be transported by hopping.  

 

The ideal structure of bulk heterojunction solar cell has been demonstrated by Gunes et al. [23]. It 

should contain the two phases, electron acceptor and donor interspaced, so that the thickness of 

each layer should be equal or less than the exciton diffusion length.  For high charge carrier mobility 

the two phases should be interwoven in a percolated pathway as shown in Figure 7.  Placing a pure 

donor and acceptor phases at hole collecting and electron collecting electrodes respectively 

minimizes losses by recombination and these phases also act as diffusion barriers for wrong charge 

carriers at the respective electrodes. 

 

 

 

 

Figure 7:  Ideal structure of a bulk heterojunction solar cell [23]. 

 

As nanostructures are promising in the improvement of the efficiency of organic photovoltaic 

devices, it is worth considering the fabrication of nanostructures which can be applied in this area. 

Several techniques of production of nanostructures of various materials have been developed and 

their applications in different areas are being explored. The next section discusses one of the 

methods of fabrication of nanostructures, the electrospinning process, which is used to produce 

nanofibers of various materials. 

2.5.1. The Electrospinning Process 

 

Electrospinning is a process that creates nanofibers through an electrically charged jet of polymer 

solution or polymer melt [27]. The history of electrospinning process dates back to 1745, when Bose 
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created an aerosol spray by applying a high potential to a liquid at the end of a glass capillary tube 

[28]. It became a viable fiber spinning technique in the early 1930s and a patent was issued to 

Formhals in 1934 for his development of experimental setup for the production of polymer filaments 

using electrostatic force [27, 29, 30].  The electrospinning process has recently received great 

attention because of its simplicity, versatility and potential in the manufacturing of nanostructured 

materials [31].  Various materials including polymers, composites, ceramics and metals have been 

successfully electrospun into nanofibers in recent years mostly in solution and some in the melt [32]. 

The electrospinning equipment has basically three major components: a high voltage supplier, a 

capillary tube with a needle of small diameter (a spinneret) and a metal collecting screen. A 

schematic diagram of the electrospinning apparatus is shown in Figure 8. 

 

 

 

  

 

 

Figure 8: Schematic representation of the electrospinning process [33].  

 

In the electrospinning process the solution to be electrospun is taken into a syringe, which is 

attached to a metal needle through a teflon tube. The syringe is usually driven by a computer 

software controlled pump, which pumps the polymer solution at a low flow rate into a capillary tip. 

A high voltage electric field is applied to the solution, by attaching one terminal of the voltage 

supplier to the needle and the other to the metal collecting screen.  

The high voltage induces charges in the fluid droplet at the tip of the needle (capillary). Mutual 

charge repulsion in the polymer solution induces a force that is directly opposite to the surface 

tension of the polymer solution. An increase in the electrical potential initially leads to the 

elongation of the hemispherical surface of the solution at the tip of the capillary tube to form a 

conical shape known as the Taylor cone [34]. The formation of Taylor Cone is shown in Figure 9. 
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(a) stage 1                             (b) stage 2                 (c) stage 3 

Figure 9:  Formation of Taylor Cone [34] 

 

A further increase in potential causes the charge to reach a critical value, at which the electrostatic 

force overcomes the surface tension forces to cause the formation of a jet that is ejected from the 

Taylor cone [33]. The charged jet undergoes instabilities and gradually thins in air primarily due to 

elongation or stretching by electrical forces and solvent evaporation. The charged jet eventually 

forms randomly oriented nanofibers that can be collected on a stationary or rotating grounded 

metallic collector. Figure 10 shows a schematic diagram of the path of the electrified jet from the 

Taylor cone to the collector. The straight jet segment coming out of the Taylor cone is transformed 

into a three dimensional coil as a result of electrical bending instabilities. The coil is even 

transformed into smaller spirals until the jet solidifies by evaporation of the solvent. At least four 

successive bending instabilities are observed in some electrospinning experiments [35].  The fibers 

are finally collected on the metal collecting electrode in the form of coils because of electrical 

bending, branched fibers, conglutinated networks of fibers and garlands forming a non-woven mat. 

Conglutination refers to the processes by which partially solidified jets can produce fibers that are 

attached at points of contact. Garlands are nanofiber networks formed when loops of an 

electrospinning jet conglutinate in flight [35]. The nanofibers can also be obtained as aligned fibers 

depending on the geometrical arrangement of the collecting electrode. Collectors like parallel plates 

and rotating drums enable alignment of the fibers [27, 36]. Some applications require non-woven 

mats while others require aligned fibers. 
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Figure 10: Path of an electrospinning jet [35] 

 

Electrospinning is the most convenient technique to produce nanofibers and enables mass 

production and thus can be upgraded to industrial scale, as it enables mass production of one-by-

one continuous nanofibers [37]. Moreover it is easy, fast and of low cost [35].  Electrospinning can 

produce continuous nanofibers of smaller diameter compared to synthetic textile fibers and 

common natural fibers by several orders of magnitude and it also allows tuning of the fiber diameter 

from nanometer to microns. Mats constituting fibers of diameter range 50-900 nm can be produced 

by electrospinning from various materials including polymers, composites, ceramics and metals in 

form of solution and melt [31, 32]. Fibers with a much lower diameter can also be produced under 

controlled condition from low concentration solutions of high molecular weight polymer. However, 

it is not consistent even at laboratory scale.  

The main drawback of electrospun fibers is the appearance of beads which is not desirable. It mainly 

occurs when parameters are adjusted to produce smaller diameter fibers. The formation of beads is 

because of the lower surface tension of the solution[38]. As the different processing parameters are 

adjusted to decrease the diameter of the fiber the number and size of beads observed increases[38]. 

Young Liu et al. [38] demonstrated that the number and size of beads in electrospun fibers can be 

appreciably reduced and can even be completely prevented by adjusting weight concentrations, 

addition of salt additives and variation of solvent.  

The size and morphology of the nanofibers are affected by three classes of factors, which in turn 

influence the properties and performance of the nanofibers during application. These are solution 

parameters, processing parameters, and the environment.  
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Unfortunately, it is difficult to electrospun conducting polymers into nanofibers because of their low 

molecular weight (solutions of low viscoelasticity) and limitation of a suitable solvent for the 

electrospinning process [39].  

 

2.6. Poly-3-Hexylthiophene and Zinc Oxide 

 

Poly-3-alkylthiophenes are an important class of conducting polymers because of their solubility, 

processability, and environmental stability; they also possess excellent electrical conductivity, 

electroluminescent properties, and nonlinear optical activity among the polythiophenes [40]. The 

alkyl side chain is responsible for the solubility of the polymer and facilitates the solution processing. 

The properties of poly-3-alkylthiophenes depend on the head-to-tail regioregularity of the chain. 

Because of lack of molecular symmetry, two 3-alkylthiophene molecules can couple in three 

different types of orientation. These are head-to-tail (HT), head-to-head (HH) or tail-to-tail (TT) 

couplings when the two thiophene rings are coupled between the 2 and 5 positions, the 2 and 2 

positions or the 5 and 5 positions respectively.  A regioregular chain is obtained when the 3-

alkylthiophe molecules couple in HT fashion throughout the chain; otherwise it will be random with 

HH, TT and HT couplings in the chain. Usually the regioregularity is expressed in percentage. Figure 

11 shows the structures of the three types of diads of poly-3-hexyl thiophene. 

 

 

 

 

 

 

 

 

 

(A)                                        (B)                                            (C)          

Figure 11: Chemical structure of diads of  poly-3-hexylthiophene. (A) 2-5 linkage (HT), (B) 5-5 linkage (TT) and (C) 2-2 

linkage (HH) 
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The regioregular HT coupled poly -3-alkylthiophenes has good electrical and physical properties as it 

can easily access a low-energy planar conformation. While the regiorandom ones display poor 

electrical and physical properties as steric repulsion between the alkyl chains and with the lone pair 

on the adjacent sulphur atoms results in twist of thiophene rings and causes a breakdown of the 

planarity of the main chain, which results in loss of conjugation [40] and the irregular placement of 

the solubilising alkyl substituents prevents efficient solid-state packing [41].  

 

Attributed to its properties (good physical properties, good hole mobility and low band gap (1.9 

eV)[2, 20]), poly(3- hexylthiophene) has been employed in the development of optoelectronic 

devices, one of which is photovoltaic devices. It has been used in bulk heterojunction photovoltaic 

devices as electron donor with various electron accepting materials like fullerene [16] and inorganic 

semiconductors such as TiO2 [8, 12] and ZnO [13, 42, 43].  A relatively low band gap of poly(3-

hexylthiophene) is a desirable property as it helps the absorption spectrum of the polymer to better 

overlap with the solar spectrum and help improving the efficiency of polymer based photovoltaic 

device.  

 

Zinc oxide is a II-IV semiconductor with a wide direct band gap of 3.37 eV [44] and a large exciton 

binding energy of 60 meV [45]. It has been recognised as a promising semiconductor for different 

applications. It has been applied in making different devices like sensors, solar cells, light emitting 

diodes and field effect transistors. Recently nanostructures of ZnO have received attention because 

of the fascinating properties of distinct nanostructured materials, which include nanoparticles, 

nanorods, nanoribbons, nanobelts, nanowires, nanotetrapods and nanofibers by different 

techniques [45]. These nanostructures provide extended pathways for charge carriers due to 

quantum confinement.  As a result they enable the production of micro/nano electronic and 

optoelectronic devices with superior performance.   

 

 2.7. Fabrication and Characterization Techniques of Polymer 
Based photovoltaic devices 
 

Polymer based solar cells are usually produced by depositing the active layers on ITO coated glass 

and thermal evaporation of the back electrode.  The deposition of the  layers of the polymer based 

photovoltaic devices can be made on a substrate by several techniques such as: spin-coating, screen 
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printing, spray coating, or ink jet printing, resulting in large area, ultrathin, flexible and low cost 

devices [18]. 

The performance of organic photovoltaic devices is usually given by the parameters - external 

quantum efficiency and power conversion efficiency. External quantum efficiency (EQE) (or quantum 

efficiency) is the number of electrons collected by the electrodes per incident photon of a given 

energy or wavelength.  It is also known as incident photon to current efficiency and is given by:  

 
1240sce sc

inph in

hcn II
EQE

en PP λ λ
= = =  (1)  

 

Where, ne is the number of electrons generated by nph incident photons of specific wavelength, Pin is 

the power of the incident light, h is the Planck’s constant, c is the speed of light, λ is the wavelength 

of light, Isc is the short circuit current and e is the charge of electron.  

 

The power conversion efficiency of a photovoltaic device is determined by measuring its current 

density-voltage characteristics in dark and under illumination under standard conditions.  The 

illumination is usually provided by a solar simulator, which replicates the solar spectrum. There exist 

three standard spectra for testing photovoltaic devices set by The American Society for Testing 

Materials (ASTM) shown in Figure 12; they are AM0 (extraterrestrial) spectral irradiance, and AM 1.5 

terrestrial solar spectral irradiance (global total spectral irradiance (AM 1.5G) and direct normal 

spectral Irradiance (AM 1.5 D)). The AM0 is the solar spectrum outside the Earth’s atmosphere at 

mean Earth-Sun distance. It is useful to evaluate the performance of a photovoltaic device in space. 

The AM1.5 spectrum is the solar spectrum after  passing through the atmosphere 1.5 times, which is 

equivalent to the level at solar  zenith oblique angle of 48.2o and the total intensity is approximately 

100 mW/cm2 [46].  AM 1.5G and AM 1.5D differ in the orientation of the surface receiving the 

radiation.  AM1.5G is the spectral irradiance at the 37O sun facing tilted surface and AM1.5 D is the 

spectral irradiance on surface with surface normal tracking the sun.  These spectra provide a single 

common reference for evaluating photovoltaic devices with respect to performance measured under 

varying natural and artificial sources of light with various spectral distributions. In some cases 

calculation of the efficiency of the devices is made by considering the spectral mismatch between 

the reference spectra and the actual light source or solar simulator used in an experiment [5]. The 

efficiency value obtained is multiplied by a mismatch factor. 
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Figure 12: ASTM G173-03 reference spectra for evaluation of solar cells [47] 

 

In the dark the device acts as a diode and has a rectifying behaviour, which can be expressed by a 

rectification ratio.  Rectification ratio is defined as the ratio of the current at a high voltage V divided 

by the negative of the current at the corresponding negative potential –V [48]. Under forward bias a 

large amount of current exists and almost no current exists under reverse bias. Under illumination a 

photovoltaic device generates current in reverse-bias direction. The important parameters in 

characterizing the performance of a solar cell are short circuit current density (Jsc), open circuit 

voltage (Voc), fill factor (FF) and power conversion efficiency (η). The short circuit current is the 

maximum current generated by the solar cell. The positive applied voltage opposes the 

photocurrent; positive applied voltage shows positive biasing of the anode. At a certain value of the 

applied voltage, the open circuit voltage, the current flowing through the device is zero. A typical I-V 

characteristic of a photovoltaic device is shown in Figure 13.  In between the Jsc and the Voc the 

device generates power and the maximum output is achieved at one point (Jmax, Vmax).  

 

 

 

 

 

 

 

 

 

 

(A)                                                                          (B) 

Figure 13:  I–V curves of an organic PV cell under dark (A) and illuminated (B) conditions[15]. 
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Fill factor of a solar cell is defined as: 

 max max*
*SC OC

J VFF
J V

=  (2)  

 

The fill factor shows the squareness of the J-V curve in the fourth quadrant. The fill factor relates the 

maximum output power of the device to the short circuit current and the open circuit voltage. 

The power conversion efficiency of a solar cell is defined as the ratio of the maximum output power 

to the power of the incident light. 

 
* *

*100% *100%
sc ocout

inin

FF J VP

PP
η

 
= =  

 
 (3)  

The Voc of polymer based solar cells depends on the energy difference between the LUMO of 

acceptor and HOMO of donor minus the exciton binding energy, while the Jsc depends on the 

amount of the absorbed light in the photoactive layer, on the carrier mobility of the donor and the 

acceptor region, on the morphology of the photoactive layer, on the nature of the contacts between 

the photoactive layer and the electrodes as well as the conductivity of the electrode materials [14, 

22]. Bulk heterojunction solar cells based on polymeric semiconductors show unusual Voc (high), 

being in the range of 800 mV for ITO/conjugated polymer–fullerene/Al devices [5]. 

 
 
For further understanding of the electrical behaviour of a solar cell and extraction of solar cell 

parameters from experimental results of J-V measurements, it is important to consider the electrical 

model of a solar cell. A real solar cell can be represented by an equivalent electrical circuit as shown 

in Figure 14, which contains a current source in parallel with a diode including shunt resistance and 

series resistance components. 

 

 

  

 

  

 

Figure 14: Replacement circuit for organic solar cell [5]. 
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The diode current density and the current density through the parallel resistance component are in 

opposite direction to the photogenerated current density. Therefore, from Kirchhoff’s rule the 

output current density under illumination can be written as:   

 ph diode SHJ J J J= − −  (4)  

From this relation and by modifying a Shockley diode equation the characteristic equation for a solar 

cell can be written as: 

 
( )

exp 1s s
ph s

sh

e V JR V JR
J J J

nkT R

  + +
= − − −    

 (5)  

The diode current density is given by the Shockley diode equation:      

 

 
( )

exp 1
j

diode s

e V

nkT
J J

  
= −  

  

 (6)  

 

Where, Vj = V + JRs, e is the charge of an electron, n is diode ideality factor, k is the Boltzmann 

constant, T is the temperature. kT=25 meV at room temperature. Js is the saturation current density; 

J and V are the output current density and voltage respectively.

 
Here follows a method of extracting parameters from measured J-V data according to reference 

[49]. The shunt resistance of a photovoltaic device can be determined by a linear fit of the reverse 

bias current density - voltage characteristics. RSH >> Rs and for large reverse bias voltage –eV >> kT; 

thus equation 5 becomes:  

 ph s

sh

V
J J J

R
= + −  (7)  

This implies Rsh can be determined from the slope (-1/Rsh ) of  the linear part of the curve.  The J-V 

data is corrected by considering the value of Rsh obtained to extract the rest of the parameters. 

Accordingly by considering that Rsh>>Rs equation 5 becomes 

 
( )

exp 1s

ph s

e

nkT

V JR
J J J

  
= − −   

  

+  (8)  

Taking, 
e

kT
β =

  
 , approximating Js=0 and writing equation 8 in logarithmic form it becomes 

 ln( ) ) ( )( sph s
J ln V JJJ R

n

β
− = + +  (9)  
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For a point (Vo,JO) in the Rsh corrected J-V data  equation 9 becomes 

 

 ln( ) ) ( )( sph o o os
ln JJ J V J R

n

β
− = + +  (10)  

Subtracting equation 10 from equation 9 one will get 

 ln( ) ln( ) ( ) ( )s sph ph o o oJ V JJ J J V JR R
n n

β β
− − − = + − +  (11)  

Equation 11 can be rewritten as 

 
1

ln( ) ( )
ph o

s

o ph o o

J VJ V
R

J n JJ J J J

β− −
= +

− − −
 (12)  

Taking    
1

ln( )
ph

o ph o

JJ
Y

J J J J

−
=

− −
   and     o

o

V V
X

J J

−
=

−
  equation 12 can be written as  

 ( )sY X R
n

β
= +  (13)  

The plot of Y versus X gives a straight line. The Diode ideality factor is obtained from the slope and 

the series resistance value is obtained from the Y-intercept of the plot. 

The saturation current density is obtained from equation 8 after correcting the J-V data by taking the 

value of Rs into consideration. The plot of ln(Jph-J) versus V  is a straight line with ln (Jph-J) axis -

intercept of ln(Js) and new value of n is also obtained from the V-axis intercept. 



                                                                                                                                  EXPERIMENTAL METHODS 

                                                                                                                                                                       24 
Fabrication of Solar Cells from Poly-3-hexylthiophene and ZnO Nanostructures 

 

3. EXPERIMENTAL METHODS 
 

3.1. Chemicals and Materials  
 

Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)(1.3 wt % dispersion in H2O, conductive 

grade), Poly(3-hexylthiophene-2,5-diyl) (regioregular), tetramethyl ammonium hydroxide 

pentahydrate (purum, ≥97%) and ethyl acetate (99.5+% biotech grade solvent) were purchased from 

Sigma-Aldrich. Zinc acetate dihydrate (puriss. P.a. Acs; ≥99.5%(KT)), dimethyl sulfoxide (DMSO) 

(purum; 99.0% (GC)), acetone (Puris. P.a. Reag. Acs.; Reag. ISO; Reag. Ph. Eur) and isopropanol 

(Purum; ≥ 99.0% (GC)) were purchased from Fluka. P-xylene (99%, pure) and chlorobenzene (99+ %, 

pure) were purchased from Acros Organics. Poly(vinyl alcohol) (Average molecular weight: 30,000-

70,000 (LALLS)) and Polyvinyl alcohol (Average molecular weight: 72000) were purchased from 

Sigma Chemicals Co.,USA and Fluka Chemie AG. CH-9470 Buchs, Switzerland respectively. Ethanol 

absolute PA was purchased from Panreac, Spain. ITO un-laminated glass 100X100X1.1mm was 

bought from Optical Filters Ltd, UK. 

The scanning electron microscope (SEM) images were obtained using an Hitachi Su-70 Analytical 

Scanning Electron Microscope (Japan). The transmission electron microscope (TEM) images were 

obtained using an Hitachi H-9000 electron microscope. The UV-Visible spectra were acquired on a 

Jasco double beam V-560 UV-visible spectrophotometer (Japan) using deuterium lamp and halogen 

lamp for UV light and visible light respectively. A Spellman CZE 100PN30 model voltage source 

(output: 0-30KV/300 μA, input: 115V AC) from Spellman High Voltage Electronics Corporation (USA) 

and a Harvard Apparatus PHD 2000 syringe pump (USA) were used in electrospinning experiments. 

The X-ray diffraction patterns were recorded on a Philips Diffractometer model X’pert MPD, 

Netherlands. Spin coating experiments were done using a model: Spin150 spin coater from APT 

GmbH, Germany. ROTOFIX 32A Type:1206 centrifugator from Hettich Zentrifugen, Germany and 

Ultrasonic bath - Ultrasons-H, from J.P. Selecta, s.a, Spain were also used. A Furnace - from Termolab 

Fornos Electricos, Lda, Portugal was used for calcinations, thermal decompositions and annealing 

and Vacucell vacuum drying oven was used to anneal polymer and polymer nanocomposite films.  

Julabo F12-MP refrigerated circulator, from Julabo Labortechnik GmbH, Germany was used for 

cooling at controlled rate and a FLUKE 54II Thermometer, from Fluke Corporation, USA was used to 

record the temperatures. The current density-voltage characteristics of the photovoltaic devices 

were measured with a Keithley 228A voltage/current source and Keithley 2000 multimeters under 
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simulated AM 1.5 solar spectrum. The light source was a 50W halogen lamp powered with a power 

supply ES 030-10 from Delta Elektronika. 

3.2. Procedures 

3.2.1. Production of ZnO Nanostructures 

 

Production of ZnO nanowires  

ZnO nanowires were prepared according to reference [45]. In the process 0.5 g of zinc acetate 

dihydrate was placed in an alumina crucible covered by an alumina lid. The crucible was heated in an 

oven at 300 oC for 15 hours. The heating rate was 10 oC/min and the cooling rate was about 5 

oC/min. The zinc oxide nanowires were obtained in powder form on the wall and lid of the crucible. 

The morphology of the nanowires was observed by SEM. The ZnO nanowires were also characterized 

by XRD spectroscopy and UV-visible spectroscopy.  

 
Production of ZnO nanoparticles 

 

ZnO nanoparticles were prepared by a procedure adapted from reference [50]. 30 ml of 0.552 M 

tetramethyl ammonium hydroxide was added dropwise using a separatory funnel, to 90 ml solution 

of 0.101 M zinc acetate in dimethyl sulfoxide (DMSO) taken in a beaker under constant stirring. A 

clear solution was formed. The temperature was 22 oC. Ethyl acetate was added to the mixture and a 

turbidity of the solution was observed. The turbid solution was allowed to stand for one day to allow 

the precipitation of the nanoparticles.  The supernatant solution was decanted and the precipitate 

was washed with ethyl acetate and redispersed in ethanol. A cloudy solution was obtained and 10 

mg of zinc acetate was added to yield a clear solution. Two small parts of the dispersion of the 

nanoparticles in ethanol were taken; one part was used to acquire the absorption spectrum and 

ethanol was evaporated from the other part in order to submit the samples to XRD and SEM 

analysis. SEM images of the nanoparticles were also obtained from the sample prepared by coating 

the dispersion (a drop) on a glass slide and drying.  The ethanol was evaporated from the rest of the 

solution to get a concentrated solution of the nanoparticles for the preparation of a solution of the 

photoactive layer of the photovoltaic device.   
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Production of ZnO nanofibers 

 

ZnO nanofibers were produced by calcinating the nanofibers of zinc acetate/polyvinyl alcohol 

nanofibers produced by electrospinning [44, 51].   10 g of zinc acetate dihydrate was dissolved in 44 

g of water and stirred at 70 oC till it dissolved totally.  6 g polyvinyl alcohol was added and the 

mixture was vigorously stirred for 3 hours. Then the mixture was kept in a constant temperature 

bath at 50 oC for about 6 hours. Finally a viscous gel of PVA/zinc acetate composite was obtained.  

This sol-gel precursor was taken in a syringe with a needle and the electrospinning was done. The 

solution was driven from the syringe by syringe pump into an electric field which was created by 

attaching the positive terminal of the voltage source to the needle and the negative terminal to an 

aluminium foil collector. Two types of PVA were used in this experiment. (i) PVA (average molecular 

weight: 30,000-70,000) - the parameters were adjusted to a working distance of 10 cm, applied 

voltage of 20 KV and feed rate of 0.01 ml/min. (ii) PVA (average molecular weight: 72000) - the 

parameters were adjusted to a working distance of 10 cm, applied voltage of 25 KV and feed rate of 

0.008 ml/min. In both cases the electrospinning was performed in horizontal orientation and the 

fibers were collected on a static planar surface of aluminium foil. The fibers were obtained as non-

woven mat. The fibers were dried at 105 oC and calcinated at 400 oC. The ZnO nanofibers obtained 

were then characterized by SEM, XRD and UV-visible spectroscopy. 

 

Production of P3HT whiskers 

 

P3HT whiskers were prepared by self assembly of the molecular chains from a weak solvent, p-

xylene [52]. 200 mg of P3HT was dissolved in 20 g of p-xylene at 80 oC by stirring. The transparent 

solution obtained was cooled to room temperature at rate of 20 OC/min using an oil bath, which was 

taken inside a jacketed reactor. The cooling rate was controlled by a Julabo F12-MP refrigerated 

circulator, which circulates the refrigerating liquid (in this case water) through the walls of the 

jacketed reactor at an adjustable temperature. The temperature was decreased by steps of 2 oC 

every six minutes and recorded every 5 minutes using FLUKE 54II Thermometer, from Fluke 

Corporation, USA. The decrease in temperature with time is given in Figure 15. 
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Figure 15: Temperature versus time curve for the cooling of the P3HT solution in p-xylene. 

 

Finally a suspension of whiskers of P3HT was obtained.  The whiskers were purified by three 

consecutive redispersion/centrifugation cycles using p-xylene (centrifugation during 30 minutes at 

8000 rpm). At the end wet whiskers possibly with some well dissolved polymer chains adsorbed 

were obtained, which were redispersed in ethanol [53]. 

3.2.2. Surface Modification of ZnO Nanostructures 

 

Nanowires and Nanofibers. 

100 mg of ZnO nanowires was added to a solution of 10 mg of pyrene-1-carboxylic acid in 5 ml of 

DMSO. The mixture was stirred for 3 hours. It was then centrifuged and the supernatant was 

removed. It was then washed thoroughly with DMSO and dried.  ZnO nanofibers were functionalized 

in a similar way. 

Nanoparticles. 

The ethyl acetate on the surface of ZnO nanoparticles was exchanged with pyrene-1-carboxylic acid 

(PCA).  The ethyl acetate was removed by washing with a solution of pyrene-1-carboxylic acid in 

DMSO. Ethyl acetate coated nanoparticles were first precipitated from their dispersion in ethanol 

and redispersed in a solution of pyrene-1-carboxylic acid in DMSO and stirred for one hour upon 

which they were allowed to stand for three hours.  The PCA functionalized nanoparticles were 

centrifuged and then redispersed in a fresh PCA in DMSO, stirred for an hour and allowed to stand 

overnight. A yellow precipitate settled with a white suspension on top. It was centrifuged and 

redispersed in a solution of PCA in DMSO by stirring.  This was done three times.  And finally a yellow 

precipitate was obtained, which was washed thoroughly with DMSO.                 
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3.2.3. Fabrication of the photovoltaic devices 

 

The glass/ITO substrate was cut into pieces of about 1 cm2 areas. Its resistance was measured by a 

four point probe. It had a sheet resistance of 34 Ω/square. It was then cleaned by sonicating in 

acetone, isopropanol and pure water consecutively for 15 minutes each using ultrasonic bath. The 

clean pieces were then dried using N2 gas and further dried in an oven.  

 

The photovoltaic devices have been prepared in two different architectures. In some ITO and 

aluminium deposited by thermal evaporation were used as the electrodes according to a review by 

Spanggaard and Krebs [15],  while in the other ITO and silver paste were used as reported by Krebs 

et al. [54].  

 

In the first set of devices the as-received 1.3 wt% dispersion in water of Poly (3,4-

ethylenedioxythiophene/poly(styrenesulfonate) (PEDOT:PSS)  was  spin-coated on the glass/ITO 

substrate at three stages of rotation, 1000rpm for 10 seconds, 2000 rpm for 10 seconds and 2500 

rpm for 1 minute by dispensing 20 μL of the suspension. It was then annealed for 10 minutes at 150 

oC.  The different types of the photoactive layer were deposited on the PEDOT:PSS layer by spin 

coating  at three stages of rotation, 500 rpm for 10 seconds, 800 rpm for 10 seconds and 1500 rpm 

for 10 seconds by dispensing 20 μL of the suspension. It was then annealed at 160 oC for an hour.  

Spin coating is a process in which a thin layer is coated on a substrate from a solution or dispersion 

by rotating the substrate at high speed. Finally, the aluminium back electrode was deposited by 

thermal evaporation under vacuum and contact was applied for testing.  

 

In the preparation of the second set of devices a suspension of ZnO nanoparticles in ethanol was 

spin coated on the glass/ITO substrate at three stages of rotation, 1000 rpm for 10 seconds, 2000 

rpm for 10 seconds and 2500 rpm for 1 minute by dispensing 20 μL of the suspension and it was 

thermally treated at 400 oC for 20 minutes. The photoactive layer was spin coated on the ZnO layer 

at three stages of rotation, 500 rpm for 10 seconds, 800 rpm for 10 seconds and 1500 rpm for 10 

seconds by dispensing 20 μL of the suspension. It was annealed at 160 oC for an hour. PEDOT:PSS 

was spin coated on the photoactive layer and annealed for 10 minutes at 150 oC before finally 

applying the silver paste/back electrode. In all cases the concentration of P3HT in the active layer 

was 10 mg/ml and that of ZnO nanostructures was 50 mg/ml.  
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4. RESULTS AND DISCUSSION 
 

In this section the experimental results are presented and discussed. This includes the synthesis of 

nanostructures (ZnO nanoparticles, ZnO nanowires, ZnO nanofibers and P3HT whiskers), 

functionalization of ZnO nanostructures with PCA, and fabrication of photovoltaic devices using 

these materials and their characterization.  

4.1. Synthesis of Nanostructures 
 

It became obvious that using nanostructures in fabricating bulk heterojunction photovoltaic devices 

helps to increase the total interfacial area within the photoactive layer between the electron donor 

and acceptor, which will increase the efficiency of dissociation of excitons into electrons and holes 

ultimately resulting in improvement of the efficiency of these devices. Furthermore, nanostructures 

will help in efficient transport of the charge carriers to the respective electrodes by quantum 

confinement. Ultimately these phenomena are expected to contribute to the increase in the power 

conversion efficiency of the devices.  In subsequent subsections preparation and characterizations of 

ZnO nanostructures and P3HT whiskers are presented. 

4.1.1. ZnO Nanoparticles 

 

ZnO nanoparticles were produced by a method developed by Schwartz et al. [50] for the production 

of nanocrystals of ZnO and transition metal doped ZnO nanocrystals. The process involves alkaline 

hydrolysis of zinc acetate and condensation of ZnO in DMSO at room temperature. In this synthesis 

of ZnO nanoparticles by stepwise addition of ethanolic solution of tetramethyl ammonium hydroxide 

to zinc acetate solution in DMSO, molecular clusters of zinc acetate such as Zn4O(CH3COO)6 and 

Zn10O4(CH3COO)12 are formed at early stages. As more base is added the precursors get hydrolysed 

resulting in nucleation and growth of ZnO nanocrystals [50]. The TEM image and XRD pattern of ZnO 

nanoparticles produced by this method are shown in Figure 16. The peaks are indexed to crystalline 

wurtzite ZnO structure. The TEM image of the nanoparticles indicates that there are some isolated 

particles, though some aggregated particles are observed in the image. The average size of these 

nanoparticles is about 6 nm.   
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(A)                                                                                                                        (B) 

Figure 16: (A) TEM image and (B) XRD pattern of ZnO nanoparticles 

 

The crystallite size of the ZnO nanoparticles was calculated from the FWHM (full width at half 

maximum) of the XRD peaks using the Scherrer formula [55], shown below.  

 hkl

hklhkl

K
L

Cos

λ

β θ
=  (14)  

Where L is the crystallite length, β is the width of the peak at half maximum intensity of a specific 

phase (hkl) in radians, K is a constant that varies with the method of taking the breadth (0.89<K<1); 

in this case K=0.9 was taken. λ is the wavelength of the incident x-rays and θ is the centre angle of 

the peak.  The effect of the instrument on broadening of the peaks, which was 0.07 degrees in this 

case, was subtracted. Accordingly the crystallite size of the nanoparticles is 8 nm. The broad peaks in 

the XRD pattern of ZnO nanoparticles are due to this small crystallite size.   

Figure 17A shows UV-visible spectrum of ZnO nanoparticles dispersed in ethanol recorded at band 

width of 2 nm, scanning speed of 200 nm/min, and scanning range from 900 nm to 190 nm in a 

single cycle. The baseline was collected using ethanol and and the spectrum was base line corrected.  
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                                     A          B 

Figure 17: (A) Absorption spectrum of ZnO nanoparticles dispersion in ethanol    and (B) (αhν)
2
 versus hν plots of ZnO 

nanoparticles. 

 

The absorption spectrum rises abruptly when the band gap energy is reached. This sudden increase 

in the absorption spectra of the nanoparticles may show that the size distribution of the 

nanoparticles is narrow and they are well dispersed in ethanol. The band gap of the ZnO 

nanoparticles can be determined from the UV-Visible absorption spectrum. The absorption 

coefficient is related to the band gap of a direct band gap semiconductor by the equation [56]:  

 ( )
n

h K h Egα υ υ= −  (15)  

 

Where α is the absorption coefficient of the semiconductor, hν is the photon energy of the exciting 

light, K is a constant, n=1/2 for direct band gap semiconductors like ZnO and the optical band gap is 

determined from the plot of (αhν)2 versus hν, shown in Figure 17 B. The linear portion of the high 

absorption region of the curve is extrapolated to (αhν)2=0 and the value of hν at this point is the Eg 

value of the semiconductor.  Accordingly the band gap of the ZnO nanoparticles prepared was found 

to be 3.29 eV.  

 

The diameter of the nanoparticles determined from the band gap by using Brus equation, shown 

below [57], was 6.85 nm. 
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Eg is the band gap of the ZnO nanoparticles, Eg
bulk is the band gap of the bulk ZnO semiconductor, h is 

the Planck’s constant, R is the diameter of the nanoparticles, me
* is the electron effective mass, mh

* 

is the hole effective mass, ε is the relative permittivity, ε0 is the permittivity of free space, e is the 

charge of an electron.  ε0=8.85 x 10-12 m-3Kg-1S4A2 , e =1.6 x 10-19 C, h=6.626 x 10-34 m2Kg/S, �  = 1.055 

x 10-34 m2Kg/S, m0 =9.109 x 10-31 Kg and (ε =8.5,  Eg
bulk=3.2 eV, me=0.26 m0, mh=0.59 m0 for ZnO [57]). 

The average diameter of the nanoparticles calculated by Brus equation is in close agreement with 

that obtained by TEM. These values are also in close agreement with the crystallite size calculated by 

Scherrer formula, which indicates that the nanoparticles are close to monocrystalline without or 

with few grain boundaries.  

4.1.2. ZnO Nanowires 

 

ZnO nanowires were synthesized by vapour-solid (VS) growth mechanism reported by Lin and Li [45]. 

It involves thermal decomposition of zinc acetate dihydrate without using any catalyst. Dehydration 

and vaporization/decomposition of zinc acetate dihydrate followed by formation of ZnO occurs 

through the process. As the temperature increases zinc acetate dihydrate loses the water of 

crystallization and is converted into volatile compounds of zinc which in turn decompose resulting in 

the formation/deposition of ZnO nanowires on the wall and the lid of the crucible. Gaseous products 

like acetic acid, acetone and carbon dioxide are released at high temperature during the process due 

to the decomposition of these volatile compounds. The steps involved in the synthesis of ZnO 

nanowires by this method are represented by the following series of chemical equations [45].  

 

 

 

 

 

 

Scanninig electron microscope images of the ZnO nanowires produced are shown in Figure 18. The 

nanowires in Figure 18 A and B have an average diameter of about 35 nm and length of 650 nm and 

those in Figure 18 C and D have diameter of about 69 nm and length of about 1.1 μm. In both cases 

the heating rate was 10 oC/min and the cooling rate was 5 oC/min in Figure 18 C and D. However, 
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because of technical error with the furnace the cooling rate could not be controlled for the sample 

of which SEM images are shown in Figure 18 A and B. 

 
                                    (A)                                                                 (B) 

 

      
 

                                    (C)                                                                 (D) 

 

Figure 18: SEM Image of ZnO nanowires (A) and (B) are the same sample, (C) and (D)are also the same with different 

magnifications 

 

The XRD pattern of the ZnO nanowires has sharp peaks (Figure 19) showing that the nanowires 

produced contain crystalline ZnO and does not contain other impurities, an advantage of not using 

catalyst. The crystal structure of the ZnO nanostructures was determined and the lattice parameters 

were calculated using Chekcell and Fullprofsuite softwares. It has been found out that the crystal has 

a hexagonal close packed structure with lattice constants a=b=3.249, c=5.206 angstrons, α=β=90 o 

and =120 o. These values are in good agreement with the theoretical wurtzite ZnO structure, which 

can be obtained from a crystallographic database [58]. 
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Figure 19: XRD pattern of ZnO nanowires 

 

According to Scherrer formula the crystallite size is 38nm for ZnO nanowires in Figure 18 A and B, 

which is closer to their diameter. 

UV-visible spectrum of the ZnO nanowire dispersion in ethanol is given in Figure 20.  

 

 

 

 

 

 

                                         (A) (B) 

Figure 20: (A) Absorption spectrum of ZnO nanowires dispersion in ethanol and   (B) (αhν)
2
 versus hν plots ZnO nanwires. 

 

The slowly increasing absorption of the ZnO nanowires in Figure 20 A could be attributed to the wide 

size distribution of the nanowires. As the band gap depends on the size of the nanowires, nanowires 

of different size start to absorb light at different wavelengths; the bigger ones at higher wavelength 

and vice versa.  This could also arise from the aggregation of two or more nanowires together as can 

be seen from the SEM images of nanowires in powder form and after dispersion in ethanol (Figure 

21). Furthermore, the aggregates have a potential to scatter light passing through the solution, 

which could be perceived as if it had been absorbed. As a result it was not possible to get a value for 
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the band gap of the nanowires, unlike the nanoparticles. However, the maxima of the absorption 

could be compared, which are at 353 nm and 376 nm for the nanoparticles and nanowires 

respectively. This indicates that there is a shift of absorption spectra to lower wavelength (higher 

energy) as the size of the nanostructure is decreased. 

           

(A)                                                                       (B)              

           

(C)                                                                       (D)              

Figure 21:  SEM images of ZnO nanowires after dispersion in ethanol  

  

The SEM images of the nanowires were also taken after dispersion in ethanol. It has been observed 

that some of the nanowires are still aggregated and some were broken into rods. However, isolated 

nanowires could also be observed as can be seen in Figure 21. In Figure 21A nanowire with length of 

1.09 μm and diameter of 69.5 nm is observed, while in Figure 21 B nanowire with length of 1.13 μm 

and diameter of 51.3 nm are observed. 

4.1.3. ZnO Nanofibers 

 

The production of nanofibers of titania [59] and zinc oxide [44, 51] by electrospinning the solutions 

containing their salt and polymer has already been reported. The presence of the inorganic salt in 

the solution is an advantage as it also helps in reducing the number and size of beads formed during 
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the electrospinning process. There would be a possibility that these inorganic semiconductor 

nanofibers could be used to make hybrid photovoltaic devices. It is expected that the use of these 

nanofibers would allow creating a continuous nanophase for the transport of electrons towards the 

electrode as suggested by Gunes et al. [23]. 

In this thesis ZnO nanofibers were prepared by calcinations of PVA/Zinc acetate composite fibers. 

Figure 22A shows the SEM images of the nanofibers of PVA/zinc acetate composite obtained by 

electrospinning an aqueous solution of PVA (average molecular weight: 30,000-70,000) and zinc 

acetate dihydrate. The nanofiber mat has fibers of diameter ranging from about 68nm-170 nm with 

an average diameter of about 118 nm.  

Figure 22C shows electrospun PVA/Zinc acetate composite fiber mat obtained using an aqueous 

solution containing PVA (average molecular weight: 72000) and zinc acetate dihydrate. The 

nanofiber mat obtained using low molecular weight polymer has more uniformity than those 

obtained using the high molecular weight ones. However, it should be stressed that the high 

molecular weight polymer is expected to form more uniform fibers with smaller diameters because 

of its higher viscoelasticity, if the parameters are adjusted [31, 32].  

 

The ZnO nanofibers obtained have less uniformity and rough surfaces when compared to their 

composite precursor nanofibers and in some cases they were broken into nanoparticles and rods.  

Though it is difficult to measure their diameter accurately because of the roughness, it can be easily 

judged that the ZnO nanofibers obtained were thinner than the respective composite as expected 

because of loss in mass during calcination. The diameter of the ZnO nanofibers obtained using the 

low molecular weight polymer ranged from about 58 nm to 91 nm with an average diameter of 

about 77 nm (Figure 22B). However, the ZnO nanofibers obtained using the high molecular weight 

polymer looked like aggregated nanoparticles (Figure 22D). Consequently, the ZnO nanofibers 

obtained using the low molecular weight polymer were used for further experiments. 
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                          (A)                                                                            (B)  

 

 
                       (C)                                                                                  (D) 

 Figure 22: SEM images of (A) PVA/Zinc acetate composite fiber mat ,(B) ZnO fiber mat obtained by calcinating (A),(C)  

PVA/Zinc acetate composite fiber mat  and (D) ZnO fiber mat obtained by calcinating (B) 

 

Figure 23A and B shows the XRD patterns of ZnO nanofibers produced using high molecular weight 

PVA and low molecular weight PVA respectively. The peaks are sharp showing that the nanofibers  

produced contain crystalline ZnO and do not contain other impurities. The peaks are indexed to 

wurtzite ZnO structure. The crystallite sizes calculated are 26 nm and 16 nm for ZnO nanofibers 

produced using high molecular weight PVA and low molecular weight PVA respectively. For 

comparison the XRD pattern of PVA/zinc acetate composite nanofiber mat is also shown in Figure 23 

C. The FT-IR spectrum of the ZnO nanofibers shown in Figure 30 (b) does not have any band 

characteristic of organic groups and thus confirms that the PVA is removed by calcination.  
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(A)                                                                        (B)  

 

 

 

 

 

 

 

 

 

 

                                                                                      (C) 

Figure 23: XRD pattern of (A, B) ZnO nanofibers, and (C) PVA/zinc acetate composite fiber mat 

 

Figure 24 A shows the UV-visible spectra of ZnO nanofibers.  Unlike the nanoparticles and like the 

ZnO nanowires the absorption band increases slowly. This could be mainly due to the aggregation of 

the nanofibers as the nanofibers were obtained as a non-woven mat, hence they may not be well 

dispersible in ethanol. As a result is was not possible to get a value for the band gap just like in case 

of the nanowires. The maximum of the absorption peak is at 376 nm, which is the same for the 

nanowires. 
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 (A) (B)  

Figure 24: (A) Absorption spectrum of ZnO nanofibers dispersion in ethanol (B) (αhν)
2
 versus hν plots ZnO nanofibers 

produced using low molecular weight PVA 

 

4.1.4. Poly-3-Hexylthiophene Whiskers 

 

Berson et al. [52] have produced P3HT whiskers and employed them to make solar cells in 

combination with C60-PCBM. The whiskers, because of their crystallinity, display good charge carrier 

mobility and do not need annealing during the preparation of photovoltaic devices. Therefore, the 

devices can be made at low temperature using flexible substrates like polymers. P3HT whiskers were 

produced in the same way as reported by Berson et al. [52]. When a solution of P3HT in a weak 

solvent at high temperature is cooled down slowly to room temperature, the molecular chains self 

assemble resulting in the formation of whiskers, which are obtained as a suspension. The XRD 

patterns of the films of P3HT whiskers deposited from their suspension in ethanol and P3HT 

deposited from its solution in chlorobenzene (one drop each) respectively on a substrate are shown 

in Figure 25 A. The peaks of the whiskers are more intense than those of the film deposited from the 

solution of P3HT in chlorobenzene. This shows that the whiskers are more crystalline than the film 

deposited from its solution in chlorobenzene. As a result they are expected to have good charge 

transport property.  The XRD result suggests that when the film is deposited from chlorobenzene 

only a small fraction of the polymer crystallizes.  

 

Comparison of the UV-visible spectra of P3HT whiskers with P3HT solution in chlorobenzene is 

shown in Figure 25 B. Compared to that of P3HT solution in chlorobenzene, the electronic 

absorption spectrum of the P3HT whiskers have shown a red shift. This could be because of the 

crystallinity of the whiskers which allows the P3HT to form π-π stacking between the chains making 

the π-π* transition to occur at lower energy, which means the formation of whiskers results in a 

decrease of the band gap. This behaviour is similar with the result of thermal annealing reported by 
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Huang-Zhong and Jun-Biao [60]. The whiskers could also be observed under TEM. However, clear 

images could not be acquired because of poor contrast. 

 

 

  

 

 

 

 

                                         (A) (B) 

Figure 25: (A) XRD patterns of P3HT film (a) and P3HT whiskers (b) deposited on substrate from chlorobenzene and 

ethanol respectively. (B) Electronic absorption spectra of P3HT solution in chlorobenzene (a) and P3HT whiskers (b).  

 

4.2. Surface Functionalization of ZnO Nanostructures. 
 

Surface functionalization of ZnO nanostructures with organic molecules appears to increase their 

solubility in solvents, which are usually used to dissolve polymers (for example chloroform and 

chlorobenzene for P3HT) and hence increases compatibility between the polymer and the inorganic 

semiconductor and thus optimization of the nano-morphology of the photoactive layer can be 

achieved. This enables to form uniform blends of the nanostructures and the polymer eventually 

leading to a more uniform photoactive layer of the photovoltaic devices. Moreover, if the organic 

molecule is photoelectoactive, it also increases the absorption of light by the nanocomposite 

photoactive layer of photovoltaic device and enhances the transfer of electrons from the polymer to 

the ZnO, i.e. it acts as a bridge for electron transfer from P3HT to ZnO nanostructure. Therefore, 

functionalizing the surface of ZnO nanostructures with photoelectroactive molecule is very 

attractive. The surface of  ZnO nanostructures were functionalized by pyrene-1-carboxylic acid (PCA) 

via a similar procedure developed by Liu et al. [61] to functionalize the surface of ZnO nanotetrapods 

with organic molecules containing carboxylate and phosphate anchoring groups as described in the 

experimental section. These authors functionalized the surface of ZnO nanotetrapods with alkyl 

phosphonate and oleic acid. They have also functionalized the ZnO nanotetrapods with 

photoelectroactive molecules protoporphyrin and C60-dicarboxylic acid and suggested that this 

opens a broad perspective in optoelectronics. They confirmed the successful functionalization with 

0 10 20 30

In
te

n
s
it
y

2θ (degrees)

a

b

300 400 500 600 700 800

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

Wavelength (nm)

a
b



                                                                                                                                 RESULTS AND DISCUSSION 

                                                                                                                                                                       41 
Fabrication of Solar Cells from Poly-3-hexylthiophene and ZnO Nanostructures 

 

IR, NMR and photoluminescence studies. The chemical structure and UV-visible absorption spectrum 

of pyrene-1-carboxylic acid is shown in Figure 26.  

 

 

 

 

  

 

                   (A)                                                                                      (B)                                

Figure 26: (A) Chemical structure and (B) UV-visible  absorption spectra of pyrene-1-carboxylic acid. 

 

Functionalization of the ZnO nanostructures was monitored by FT-IR, based on the fact that 

carboxylate group anchors to zinc atom on the surface of ZnO nanostructures, and also to Zn2+ in 

solution, mainly through bidentate coordination [61, 62]. This coordination can be of two types, the 

one in which both oxygen atoms of the carboxylate form bonds with single Zn atom known as 

chelation (Figure 27A). Alternatively the two oxygen atoms are bonded to two Zn atoms known as 

bridging (Figure 27B). Figure 27 illustrates the two types of coordination of PCA to the surface of ZnO 

nanowires. 

  

 

 

 

(A)                                                                           (B) 

Figure 27: Coordination of carboxylate group of PCA to Zn at the surface of ZnO nanowire (A) bidentate chelation (B) 

bidentate bridging 

 

Figure 28, 29 and 30 show the comparison of FT-IR spectra of pyrene-1-carboxylic acid, ZnO 

nanostructures and surface modified ZnO nanostructures. As it can be observed there are 
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differences in the spectra of the pure PCA and the surface functionalized nanostructures. The bands 

at 1670 cm-1 and 1263 cm-1 in the pure PCA are attributed to the stretching of C=O and C-O bonds of 

the carboxylic acid respectively.  There is a shift of these bands to 1562 cm-1 when the carboxylate is 

coordinated to a metal.  The bands at 1562 cm-1 and 1400 cm-1 in the FT-IR spectra of functionalized 

ZnO nanostructures are ascribed to asymmetric and symmetric stretching of O-C-O bonds of 

carboxylate group coordinated to Zn2+ respectively [62, 63].  

In the functionalized ZnO nanowires there is a reduction in the relative intensity of the bands at 

1670 cm-1 and 1263 cm-1 compared to that of pure PCA. There is also a reduction in intensity of the 

peak at (2962 cm-1), attributed to the –OH group of carboxylic acid.  Moreover a new peak at 1562 

cm-1 has emerged and there is also an increase of the relative intensity of the peak at 1400 cm-1. 

Obviously, other peaks characterstic of PCA are also observed in the spectrum of functionalized 

nanowires, which could be because of both coordinated and uncoordinated PCA. These results 

suggest that there is coordination between Zn2+ at the surfaces of the ZnO nanowires and pyrene-1-

carboxylate. However, the presence of the peak at 1670 cm-1 shows that some uncoordinated PCA is 

still present in spite of the centrifugation/redispersion cycles carried out to remove excess PCA. 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Comparison of FT-IR spectra of PCA (a), ZnO nanowires (b) and surface modified ZnO nanowires (c) 
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In the IR spectrum of ZnO nanoparticles capped with ethyl acetate the strong peak at 1643 cm-1 is 

attributed to the stretching vibration of the coordinated C=O bond of the acetate; esters coordinate 

to metal ions through the carbonyl group as a monodentate ligand [64]. This peak is absent in the 

FT-IR spectrum of the nanoparticles after modification with PCA, which confirms that the ethyl 

acetate are exchanged with PCA. Furthermore, the band at 1670 cm-1 and 1263 cm-1 are absent in 

the FT-IR spectrum of the surface modified nanoparticles and there are intense bands at 1562 cm-1 

and 1400 cm-1 indicating the PCA in the sample are anchored to the surface of ZnO nanoparticles. 

The bands at 703 cm-1, 835 cm-1, 1595 cm-1 and 3040 cm-1 are also seen in the spectra of both PCA 

and FNP, but not in that of the ZnO nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: FT-IR spectra of PCA (a), ZnO nanoparticles (b) and Surface modified ZnO nanoparticles (c) 

 

In the cases of nanofibers there is no peak at 1670 cm-1, a very weak peak at 1263 cm-1, a peak at 

1562 cm-1 and there is an increase in intensity of the peak at 1400 cm-1 when compared to the 

spectrum of pure PCA. The peak at 3040 cm-1, 1594 cm-1, 835 cm-1, 703 cm-1 are also observed. This 

gives evidence that PCA are anchored to the surface of the nanofibers. 
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Figure 30: FT-IR spectra of PCA (a), ZnO nanofibers (b) and Surface modified ZnO nanofibers (c) 

 

In general, the FT-IR spectra suggest that the nanostructures are surface functionalized by PCA at 

least to some extent. Therefore, it would be interesting to test these nanostructures in fabrication of 

bulk heterojunction solar cells.  

The nanowires could also be observed under SEM after functionalization with PCA as shown in 

Figure 31A. The TEM image of the surface functionalized ZnO nanowires is also shown in Figure 31B. 

Figure 31C and D show the TEM images of the surface functionalized ZnO nanofibers and 

nanoparticles respectively. These show that not much damage has occured to the nanostructures as 

a result of surface functionalization compared with their non-functinalized counterparts [see TEM 

and SEM image shown in Figure 16 A (nanoparticles), Figure 18 C and D (nanowires), Figure 21 

(nanowires) and Figure 22B (nanofibers)]. 
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                                 (A)        (B) 

                  

 (C)    (D) 

Figure 31:  (A) SEM image of FNW and TEM images of (B) FNW (C) FNF, and (D) FNP 

          

The surface modified ZnO nanostructures were also characterized by UV-Visible absorption 

spectroscopy. The comparisons of the absorption spectra of the surface modified nanostructures 

with PCA and their unmodified counterparts are shown in Figure 32. ZnO nanostructures and PCA 

absorb in the same wavelength range, which makes it difficult to observe distinct absorption bands 

due to each component. The general features of the absorption spectra of the surface modified 

nanostructures are similar to those of the PCA, which could be because of higher molar absorption 

coefficient of PCA than that of the ZnO attributed to the delocalized π electrons of PCA. As a result it 

was difficult to observe the absorption maximum of ZnO nanostructures in the spectra of the surface 

functionalized nanostructures. The absorption maxima of PCA could be observed as sharp peaks. 

However, the peaks look broader in the spectra of the surface functionalized nanostructures, which 

could be due to the contribution of both ZnO nanostructures and PCA. This could also be due to the 

fact that lateral π-π stacking interaction occurs when the PCA molecules are anchored to the surface 

of the nanostructures forming a layer on the surface of the nanostructures [61].   
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                  (A)                                                                                      (B) 

 

 

 

 

 

 

 

                                                                                 (C)     

Figure 32: Comparisons of UV-visible absorption spectra of surface modified ZnO nanostructures with PCA and their 

unmodified counterparts (A) PCA (a), NW (b) and FNW (c); (B) PCA (a), NF (b) and FNF (c); and (C) PCA (a) NP (b) and FNP 

(c) 

 

Photoluminescence studies of the surface functionalized ZnO nanostructures are also important to 

further confirm the anchoring of PCA to the surfaces of ZnO nanostructures. 

 

4.3. Photovoltaic Devices 
 

Hybrid organic/inorganic photovoltaic devices involving poly-3-hexylthiophene and ZnO 

nanostructures have been reported by W.Wang and X.wang [43], BeeK et al. [42] and Olson et al. 

[13]. The first two groups have used ZnO nanoparticles in combination with P3HT to make the 
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photoactive layers by spin coating. Beek et al. have achieved power conversion efficiency of 0.9 % 

for this type of device. W.Wang and X.wang have also reported an increase in photocurrent from 

6.35 to 9.55 mA/cm2 of such device by sensitizing the ZnO with perylene derivative 

photoelectroactive dye. While Olson et al. have made the photoactive layer by infiltrating P3HT 

solution in ZnO nanofibers grown hydrothermally on ITO substrate with thin film of ZnO as 

nucleation site for the growth of the nanofibers and achieved a power conversion efficiency of 0.53 

%. By incorporating a blend of P3HT and (6,6)-phenyl C61 butyric acid methyl ester (PCBM) into the 

nanofibers, they have improved the efficiency to 2.03 %. These types of devices are promising as 

they combine the good hole mobility and environmental stability of the P3HT with the good electron 

mobility, physical and chemical stability of ZnO. In this thesis ZnO nanostructures and ZnO 

nanostructures surface functionalized with PCA were used in combination with P3HT and its 

whiskers to fabricate photovoltaic devices in two different arrangements and characterized. The 

schematic representations of the cross-section of these arrangements of the photovoltaic devices 

made are shown in Figure 33. In the arrangement glass/ITO/PEDOT:PSS/photoactive layer/Al,  ITO is 

the positive electrode while in the arrangement  glass/ITO/ZnO/photoactive layer/ PEDOT:PSS /Ag it 

is the negative electrode, as its work function is higher than that of aluminium and lower than that 

of silver. The active area of the devices was kept in the range 0.06 cm2 to 0.09 cm2 by cutting the 

layers on ITO with needle. The photovoltaic devices were characterized under simulated AM1.5 

illumination (total power density=1000W/m2) at 25 oC. 

 

 

 

   

 

 

  

 

 

Figure 33: Cross-sectional structures of the prepared devices. 

  

In the first attempt to make photovoltaic devices P3HT was dissolved in chlorobenzene, P3HT 

whiskers and the ZnO nanostructures were dispersed in ethanol. The photoactive layers of these 

devices were deposited on Glass/ITO/PEDOT:PSS by spin coating the dispersions of the polymer and 

ZnO. However, uniform films of the active layer could not be achieved due to phase separation 

between the components at macroscopic scale, as a homogeneous solution was not obtained. Short 
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circuit behaviour was displayed by three of the devices, which might have been caused by the non 

uniformity of the films, which in turn might have allowed the aluminium electrode to be in contact 

with ITO passing through the poor non-homogeneous films. Some of these devices have shown 

rectifying behaviour (Figure 34 A, B, and C), though no power conversion efficiency data were 

collected under illumination; this may be because of the poor quality of the films. Thus, an 

improvement in the film quality has been attempted by using the same solvent, chlorobenzene, for 

the polymer and the ZnO nanostructures. Though films of better quality could be obtained this time, 

no power conversion efficiency data could also be collected except some rectifying behaviours 

(Figure 34 D).   

 

 

 

 

 

                                   (A)                                                                                   (B) 

 

 

 

 

 

                                 (C)  (D) 

Figure 34:  J-V characteristics of   photovoltaic devices with active layers of (A) P3HT/NF (B) P3HT/NW (C) P3HT 

Whiskers/NF and (D) P3HT/NW in  glass/ITO/PEDOT:PSS/photoactive layer/Al arrangement 

 

New devices were made again in the other order using ITO and Ag as electrodes and freshly 

prepared P3HT solution and annealing the films in a vacuum oven to alleviate potential photo 

oxidation of P3HT. Annealing is important for the rearrangement of polymer chains into crystalline 

structure with π stackings so that its charge carrier mobility increases [60]. The solvent used was 
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chloroform for both P3HT and ZnO nanostuctures. For devices involving ZnO nanoparticles a mixture 

of chlorobenzene and chloroform was used.  Fortunately photovoltaic behaviour could be 

demonstrated by this device, though the power conversion efficiency was low. While it was very 

interesting to use the whiskers in fabrication of new devices, it could not be used because of the 

limitation of time to optimize the formation of uniform films. 

In view of the results obtained it became clear that the nature of the solvent was relevant for the 

quality of the films. Hence, more devices were made in both arrangements using freshly prepared 

P3HT solution using chlorobenzene and annealing the films in vacuum oven. Photovoltaic behaviour 

was demonstrated by devices using nanofibers in both arrangements and by devices using 

nanowires and nanoparticles in the arrangement glass/ITO/ZnO/photoactive layer/ PEDOT:PSS /Ag. 

The J-V characteristics of these devices, which have shown photovoltaic property, are shown in 

Figure 35.   
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                                  (C) (D) 

Figure 35: J-V characterstics of devices with photoactive layer of (A )P3HT/NP, (B) P3HT/NW, and (C) P3HT/NF in 

glass/ITO/ZnO/photoactive layer/ PEDOT:PSS /Ag arrangement, and (D)P3HT/NW in ITO/PEDOT:PSS/photoactive 

layer/Al arrangement  
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Prior to carrying out the surface modification of ZnO nanostructure with PCA, attempts have been 

made to simply blend PCA with the active layer as reported by W.Wang and X.wang [43], who have 

blended a perylene derivative dye with ZnO nanoparticles and P3HT to make the photoactive layer. 

The devices made by spin coating the active layer containing pyrene-1-carboxylic acid (5% w/w) to 

the mixture of P3HT and ZnO nanostructures could also not show photovoltaic properties in both 

arrangements. The reason for this may be related with the fact that while sonicating a solid residue 

was formed possibly as a result of dissolution of the nanostructures and formation of an insoluble 

salt of Zn2+ and pyrene-1-carboxylate ion due to the acidity (Pka of PCA=4.0) and high energy 

provided by the sonicator. To avoid this, surface functionalized ZnO nanostructures were used 

instead. The surface functionalized nanowires were dispersed in chlorobenzene and p-xylene to 

make the devices in combination with P3HT and P3HT whiskers respectively. These devices have 

shown little photovoltaic behaviour. In devices where surface functionalized nanostructures of ZnO 

were used the currents, both in revere bias and forward bias were higher. This suggests that the 

charge carriers transport is enhanced, with smaller resistance, by using functionalized 

nanostructures of ZnO. The PCA anchored onto the surface of the nanostructures could have helped 

the transfer of electrons to ZnO, increase in absorption and in attaining better film homogenity. The 

comparisons of the J-V curves of these devices with those of devices involving their non-

functionalized counterparts are shown in Figure 36 A, B and C.  A further attempt was made to 

improve the morphology of the devices involving surface functionalized ZnO nanoparticles. These 

devices have also shown photovoltaic behaviour with better but little power conversion efficiencies. 

Figure 36D shows the comparison of J-V characteristics of the devices involving ZnO nanoparticles 

and surface functionalized ZnO nanoparticles both in dark and under illumination. An increase in 

conductivity was observed as a result of illumination in both devices (comparing b with a and d with 

c in Figure 36 D). This could be because of the increase in the population of electrons and holes in 

the CB or LOMO and in the VB or HOMO of the components respectively as a result of photo 

excitation also known as photoconductivity. The population of electrons in the CB and holes in the 

VB of a semiconductor is related to its conductivity (σ) as:  

                                       
e h

en epσ µ µ= +  (17)  

Whre e is the number of electrons in the CB, p is the number of holes in the valence band, μe is the 

electron mobility, and μp is the hole mobility. The current density is related to the conductivity by: 

                                    J Eσ=  (18)  

Where, E is the applied electric field.  
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Comparing the J-V characteristics of device involving ZnO nanoparticles with that of device involving 

surface functionalized ZnO nanoparticles under illumination (a and c in Figure 34 D), higher short 

circuit current was obtained for the device involving surface functionalized ZnO nanoparticles. This 

confirms the effect of using surface functionalized ZnO nanostructures in increasing the charge 

transport as a combined effect of improved transfer of electrons from P3HT to ZnO, light absorption 

and film homogeneity.  

  

 

 

                                     

      

                             (A)                                                                                            (B)          

   

 

 

 

 

  

                                    (C) (D) 

Figure 36: Comparison of J-V characteristics of PV devices involving ZnO nanostructures and their surface functionalized 

counterparts. Curve a in figure A and curve c in figure D are the same. While curve b in figure A and curve a in figure D 

are for replicate devices. 

 

The results of the J-V measurement of some of the devices which have shown photovoltaic 

behaviour are summarized in Table 1. 
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Table 1: Results of J-V measurements 

 

In general, devices made in arrangement glass/ITO/ZnO/photoactive layer/ PEDOT:PSS /Ag have 

shown better performance than those in arrangement glass/ITO/PEDOT:PSS/photoactive layer/Al. 

Figure 37 shows the energy level diagram of the components of the photovoltaic devices made. The 

light absorbed in the photoactive layer of the devices causes the excitation of electrons in the P3HT 

resulting in the formation of excitons. The excitons dissociate by virtue of the internal electric field 

developed due to the difference in the work function of the electrodes. The electrons then pass to 

the conduction band (CB) of ZnO and then finally to the negative electrode. The holes pass from the 

HOMO of P3HT to the PEDOT:PSS and finally to the positive electrode. The matching between the 

energy levels is very important for collection of charges at the electrodes.   As can be seen in Figure 

37A the Fermi level of Al is higher than the lower level of the conduction band of ZnO. So there is an 

energy barrier for electrons to pass from ZnO to Al. This could increase the resistance of the devices 

(table 1). This could also be a reason why the performance of the devices made in arrangement- 

glass/ITO/PEDOT:PSS/photoactive layer/Al were inferior to those in arrangement-

glass/ITO/ZnO/photoactive layer/ PEDOT:PSS /Ag.  

 

 

 

 

 

S.No. 
Photoactive 

layer 
Arrangement 

Jsc 
(mA/cm

2
) 

Voc 
(mV) 

Fill 
Factor 

(%) 

Power 
Conversion 
Efficiency 

(%) 

Rs (Ω.cm
2
) 

Rsh 
(Ω.cm

2
) 

1 
P3HT/NP 

(Figure 35 A) 
ITO/Ag 0.5 287 31.05 0.044 552.639 16.666 

2 
P3HT/NW ( 
Figure 35 B) 

 
ITO/Ag 

0.37 106 29.303 0.012 304.538 6.091 

3 
P3HT/NF( 

Figure 35 C and 
D) 

ITO/Ag 0.24 53 7.579 0.001 177.950 2.692 

ITO/Al 0.09 135 56.935 0.007 1995.698 39.914 

4 
P3HT/FNP( 

Figure 36 D (a)) 
ITO/Ag 0.68 190 28.285 0.037 284.479 7.143 
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                        (A) (B) 

Figure 37: Energy level diagram of photovoltaic devices.  All energy levels are relative to the vacuum energy level, the 

energy of a static free electron at infinity and energy level values were taken from reference [43]. 

 

In order to investigate the distribution of the ZnO nanostructures in the P3HT, the topography of the 

photoactive layers of the devices prepared were studied by SEM. Some of the images are shown in 

Figure 38. The remaining images were not clear enough. The images shown in Figure 38 indicate that 

the ZnO nanostructures are not evenly distributed throughout the polymer and they are also still 

aggregated. This suggests that further efforts are required to achieve homogeneous distribution of 

ZnO nanostructures or surface functionalized ZnO nanostructures in the P3HT, so that uniform films 

of the photoactive layer will be obtained. 
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                              (A)                                                                            (B) 

           

                              (C)                                                                            (D) 

           

                              (E)                                                                            (F) 

Figure 38: SEM image of Photoactive layers of photovoltaic devices (A) and (B) P3HT/NW in chlorobenzene, (C) and (D) 

P3HT/NF in chlorobenzene, and  (E) and (F) P3HT/FNP in chlorobenzene
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5. CONCLUSIONS AND RECOMMENDATIONS 
 

Hybrid photovoltaic devices involving semiconducting polymers and inorganic semiconductors have 

the potential to provide inexpensive source of energy by combining the advantages of polymer and 

inorganic semiconductors. In preparing bulk heterojunction devices comprising these components it 

is important to ensure the occurrence of phase separation of the polymer and the inorganic 

semiconductor at nanoscale level. Therefore, making use of nanostructures in these devices is 

attractive. In this thesis nanostructures of zinc oxide - nanoparticles, nanowires and nanofibers - 

have been produced successfully and characterized. ZnO nanowires have been produced by thermal 

decomposition of zinc acetate dihydrate. The nanoparticles have been produced by wet chemical 

synthesis and the nanofibers were produced by calcinations of PVA/zinc acetate composite 

nanofibers produced by electrospinning. P3HT whiskers have also been produced by self assembly in 

solution. 

The surface of the ZnO nanostructures was also modified with a photoelectrically active molecule, 

pyrene-1-carboxylic acid, to increase the absorption of light by the photoactive layer, to increase the 

solubility of the ZnO nanostructures and enhance transfer of electrons to ZnO. Analysis by FT-IR 

spectroscopy suggested that the carboxylate group of the molecule was anchored to Zn2+ on the 

surface of the nanostructures. 

Different types of photoactive layers of photovoltaic devices have been made using the combination 

of P3HT solution and P3HT whiskers with the nanostructures of ZnO both surface modified and 

unmodified ones.  Some of the devices produced have demonstrated photovoltaic properties. The 

surface functionalization of the ZnO nanostructures has helped the dispersion of the nanostructures 

in solvents such as chlorobenzene and p-xylene. The devices made using the surface functionalized 

ZnO nanostructures have also shown little photovoltaic effect with improved short circuit current.  

The J-V measurements suggest that the charge carrier mobility was improved as a result of 

functionalization of ZnO nanostructures with pyrene-1-carboxylic acid.  

Even though the observation of photovoltaic properties of these devices is a positive outcome,   the 

efficiencies obtained are very low and need to be improved.  Much better performance would be 

expected by further optimizing the morphology of the photoactive layer. Therefore, further studies 

are required to achieve better power conversion efficiencies by these devices. Studies on the effect 

of different parameters at different stages of processing would be very important to further 

optimize the morphology of the active layer. Among which are the effect of (i) different solvents, (ii) 
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concentrations of the active layer and proportion of the components and (iii) different parameters of 

spin coating and others so that the combination of the parameters may be used to optimize the 

morphology of the active layer. Working on alignment of nanowires and studying the effect of using 

different electrodes would also be very important. To get a better insight into the physical 

phenomena that happen in the devices containing PCA, determination of its HOMO and LUMO levels 

by cyclic voltammetry is important. Photoluminescence study of the surface functionalized ZnO 

nanostructures is also important to further confirm the anchoring of PCA to the surfaces of ZnO 

nanostructures. It would also be interesting to try anchoring poly-3-hexylthiophene to the surface of 

ZnO nanostructures. 
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