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Abstract 

Sheet resistance (R□) and thickness of as-cast and post-treated poly(3-

hexylthiophene) (P3HT) thin films fabricated on non-conductive glass substrates by 

the spin coating method, were determined under dark, and illuminated conditions. R□ 

of P3HT thin films of different thicknesses were compared, to examine the effect of 

illumination on the R□, and hence on the resistivity of the films. Commercially 

available P3HT was purchased and dissolved in chloroform (CHCl3). Glass slides 

were cleaned using detergent, acetone, and alcohol, in an ultrasonic bath, followed 

by cleaning in distilled water. P3HT thin films were fabricated by spin coating 

CHCl3 based solutions on cleaned, dry glass substrates, in ambient air. The films 

were annealed at a controlled temperature, and then the R□ of each thin film was 

measured, using the in-line four-point probe method. The thicknesses of the thin 

films were varied by varying the spin speed (ω) of the spin coater. The results 

showed a correlation between the R□ and the P3HT thin films’ thickness. The R□ 

reduces as the thicknesses of the P3HT thin films increase in the light, and in the 

dark, for as-cast, and annealed, P3HT thin films. Annealing also reduced the R□ of 

the P3HT thin films, and R□ showed some reductions when measured in the dark. 

The four-point probe method can be used to characterise materials. 

 

Keywords: P3HT, sheet resistance, spin coating, thin films, annealing, four-point 

probe method 
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CHAPTER 1 : INTRODUCTION 

This chapter provides an overview of the background of the research, and the 

research problem and outlines the aims and objectives of the study, the significance 

of the study as well as the limitations and delimitation of the study. 

 

1.1 Background of the study 

In history, civilizations have evolved because of the discovery of new materials, such 

as during the Stone Age, the Bronze Age, the Iron Age, and the Plastic Age. As the 

study of material properties progresses, new characteristics of thin films of various 

materials are currently being identified that have potentially beneficial uses. 

Fossil fuels, such as coal, oil, and natural gas, are used to generate the majority of the 

world's energy and make up around 86 % of all the energy used by the world 

population [1]. Renewable energy is energy that is derived from resources that can be 

renewed naturally in a human lifetime. The possibility for high energy conversion 

efficiency in the capturing of solar energy exists, particularly through photovoltaics. 

In the laboratory, this technology achieved efficiencies of about 44 % in 2014 [2], 

but there is still potential for higher values. P3HT is a conductive polymer with 

numerous uses in electronics, thin films, and organic photovoltaics (OPVs). In the 

electronics and photovoltaic industries, organic thin films have many advantages 

over inorganic thin films, including low cost and the potential for roll-to-roll 

manufacturing [3]. Thorough studies of thin films of organic materials like 

polythiophenes (PTs), which depend on both material features and production 

techniques, are required for their widespread use in diodes, transistors, and solar 

cells. 
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Utilising centrifugal force, spin coating uses a liquid-vapour interface to deposit a 

homogeneous film on a solid surface. A liquid is typically poured into the centre of a 

circular surface that is quickly spun to create homogenous films that range in 

thickness from 1.0 × 10-8 m–1.0 × 10-5 m. The liquid spreads into a film and covers 

the surface as a result of the rotation's centrifugal force [4]. The process of heating 

the active layer after coating to promote solvent evaporation and atom rearrangement 

in order to change the nanoscale structure is known as thermal annealing [5]. 

 

1.2 Statement of the problem 

Knowledge of P3HT thin film’s electronic properties in relation to fabrication 

methods, and post-treatment procedures is still limited, and this has slowed down the 

application of such films outside the research laboratory. 

 

1.3 Aims and Objectives 

The study aims to contribute to the knowledge of organic thin films, which have 

many applications in electronics and photovoltaics, through the following specific 

objectives: 

a) To fabricate thin films of single organic semiconductor material (P3HT), on 

non-conducting glass substrates, by employing the spin coating method 

b) To determine the R□ of as-cast and post-treated P3HT thin films 

c) To determine the thicknesses of the as-cast and post-treated P3HT thin films 

d) To discuss the relationship between the fabrication method, and the obtained 

R□, as well as its dependence on the thickness of the film, and 

e) To compare the R□ of P3HT thin films in the dark, and under illumination. 
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1.4 Significance of the study 

The study will assist towards the contribution to knowledge towards science in this 

area. The procedures utilized herein will be utilised in the design and study of thin 

film devices in the future. 

 

1.5 Limitation of the study 

Post-treatment of thin films is limited to thermal annealing. Adjustment to 

preparation procedures and measurement techniques such as Lasers, Gamma, 

Infrared spectrometry, and Mass measurement may be limited by the non-availability 

of equipment such as a reflectometer at UNAM. 

 

1.6 Delimitation of the study 

The project is limited to investigating the electrical properties of single P3HT thin 

films. 

 

1.7 Structure of the thesis 

This thesis is divided into five chapters. The first chapter introduces the study and 

provides a general overview, background of the research problem, problem 

statement, purpose of the study, objectives of the study, significance of the study and 

limitation and delimitation of the study. Chapter two presents the literature review 

and theoretical framework of the study. Chapter three describes the methods used in 

the study while chapter four presents the results, and analysis of the findings, and 
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further discusses the findings. Chapter five provides the conclusions drawn and 

provides the recommendations for further action. 
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CHAPTER 2 : LITERATURE REVIEW 

This chapter reviews published literature on polymers, their applications, and 

provides examples of recent P3HT and four-point probe method developments. It 

discusses the problems and potential solutions. 

 

2.1 Polymers 

Polymers are a collection of a variety of substances that have the characteristics of 

being huge molecules produced by chemically joining smaller substances [6]. The 

words poly, which means many, and mer, which is an acronym for the word 

monomer, are the sources of the name polymer. The basic building block from which 

the polymer is constructed is a monomer. A macromolecule is another name for a 

polymer, suggesting that it is a species with a high molar mass. The phrase 

"macromolecule" does not always mean that every component along the molecule's 

backbone is the same. Many synthetic macromolecules are called plastics in modern 

usage. Polymers are classified in several ways: 1) On the basis of source or origin, 2) 

On the basis of structure, 3) On the basis of the mode of synthesis, and 4) On the 

basis of interparticle forces. 

1) Classification of polymers on the basis of source or origin 

Three categories are used to categorise these polymers: a) Natural polymers b) 

Synthetic polymers and c) Semi-synthetic polymers. 

a) Natural polymers 

Natural polymers are those that have been isolated from natural sources, primarily 

from plants and animals. A few examples are polysaccharides, which are glucose-
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based polymers that include starches and cellulose. Proteins are amino acid 

polymers. They serve as the foundation for animal cells, just like natural protein, 

wool, and leather do. The polymers of different nucleotides, such as ribonucleic acid 

and deoxyribonucleic acid, are known as nucleic acids. Latex-derived materials are 

referred to as natural rubbers. Natural polymers may also be referred to as 

biopolymers. 

b) Synthetic polymers 

Synthetic, artificial, or man-made polymers are the names given to polymers that are 

created in a laboratory. Polystyrene, teflon, polyethene, polyvinyl chloride, synthetic 

rubber, bakelite, nylon, orlon, polyester, terylene, and others are examples of 

synthetic polymers. P3HT fits within this category. 

c) Semi-synthetic polymers 

Semi-synthetic polymers include both synthetically created and naturally occurring 

polymers, such as acetyl cellulose [7]. 

2) Classification of polymers on the basis of structure 

This classification of polymers is based on their monomeric units and based on their 

structure, the polymers can be categorised as a) Linear polymers b) Branched chain 

polymers and c) Cross-linked polymers or Network polymers. 

a) Linear polymers 

These polymers consist of long, straight chains of monomeric units joined together. 

To create a densely packed structure, the polymeric chains are piled on top of one 

another. Such polymers have high densities, high tensile strengths, and high melting 

temperatures as a result of their close packing. Polyethene, polyester, nylon, and 
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other common examples of these sorts of polymers are available. Figure 2-1 below 

shows the linear chain of polymers. 

 

 
Figure 2-1: Linear chain [7]. 

 

b) Branched chain polymers 

The monomeric units of this kind of polymer are joined together to form long chains 

that are also referred to as the main chain. The side chains that make up branches are 

of various lengths. As a result of their irregular packing, branched-chain polymers 

have lower densities, tensile strengths, and melting temperatures than linear 

polymers. Common examples of these categories are glycogen and amylopectin. 

Figure 2-2 below shows the branched chain of polymer. 

 

 
Figure 2-2: Branched chain [7]. 

 

c) Cross-linked polymers or Network polymers 

The monomeric molecules in this kind of polymer are joined together to form a 

three-dimensional network. Cross-links are the term for the involved links. Because 

of their network structure, cross-linked polymers are tough, rigid, and brittle. 

Bakelite, melamine, formaldehyde resin, and other common examples fall into this 
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category. P3HT thin films have this structure of this classification [8]. Figure 2-3 

below shows the cross-linked chain of polymer. 

 

 
Figure 2-3: Cross-linked chain [7]. 

 

3) Classification of polymers on the basis of the mode of synthesis 

The different types of polymers in this category include a) Addition polymers and b) 

Condensation polymers. 

a) Addition polymers 

Typically, lengthy chains without the elimination of any side product molecules are 

formed when the monomeric components are repeatedly added. The product created 

is known as an addition polymer, and the procedure used to create it is known as 

addition polymerisation. The unsaturated chemicals that make up the monomer units 

are typically alkenes. As a result, the addition polymer's molecular mass and formula 

can be seen as an integral multiple of the monomer units. 

b) Condensation polymers 

In this kind of polymer, the monomers interact with one another by eliminating a 

molecule like water, ammonia (NH3) or alcohol, etc. The result is known as a 

condensation polymer, and that specific reaction or process is known as 

condensation. The molecular mass of the polymer is not an integral multiple of the 

monomer units since the process involves the removal of by-product molecules [7]. 

4) Classification of polymers on the basis of interparticle forces 
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Van der Waal forces and hydrogen bonds found in the macromolecules play a role in 

the intermolecular forces that govern the mechanical properties of polymers, 

including elasticity, tensile strength, toughness, etc. Even though small molecules 

also exhibit these intermolecular forces, their impact is less pronounced than it is in 

macromolecules. This is due to these forces combining to produce an effect along the 

lengthy chains of polymers. Naturally, the effect of intermolecular forces increases 

with chain length. The polymers are divided into the following four groups based on 

the strength of the intermolecular forces: i) Elastomers ii) Fibres iii) Thermoplastics, 

and iv) Thermosetting polymers. 

i) Elastomers 

The polymer chains in these are supported by the least powerful attractive forces. 

They are regarded as amorphous polymers because of their great degree of 

flexibility. 

ii) Fibres 

These are the polymers that have hydrogen bonds and other strong interparticle 

interactions. Both their modulus and tensile strength are high. 

iii) Thermoplastics 

These are the polymers where the forces of attraction between the particles are 

intermediate between those of fibres and elastomers. By heating the polymers and 

then allowing them to cool to room temperature, desired shapes can be easily formed 

from them. 

iv) Thermosetting polymers 

On heating, these polymers become rigid and infusible. In general, they are created 

by heating in a mould material with low molecular masses that are semi-fluid. 

Heating causes the chains to cross-link excessively, creating a three-dimensional 
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network of linkages as a result of which a hard, non-fusible substance is created 

[7][9]. 

Simple low molecular weight (MW) molecules can combine to create complex high-

MW ones through a process called polymerisation. Each compound molecule needs 

to be able to react with at least two additional molecules of the same or a different 

compound for this procedure, or they need to have a functionality of two. The 

quantity of a compound's reactive sites determines its functionality [7]. Finding out if 

polymerisation has taken place by condensation or addition, as was previously 

discussed, is frequently challenging. As a result, a more logical classification based 

on the process of monomer unit combination has recently been proposed. Two 

different types of polymers have been observed, according to this system: a) Chain 

growth polymers and b) Step growth polymers. 

a) Chain growth polymers 

Chain growth polymerisation is the process of adding monomer units one at a time 

through a chain mechanism to the growing chain. By using a little amount of an 

initiator, such as organic peroxide, an acid, or a base, the monomer unit is 

transformed into one or more active intermediate species. The intermediate species, 

which can either be a free radical or an ion depending on the circumstances, 

combines with additional monomer units to create even larger intermediate species. 

As a result, intermediate species are added to one after the other using a chain 

process. 

b) Step-growth polymers 

Stepwise intermolecular condensation occurs throughout the step-growth 

polymerisation process through a succession of separate processes. Every reaction 

includes the loss of a single simple molecule, such as water, NH3, helium iodide, 
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alcohol, etc. If the monomer molecules include multiple functional groups, either 

similar or distinct, this sort of polymerisation will take place. Step growth polymers 

are the polymers created during step-growth polymerisation [7]. All industrialised 

cultures have taken use of the desirable qualities of polymers, such as their ease of 

processing, high strength, and low density, to the point where it is now difficult to 

envision living without them [10]. 

 

2.1.1 Organic Polymers 

There are very important materials based on inorganic bonded structures, including 

silicon-oxygen (R2SiO2)n, phosphorus-nitrogen (P-N)n, boron-nitrogen (B-N)n, 

sulphur (S)n, and other chemistries, and these are known as inorganic polymers. The 

majority of polymers are based on linking molecules that have a carbon-carbon 

bonded structure. These are the so-called organic polymers [11]. The unpredictable 

petroleum industry creates organic polymers. Many organic polymers are difficult to 

incorporate into the biosphere and, when burned, produce highly hazardous by-

products. An increasing amount of research is being done on inorganic polymers. In 

many aspects, inorganic materials may be superior to their organic counterparts due 

to their vastly different chemical makeup. The polysiloxanes are a notable illustration 

of this due to their exceptional heat stability. Another is the use of polyphosphazenes 

in controlled medication delivery systems because of their regulated degradability 

and their benign degradation products. 

The field of ceramics and polymer science can be connected by inorganic polymers. 

Most of the known inorganic polymer systems are composed of just a handful of 

elements that belong to the "Main Group" series of the Periodic Table. These 
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substances are located in IUPAC nomenclature categories III (13), IV (14), V (15), 

and VI (16) [10]. 

 

2.1.1.1 Conductive Polymers 

The delocalisation of π-electrons causes certain polymers, known as conducting 

polymers, to conduct electricity. Such substances may either be semiconductors or 

exhibit metallic conductivity [12][13]. Conducting polymers like insulating polymers 

are organic materials. Conducting polymers are highly conjugated, hence also the 

name conjugated polymers, which gives them their semiconducting or metallic 

properties. High electrical conductivity is something they can provide, but they don't 

have the same mechanical characteristics as other commercially available polymers. 

Advanced dispersion techniques and methods of organic synthesis can be used to 

fine-tune the electrical characteristics. Conducting polymers synthesised as 

nanoparticles are of particular interest since they differ greatly from their bulk 

counterparts in terms of their characteristics. Currently, electrochromic display 

devices, photovoltaic devices, and biosensors, to name a few, have all been built on 

the foundation of nanostructures of conductive polymers [14]. Conjugated polymers 

are insulators in their neutral form; they can be rendered conductive by chemically or 

electrochemically oxidising (p-doping) or, less frequently, reducing (n-doping) them 

[15]. Conducting polymers and inorganic semiconductors have very different doping 

concepts, which cause them to have very different electrical properties. These 

differences can be summed up as follows: 

1) Inorganic semiconductors process few charge carriers, but these carriers have high 

mobility because of the high crystalline degree and purity presented by these 

materials. Contrarily, conducting polymers exhibit low mobility due to structural 
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flaws despite having a high number of charge carriers because of a high doping 

degree (> 50 %). 

2) In metals, a free electron is thought of as a charge carrier and a metal's 

conductivity is temperature-dependent, rising at lower temperatures. In contrast, an 

electron or hole is designated as a charge carrier in an inorganic semiconductor, and 

minion charge carriers (electron or hole) created by n- or p-type doping typically 

dominate the electrical properties of semiconductors. 

The energy gap, which is the difference in energy between the valence band and the 

conducting band, is used in the band model of charge transport in semiconductors to 

describe electrical properties. The doping degree is often a function of the 

conductivity of conducting polymers evaluated at room temperature using the four-

point probe method, which demonstrates that conductivity rises as the doping degree 

increases from insulator to metal through a semiconductor. 

3) The chain conformation, morphology, and crystallinity of the final product are all 

influenced by the polymerisation conditions, which include the concentration of the 

monomer, dopant, and oxidant, the molar ratio of the dopant and oxidant to the 

monomer, and the temperature and time of the polymerisation [16]. The fundamental 

advantage of conductive polymers over other semiconductors is that they are easily 

processed, particularly through dispersion. One of the most significant representative 

classes of conjugated polymers, polythiophenes create some of the materials that are 

both thermally and environmentally stable. Using synthesis, structural flaws can be 

removed and the amount of overlap along the backbone measured. The creation of 

new polymers by synthetic chemists, that can be fabricated into novel devices whose 

physics and chemistry can be thoroughly understood, is a crucial component of both 

the pioneering work and future work in conjugated polymers [17]. 
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Fundamental properties were found using relatively simple structures in the early 

years of the concerted and focused studies on conjugated and conductive polymers 

(1970–1990). Improvements in polymer synthesis, such as the use of cross-coupling 

processes catalysed by transition metals, enabled the synthesis of polymers with 

higher structural fidelity and their subsequent characterisation in organic electronic 

devices in the decade that followed (1990–2000). The ability to test and modify 

novel structures using the metrics provided by a device application as a source of 

feedback set the stage for the following decades (2000–2020). 

Polymer synthesis is currently in a position where it can take advantage of structural 

simplicity and seek to create polymer architectures with greater environmental and 

device stability. With the discovery of more environmentally friendly catalysts, such 

as those based on copper, the sustainable synthesis of conjugated polymers, such as 

through direct arylation polymerisation or oxidative direct arylation polymerisation, 

has a lot of room for growth, enabling the synthesis of a variety of conjugated 

polymer architectures, including donor-acceptor copolymers [18]. Several general 

principles should be kept in mind when designing conjugated polymers for various 

applications, including 1) Side chains to improve solubility and processibility, 2) 

High MWs, 3) Band gap and absorption behaviour, 4) HOMO and LUMO energy 

levels, and 5) Appropriate morphology with low barriers. For particular applications, 

all of these variables must be carefully taken into account because they are 

interdependent. For instance, sidechains improve the solubility and MW that can be 

obtained for conjugated polymers, but they also have an impact on their 

intermolecular interactions through changes in morphology and, consequently, the 

mobility of charge carriers. 
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Figure 2-4: A simply depicted polaron. Positive ions are drawn to the electron as it 

travels through the organic substance. The electron is carried by this lattice 

deformation [20]. 

The charge carriers in organic semiconductors are known as polarons because they 

move through the material not only as positive or negative charge carriers but also as 

localised deformations. So, in organic semiconductors, terms like positive and 

negative charge carriers are more common. A light-emitting diode's HOMO and 

LUMO energy levels are often changed by adjusting the energy band gap to get the 

desired absorptions, which changes the emitting colour of an organic light emitting 

diode (OLED). In order to find the right polymers for particular applications, it is 

vital to properly account for these design principles and balance the guiding concepts 

[19]. Due to the limited mobility in organic semiconductors, a space charge zone 

forms at the semiconductor side of a metal-semiconductor contact as electrons are 

emitted from the metal to the semiconductor in an electric field. The additional 

injection of electrons from the metal is repelled by this space charge. To move to the 

semiconductor, the injected electrons must defeat the repelling effects of the space 
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charge as well as the attractive forces of the metal's lattice (work-function) [20]. 

Conductive polymers have low dielectric constants [21]. 

In theory, a property of charge transport for a material can be described by the 

temperature dependence of the conductivity as determined by the four-point probe 

method. The logarithmic derivative can be used to express how conductivity varies 

with temperature: 

α = 
∆ ln σ

∆ ln T
      (2.1) 

where σ is the conductivity and T is the absolute temperature [16]. 

 

2.1.1.1.1 Poly(3-hexylthiophene) (P3HT) 

P3HT is a conjugated polymer that is a semiconductor with semi-crystalline 

qualities. It is one of the frequently investigated polymers for applications in organic 

electronic devices such as field effect transistors (FETs) and donor material in 

organic solar cells, and photodiodes [22]. P3HT is one of the most studied organic 

semiconductor polymers due to its high inherently positive charge carrier mobility, 

superior solubility and processability [20]. It is stable both in a doped and undoped 

state. Figure 2-5 a) below illustrates two distinct regio-regulars (RRs) monomers that 

can be used to insert the 3-hexyl substituent in the thiophene ring into the polymer 

chain: head-to-tail (HT) and head-to-head (HH). A RR-P3HT, as depicted in figure 

2-5 b) below, has only one type of 3-hexylthiophene (C10H16S), either HH or HT, as 

opposed to a regio-random P3HT, which has both HH and HT in a random pattern. 
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Figure 2-5: a) Two distinct RRs that can be incorporated into polymer chains b) The 

chemical representation of RR-P3HT [20]. 

 

RR-P3HT offers excellent promise as an organic semiconductor in electronics when 

cast onto thin films due to its propensity to self-assemble into crystallites with 

ordered structures. Positive charge carrier field-effect mobilities result from this. 

However, the regio-random P3HT only exhibits positive charge carrier field-effect 

mobilities because of its twisted chain conformation, poor packing, and low 

crystallinity. It has also been demonstrated that the MW affects the morphology and 

charge transport of the RR-P3HT. Additionally, the solvent of choice has a 

significant impact on the microscopic morphology of the film and, consequently, its 

mobility [26]. It has been established in the literature that the P3HT oxygen is known 

to form a charge transfer complex resulting in the p-doping of P3HT. Furthermore, 

decreased mobilities and higher trap densities have been linked to oxygen-induced 

P3HT degradation [20]. P3HT has a high absorption coefficient (about 105 cm-1). 

This makes it very attractive for organic optoelectronic devices. P3HT’s mobility is 

considered low when compared to those of inorganic semiconductors [23]. P3HT is a 

member of PTs. Thiophenes, sulphur heterocycle, are polymerised to form PTs. The 

parent PT has the chemical formula (C4H2S)n and is an insoluble coloured solid [24]. 

Through the 2- and 5-positions, the rings are connected. Alkyl substituents are 

present at the 3- or 4-position in poly(alkylthiophenes)(s). 
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Table 2.1: Properties of P3HT. 

Full name Poly(3-hexylthiophene-2,5-diyl) 

Synonyms P3HT 

Chemical formula (C4H2S)n 

Form Powder, Brown to Black colour 

Melting point 511.45 K 

Average MW 54 000–75 000 

Highest occupied molecular 

orbital/Lowest occupied 

molecular orbital 

HOMO = -5.2 eV 

LUMO = -3.2 eV 

Solubility CHCl3, chlorobenzene (C6H5Cl) 

Classification/Family PTs, Organic semiconducting materials, Low band 

gap polymers, Polymer donors, OPVs, Polymer 

solar cells, organic light-emitting diodes, organic 

field-effect transistors (OFETs) 

Semiconductor properties P-type (mobility = 10−4–10−1 cm2 V-1 s-1) 

 

They are coloured solids as well; however, they usually dissolve in organic solvents. 

If PTs are oxidised, they become conductive. The delocalisation of π-electrons along 

the polymer backbone is what causes the electrical conductivity. The conjugated 

polymers' optical characteristics react to environmental cues, changing colour 

dramatically in response to variations in solvent, temperature, applied potential, and 

molecular binding. Conjugated polymers are appealing as sensors because they can 

produce a variety of optical and electrical responses. Changes in colour and 

conductivity are caused by the same mechanism, twisting of the polymer backbone 

and interrupting conjugation. Table 2.1 below displays the properties of P3HT, these 

are the properties of P3HT used in the experiments of this project. 

Figure 2-6 below shows the structural formula of P3HT. It is a benzene ring with 

sulphur in it. 
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Figure 2-6: P3HT's molecular structure [25]. 

 

The properties of RR-P3HT make it a preferred reference material for both 

fundamental and applied research in organic electronics, physics, and chemistry. 

These properties include partial air stability. P3HT is frequently accepted as the 

standard by which any new p-type or donor conjugated molecule should be examined 

and assessed because it is one of the extensively researched organic semiconductors. 

3-Alkylthiophene can be polymerised using a variety of chemical synthesis 

techniques, such as the Rieke, McCullough, and Grignard metathesis procedures. 

These methods mentioned above differ in that they produce polymers with low MW 

and high regioregularity content. However, these procedures necessitate more than 

one phase of the reaction and unique synthesis conditions, such as a temperature 

maintained at lower than -5 °C or higher than 60 °C. 

Despite not producing high regioregularity polymers, the chemical synthesis with 

ferric chloride (FeCl3) is perhaps the most popular due to its ease of use and potential 

for large-scale use. CHCl3 is almost always used as a solvent in polymerisations’ 

reactions of poly(3-alkylthiophene) by chemical oxidation with FeCl3. When 

compared to other approaches, this polymerisation results in polymers with a high 

MW and a regioregularity of roughly 70–80 %. Since the same regioregularity is 

maintained, polymers with lower MW present stronger electron conduction in some 

applications, such as those that need electron conduction. In some studies, the decline 

in crystallinity of these polymers is blamed for the decrease in electron conduction 

that occurred along with an increase in MW [26]. 
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Figure 2-7: Oxidative coupling to synthesise P3HT in the presence of FeCl3 [27]. 

 

The ratio of monomer to FeCl3 is always preserved at 1:4 when polymerising P3HT 

by oxidative coupling of C10H16S (monomer) in the presence of FeCl3. A reaction 

flask containing anhydrous FeCl3 suspended in CHCl3 is typically flushed with 

nitrogen before being sealed. In general, the initial monomer concentration in CHCl3 

is maintained at 0.05 M. Using a syringe, the C10H16S solution is gradually injected 

into the FeCl3 suspension. Under a nitrogen environment, polymerisations are 

conducted at room temperature for 86 400 s. To precipitate the polymer, the resulting 

black reaction mixture is added to methanol (CH3OH). Precipitates are then washed 

with CH3OH using a Soxhlet extractor. Using the same extractor, the polymers are 

extracted with CHCl3. After the solvent has evaporated at room temperature, the 

polymer is collected. The reaction equation between C10H16S and FeCl3 to produce 

P3HT is shown in figure 2-7 above. 

Despite significant differences in MW between polymers made with 

dichloromethane (CH2Cl2) and CHCl3, these polymers exhibit no significant 

differences in regioregularity or conjugation length [26]. In the past, it has been 

discovered that mobility is favourably connected with growing region-regularity, 

long drying time (obtained using a solvent with a high boiling point), reduction of the 

surface energy, and MW greater than MW = 50.0. 

P3HT has drawbacks. For example, because film formation is typically accomplished 

through a wet-coating process, which is also constrained by the wetting 

characteristics of the P3HT solution with the substrate materials, the light 
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transmittance is typically not enhanced up to 90 % and the surface morphology of 

fabricated P3HT films is generally poor [28]. When the ITO/P3HT/Al device is 

biased with a high potential on Al and the temperature is below 240.0 K, the current 

flow across the device is constrained by hole injection at the Al/P3HT interfaces, 

according to the current-voltage characteristics of the ITO/P3HT/Al devices. Above 

this temperature, the characteristics are governed by the bulk transport properties. 

For the reverse bias, the ITO/P3HT contact does not limit the current; instead, it is 

limited by a space charge that builds due to the low charge carrier mobility in the 

polymer [29]. 

There is an increase in the Hall mobility and conductivity of P3HT and blended films 

after a short time of annealing, especially in the case of the blends [30]. Thermal 

annealing of P3HT films occurs via two stages, the first of which is impurity 

dedoping leading to some reduction of conductivity, and the second of which 

involves thermal motion of polymer chains resulting in reordering and, possibly, 

crystallisation, eventually ending up with an increase in conductivity [31]. For thin 

films, the melting behaviour is different because the crystals keep pinned at the 

film/substrate contact up to the melting temperature. Due to the interface contact, the 

melting temperature is projected to alter as a function of film thickness. Temperature 

treatment is crucial for the optimisation of P3HT films, and that thickness 

dependency is critical for understanding the structural characteristics of thin layers 

[32]. 
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2.2 Thin Films 

A layer of material with a thickness of 9.9 × 10-7 m or less is considered a thin film. 

A layer of a substance that is thick is one that is between 1.0 × 10-6 m–1.0 × 10-5 m 

thick. A stack of thin films is called a multilayer. 

 

 

Figure 2-8: A thin film layer on top of a substrate [33]. 

 

Layers of polymer material with a thickness of 9.9 × 10-7 m or less are referred to as 

polymer thin films. Thin film technology is founded on three foundations: 1) 

Fabrications 2) Characterisation and 3) Applications. 

1) The manufacture of thin films is carried out by employing standard physical and 

chemical vapour deposition techniques and modifications through, ion assistance and 

laser ablation.  

2) Characterisation of thin films can be based on film thickness, structure, and 

chemical composition. The characterisation of a thin film can be substantially 

different from that of bulk material because thin films, as two-dimensional systems, 

have a large surface-to-volume ratio. In addition, thin films differ from the 

corresponding bulk materials in terms of shape, physical structure, and chemical 
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composition. Another thing is that thin films’ characteristics can be significantly 

influenced by the surface and/or interface properties of the substrate due to surface 

mobility, stress effects from thermal expansion mismatch, and other factors. As a 

result, there exist specialised techniques for the examination of surface/interface 

shape and composition as well as nanoscale crystallographic and electrical structure.  

3) Applications: Electronics, coatings, and photovoltaics are some examples of thin 

film application categories [34]. 

Thin films are used in semiconductors, mirrors, lens coatings, and many other 

applications, and their significance in physics and engineering has grown over time. 

Applications for optical electronics, communications, a variety of coatings, energy 

generation, and energy conservation are all found in the industry [35]. Thin films can 

withstand extremely high residual stresses because of their frequently high yield 

strengths. Through plastic deformation, thin film fracture, or interfacial delamination, 

this residual stress might be released later either during processing or during device 

operation. For characterising thin films, elastic and plastic characteristics are both 

crucial. Tensile testing of freestanding films and the microbeam cantilever deflection 

technique can both be used to measure the mechanical properties of thin films, but 

nanoindentation is the most straightforward method because no special sample 

preparation is needed, and tests can be carried out quickly and cheaply [36]. 

 

2.3 Fabrication of Thin Films 

The technique of placing a thin film of material onto a substrate or previously placed 

layers is known as thin film fabrication. Deposition methods for thin films can be 

broadly divided into five categories: plating, oxidation, wet processing, physical 
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vapour deposition, and chemical vapour deposition [36]. The electrical 

characteristics of thin films are directly impacted by different processing methods 

used in semiconductor manufacture. Monitoring thin films during fabrication 

requires non-destructive, quick, accurate measurements that are sensitive to changes 

in thin film electrical characteristics. This allows for in-line process control, 

optimisation, and early detection of process excursions [37]. The solution processing 

methods presented in figure 2-9 below are widely used in laboratories, and they are 

mostly called wet processing. 

 

 

Figure 2-9: Methods for solution processing to fabricate thin films [38]. 

 

According to Roncaselli et al. [39], it is well known that changing the solvents 

causes changes in the morphology and, as a result, the organisation of the 

morphology of the material, which affects the conductivity. P3HT's solubility would 

cause the chain to take on various conformations, resulting in crystallinity with a 

range of sizes. P3HT's chains "stretch" due to its high solubility in CHCl3, increasing 

the mobility of charge carriers. While xylene's solubility is lower, it would cause the 

chains to compress, reducing charge carrier mobility and molecular aggregation 
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during the creation of films. The solvent may improve the efficiency of the solar cell 

by enhancing photocurrent, enabling charge carrier transport, and establishing 

percolation channels for carriers. The conductivity value for fully pure P3HT 

solubilised with CHCl3 is 4.80 x 10-6 S m-1 [39]. 

When P3HT is ultrasonically processed, it is most likely to cause the CHCl3 polymer 

chains to aggregate. During the ultrasonication, the polymer-polymer interactions 

become more favourable than the polymer-solvent interactions, especially in 

chlorinated solvents (i.e., CHCl3, C6H5Cl and trichlorobenzene (C6H3Cl3)). After the 

spin coating and annealing procedures, polymer films produce a planar and rigid 

chain conformation with a higher degree of intra-chain contact in comparison with 

the P3HT film without the ultrasonication step. It can be demonstrated that 

ultrasonication of a P3HT solution in CHCl3 causes significant variations in the film 

that remain following spin coating and thermal annealing. Even while the film's 

general shape remains the same, it has a different λmax of 5.20 × 10-7 m and shows 

lower oxidation start voltages at the longest ultrasonication period ever recorded. By 

atomic force microscopy imaging, it is discovered that the creation of regionally 

well-organised aggregated polymer clusters is responsible for the expansion of 

bigger domain sizes and the alterations in electrochromic behaviour. The film from 

the solution that has been ultrasonically treated for 480 s shows the lowest threshold 

for absorbance change and the greatest stability while repeatedly applying 1.0 V/0 V 

cycles. 

Although the precise process is still being researched, ultrasonicating the polymer 

solution before spin coating serves to improve the behaviour of the device in all 

measurable characteristics with no clear drawback [40]. In P3HT thin films 

embedded with preformed crystalline P3HT nanowires, the effects of solvent vapour 
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annealing (SVA) on the molecular ordering, morphologies, and charge transport 

properties were thoroughly investigated. SVA with CHCl3 was discovered to 

dramatically impact the structural and morphological alterations, and therefore on the 

charge transport characteristics, of the P3HT-nanowires-embedded P3HT films. 

With increasing annealing time, the density of crystalline P3HT nanowires was 

enhanced inside the resultant films, and also intra and intermolecular interactions of 

the corresponding films were significantly improved. As a result, the P3HT-

nanowires-embedded P3HT films annealed with CHCl3 vapour for 1 200 s resulted 

in a maximised charge carrier mobility of ~ 0.102 cm2 V-1 s-1, which is higher than 

that of pristine P3HT films by 4.4-fold (~ 0.023 cm2 V-1 s-1) [41]. Ultrasonication of 

the polymer solution regulated and increased the intra-chain interaction of the 

resultant polymer film on an ITO substrate. By using this technique, the polymer film 

was able to change colours at 0.2 V less voltage than an untreated film while 

maintaining good stability and a quick response switching time of 1–2 s. It has been 

shown that using this technique makes it simple to reduce the applied voltage while 

also enhancing the stability of the electrochromic RR-P3HT film [40]. 

Abdellah et al. [42] conducted a comparative analysis of OFETs made of P3HT and 

related their performance to how their morphology depended on the consistency of 

the solutions employed and the deposition method. Regardless of the deposition 

procedure, charge carrier mobilities in samples made using fresh solutions have been 

reported to be in the order of 10-4 cm2 V-1 s-1. The carrier mobilities in the devices 

rise as a result of the use of aged solutions at least one order of magnitude or more. 

The mobilities in spray-coated OFETs were discovered to be of the order of 10-3 cm2 

V-1 s-1, which is on par with the values reported by Abdellah et al. [42] and a factor 

of one lower than those in the P3HT FETs fabricated by Chan et al. [43] using an 



27 

optimised fabrication technique. Even greater mobilities are displayed in spin coated 

P3HT thin films that were formed utilising aged solutions, especially in samples 

where some nanofibres were oriented parallel to the channel length [44]. 

 

2.3.1 Spin Coating 

Applying uniform thin films to flat substrates could be done through the process of 

spin coating. In a typical procedure, a small puddle of fluid resin is placed in the 

centre of a substrate, and the substrate is then spun rapidly (typically at a speed of 

about 3 000 rpm) [45]. A thin resin film will form on the surface due to the resin 

spreading to, and eventually leaving the substrate's edge due to centrifugal force. 

Final film thickness and other attributes will rely on the nature of the resin (viscosity, 

drying rate, per cent solids, surface tension, etc.) and the parameters chosen for the 

spin process. The properties of coated films are defined in terms of final rotational 

speed, acceleration, and fume exhaust [45][46]. The main advantages of spin coating 

are: 1) It is suitable for both research and quick prototyping because of how simple 

and relatively simple it is to set up a process and because it can produce thin, 

homogeneous coatings at a range of thicknesses; 2) The capacity to dry materials 

quickly (because of the strong airflow) results in good consistency at both macro- 

and nanoscales and frequently eliminates the need for post-deposition heat treatment; 

3) In comparison to other techniques, many of which demand both more expensive 

machinery and high-energy processes, spin coating is an inexpensive way to batch 

process individual substrates. 

Spin coating's main drawback is that it is a batch (single substrate) process by nature, 

which results in a lower throughput than roll-to-roll processes like slot-die coating. 
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The amount of material actually used in a spin coating process is also typically very 

small (at 10 % or less), with the remainder being wasted, and thrown off to the side. 

In research settings, this is typically not a problem, but in large-scale manufacturing, 

it is wasteful. Some nanotechnologies, like small molecule OFETs, which need time 

to self-assemble and/or crystallise, may perform worse due to the fast-drying times 

[47]. Figure 2-10 below shows the four key steps of spin coating which are: a) 

deposition, b) spin-up, c) spin-off, and d) evaporation. 

 

 

Figure 2-10: The multiple "stages" of spin coating a) Dispensation b) Acceleration c) 

Flow dominated d) Evaporation dominated [46]. 

 

The work of Emslie, Bonner, and Peck (EBP) [48] provides a thorough description of 

the physics of fluid flow on a spinning substrate. It is expected that the fluid layer is 

sufficiently thin to ensure that the viscous drag caused by the fluid precisely balances 

the radial rotational forces. The differential equation (2.2) mathematically expresses 

the force balance: 

-η 
∂

2
v

 ∂z
2  = ρω2r      (2.2) 
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where r is the radius under consideration, v measures the radial velocity component, 

ρ is the fluid density, ω is the rotation rate/spin speed, z is a vertical height 

dimension, and η represents the fluid’s viscosity. It should be noted that the gradient 

in the shear created by the velocity vs depth profile is calculated on the left-hand side 

and that this must precisely balance the forces of rotation experienced by the same 

volume element. The fluid velocity profile with depth was determined to have the 

following expression by EBP after solving equation (2.2) with the proper boundary 

conditions: 

v =
1

η
ρω2r [hz −

z2

2
]     (2.3) 

where h is the instantaneous fluid thickness and z varies from 0 to h. EBP were able 

to derive a function for the fluid depth against time and calculate the overall fluid 

thinning rate by integrating. It was discovered that their thinning rate was: 

dh

dt
 = -2Kh

3
      (2.4) 

where K is a flow constant and is defined as follows: 

K = 
ρω2

3η
      (2.5) 

The fact that volatile solvents are typically included in coating solutions' recipes and 

that their evaporation aids in fluid thinning was overlooked in EBP's treatment. 

Meyerhofer [49] introduced this crucial element into the equation. It was realised that 

vapour diffusion via the aerodynamic boundary layer above the wafer surface 

determined the evaporation rate rather than the fluid's physical thickness. This 

evaporation contribution to thinning was therefore: 

dh

dt
 = -e       (2.6) 
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where 𝑒 is a function of ω because the vapour boundary layer changes thickness as 

the rotation rate changes [49]. e is therefore determined to comply with: 

e = C√ω      (2.7) 

where C is a proportionality constant that depends on whether airflow above the 

surface is laminar or turbulent as well as the diffusivity of solvent molecules in the 

air (since it is essentially constrained by the diffusion of the evaporating molecules 

through the aerodynamic boundary layer above the surface of the wafer during 

spinning). Previously, a laser interferometry approach was merely used to calculate C 

experimentally [50]. This technique has been called "optospinography" by others 

who have used laser interference effects [51]. Therefore, under most actual spin 

coating conditions, both processes will be active at the same time and throughout the 

operation. The thinning rate differential equation that arises from this is as follows: 

dh

dt
 = -2Kh

3
- e      (2.8) 

Fitting interferometry data to derive the e and K constants for specific coating 

solutions was done using equation (2.8) [50]. 

By allowing for an estimation of the final film thickness in terms of the important 

physical constants, Meyerhofer [49] realised that the evaporation term is fluid 

thickness independent, whereas the flow term has a cubed dependence on h. This 

suggested that at large thickness values, the flow would take over, decreasing the 

thickness until it was negligible in relation to the rate of evaporation. A "cross-over" 

point, was where the two contributions would be equal. Then, the assumption was 

made that the film would essentially form by drying in place after the cross-over 

point. (which is the period when evaporation predominates). Using this method, the 
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calculated final coating thickness, hf, in terms of the important solution parameters is 

as follows: 

h f = x (
e

2(1 - x)
K)

1

3
     (2.9) 

where x is the fractional solids content of the solution (i.e., what would remain once 

the solvents are totally removed by evaporation or baking), and e and K are the 

evaporation and flow constants, as previously described. Equation (2.9) then 

combines e and K's intrinsic dependencies on ω to predict that the ultimate coating 

thickness will fluctuate with the ω's inverse square root: 

hf ∝ ω
- 

1

2      (2.10) 

Numerous experiments have detected this ω exponent of -
1

2
 [49] however, certain 

reports of values that vary slightly from -
1

2
 have also been made [49]. Previous 

studies [52] ascribed variations from a value of -
1

2
 to the presence of more viscous 

liquids or viscosity alterations during spinning. In reality, according to EBP's 

thickness solution [48] a ω exponent of -1 would be expected in the absence of 

evaporation. However, some experimental work has produced smaller magnitude 

exponents, and these discrepancies cannot be explained by either model [49]. 

The above implies that the thickness of a film will be halved when spun at four times 

the speed. Equation (2.10) can also be used to calculate a spin curve, as demonstrated 

in figure 2-11 below. 
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Figure 2-11: Spin curve for a solution (Left side) [47], Reproduced with a fitted 

proportionality constant of 1670 (Right side). 

 

2.4 Determination of the Thickness of Thin Films 

The widely used techniques in thin film thickness measurement are as follows: stylus 

profilometry, interferometry, ellipsometry, spectrophotometric measurements and x-

ray microanalysis [53]. Figure 2-12 below displays the plotted solution concentration 

against the film thickness graph. Conjugated oligomer (CO) 1,4-bis(9-ethyl-3-

carbazo-vinylene)-9,9-dihexyl-fluorene (BECV-DHF) thin films that were cast onto 

a quartz substrate using a spin coating process. To create thin films of various 

thicknesses, CO BECV-DHF was dissolved in CHCl3 at various concentrations [54]. 

In general, increasing the solution concentration results in a thicker film. The higher 

fluid viscosity is the cause for this [55]. 

 

Figure 2-12: Film thickness vs the solution concentration for CO BEVC-DHF 

deposited by spin coating at 2 000 rpm [54]. 



33 

Figure 2-13 below indicates that the thin film thickness decreases as the ω increases. 

Additionally, it demonstrates that when polystyrene (PS) polymer thin films are spun 

coated and fabricated in CHCl3 as the solvent, the higher the solution concentration 

the thicker the thin films become. 

 

 

Figure 2-13: The relationship between ω and the initial polymer solution 

concentration for three different concentrations of polystyrene (PS) in CHCl3: 

(𝛻) 0.25 wt % PS, (○) 0.5 wt % PS, and (◊) 2 wt % PS. Solid lines represent 

predictions of hf = (1 - x1º)hω, where hω is the wet thin film thickness at which the 

thin film is anticipated to become immobile and x1º is the initial solvent mass 

percentage in the coating solution [56]. 

 

The thickness of the film can also be determined from the mass change of the 

substrate (before and after the coating procedure) using a high precision weight 

balance. The thickness of the film hf can be calculated by using the formula: 

hf = (∆m∙ρ
s
) (ms∙ρf

)×ds⁄      (2.11) 

where ρ
s
, ds, and ms are the density, thickness, and mass of uncoated substrate 

respectively. ρ
f
 the density of the film deposited [35]. 
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The problem that can be experienced with the above method when utilising it on 

annealed thin films is that thin films come out from the heating oven weighing less 

than when they went in. This might be due to outgassing effects [57]. At first look, 

measuring the weight of the film deposit seems to be a simple and direct technique to 

determine the film thickness hf using equation (2.11). Precision mass balances rather 

than interferometers or stylus instruments are more frequently employed in poorly 

equipped laboratories, where this straightforward method has been used frequently. 

Because the film density cannot be known with confidence, the values of hf thus 

derived are not accurate. The film packing factor P, which measures the void content, 

might be quite low, for example, P = 0.75 for porous deposits, which is the cause of 

this. Equation (2.11) would obviously be understated if handbook bulk values of ρ 

were utilised. The effective deposit area will also be greater than the estimated 

projected area when the substrate has a lot of relief, such as roughness, cleavage 

steps, patterned topography, etc. The film thickness in this instance can be 

overstated. 

Using the gravimetric method approach is troublesome for ultrathin films with an 

island structure. Even though gravimetric methods have drawbacks, extremely fine 

and cutting-edge microbalances have been developed and are frequently used to track 

film thickness as it is deposited. Designs for microbalances have utilised ideas like 

the torsion of a wire, the elongation of a thin quartz-fibre helix, or the deflection of a 

pivot-mounted beam. Sensitive optical and, more frequently, electromechanical 

transducers and compensators have been used to enable the detection of ≅ 1.0×10-8 g 

in null measurements. Deposits that are fractions of a monolayer thick can be 

measured by using very light, large-area substrates. For low density materials (such 

as silicon dioxide) and high-density metals (such as platinum), typical equivalent 
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film thicknesses of less than 1.0 × 10−9 m–1.0 × 10−10 m, respectively, are visible. 

Microbalances composed almost entirely of quartz can operate in an ultrahigh 

vacuum because they can be degassed at high temperatures. The use of quartz crystal 

oscillators is the most significant gravimetric method. This method is practically 

always used to measure the thickness of physical vapour-deposited films in real time 

[35]. 

 

2.5 Sheet Resistance, R□ 

R□ sometimes termed surface resistivity is the resistance of a thin square film/sheet 

of material. The units for R□ are Ω. The units Ω per square, or Ω/□, are commonly 

used. The R□ is numerically equal to the measured resistance of a square piece of the 

material. R□ is independent of the size of the square measured, and it is not necessary 

to know the film thickness to measure R□. 

Consider the resistance of a square rod with cross-sectional area = A, length = L and 

width = W, is given by 

R = ρ
L

A
 = ρ

L

Wt
      (2.12) 

where t is the thickness of the rod, ρ is the bulk resistivity of the material rod. If its 

geometry is a square, then L = W therefore L W⁄  = 1 implying that 

R = ρ⋅
1

t
      (2.13) 

Since 

R
□
 = 

ρ

t
      (2.14) 

⇒            R = R□⋅
L

w
          (2.15) 

R□ is called sheet resistance. 



36 

Table 2.2: Resistivity and conductivity of some of the material. 

Material Resistivity (ρ) (Ω·m) Conductivity (σ) (S/m) 

Metals 

1. Silver 

2. Copper 

3. Gold 

4. Aluminium 

5. Tungsten 

1.59 × 10−8 

1.68 × 10−8 

2.44 × 10−8 

2.65 × 10−8 

5.60 × 10−8 

6.30 × 10+7 

5.96 × 10+7 

4.11 × 10+7 

3.77 × 10+7 

1.79 × 10+7 

Semiconductors 

1. P3HT 

2. Gallium arsenide 

3. Germanium 

4. Silicon 

5. Silicon carbide 

10+5–10+6 

10−3–10+8 

4.6 × 10−1 

2.3 × 10+3 

10+2–10+8 

10−6–10−5 

10−8–10+3 

2.17 

4.35 × 10−4 

10-8–10-2 

Insulators 

1. Alumina 

2. Wood 

3. Glass 

4. Rubber 

5. Teflon 

10+12–10+15 

10+14–10+16 

10+11–10+15 

10+13 

10+23–10+25 

10-12 

10−16–10−14 

10−15–10−11 

10−14 

10−25–10−23 

 

2.6 Sheet Resistance, R□, of Thin Films 

R□ is a crucial electrical characteristic that is used to describe conducting and 

semiconducting material sheets. R□ is a helpful parameter for comparing various thin 

films of material [58]. If R□ and thickness are known for a material, then its 

resistivity and conductivity can be calculated. Any thin film of material in which 

electrical charges are meant to move along the material (rather than flow through it) 

must possess R□. For instance, conducting electrodes are needed for thin film 

technologies (such as perovskite solar cells or OLEDs), and these electrodes 

typically have thicknesses in the nano–micrometre range. The electrodes must move 
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electrical charge laterally, and they require low R□ to minimise losses. When trying 

to scale up the size of these devices, this becomes even more crucial because the 

electrical charges will need to travel further along the electrodes before they can be 

extracted [59]. The chemical composition of thin films, the amount and kind of 

impurities present within or on their surface, the crystal structure of the thin film, and 

the kinds and densities of structural flaws are all factors that affect their electrical 

properties [60]. R□ is the material's resistivity given its geometrical dimensions. 

Theoretical and practical interests have long existed in the electrical characteristics of 

thin films. The solid-state revolution has given thin film electrical conductors, 

insulators, and devices significant new functions. Microscopic thin film-based 

integrated circuit chips have replaced huge discrete electrical components and 

systems in a way that is more efficient and reliable. No matter the type of material, 

its physical state, or whether it is in bulk or film form, when a concentration of 

carriers n (number/m3) with charge q moves past a specified reference plane with a 

velocity v (m/s) in response to an applied electric field E (V/m), it is said to flow an 

electric current of density J (A/m2). 

The straightforward relationship J = nqv can be used to express the current flow's 

magnitude. The carrier velocity is proportional to E for the majority of materials, 

especially at low electric fields, meaning that v = µE. Here µ is the mobility, which is 

often referred to as the proportionality constant or velocity per unit field. As a result, 

J = nqµE and by Ohm's law (J = σE), the reciprocal of the resistivity ρ, or 

conductivity σ, is given by σ = 
1

ρ
 = nqµ. The nature, size, and characteristics of the 

material constants in these equations are all sought to be defined by quantitative 

theories of electrical conductivity. The n, v or µ varies as a function of temperature, 
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composition, defect structure, and electric field. Comprehensive explanations of 

conduction integrate what may be called the "charge carrier dynamics" approach 

with the band structure viewpoint, and also incorporate electronic band structure 

considerations, which have successfully predicted property differences. The bulk 

conduction knowledge that has already been accumulated provides a solid foundation 

for understanding thin film behaviour. However, there are significant distinctions 

that give thin films distinctive qualities, and these are listed below: 

1) Size effects or phenomena that develop because of the physically small 

dimensions at play. Examples include surface scattering and quantum mechanical 

tunnelling of charge carriers. 

2) Film preparation method: The electrical characteristics of metal and insulator 

films depend on how they are deposited or formed, and this point cannot be 

emphasised enough. Different levels of crystal perfection, structural and electronic 

defect concentrations, dislocation densities, void or porosity content, density, grain 

morphology, chemical composition and stoichiometry, electron trap densities, 

eventual contact reactions, etc., result in materials with dramatically different 

properties, depending on the conditions used. Metals are less impacted by these 

effects than insulators, such as oxides and nitrides. 

3) Electrode effects. In many cases, the substrate and a subsequent conducting film 

that is deposited act as electrodes for the questioned film that is sandwiched between 

them. Insulating films cannot generally be thought of independently from the 

electrodes that come into contact with them. The particular metal or semiconductor 

electrode materials used have a significant impact on the electrical response of 

devices including insulator or oxide layers between metals, semiconductors, and 

mixed electrodes. Some of the elements that can change the nature of charge 
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transport at an interface include interfacial adhesion, tension, interdiffusion, and 

integrated or adsorbed contaminants. 

4) Discontinuous, island-structure films have different film continuity-conduction 

methods than continuous films. 

5) The existence of high electric field conduction phenomena. High field effects are 

easily accessible in films due to the combination of moderate voltages applied over 

extremely small dimensions. 

6) Due to corrosion, water vapour absorption, atmospheric oxidation and sulfidation, 

and low-temperature solid state processes, high chemical reactivity-films are 

vulnerable to ageing or time-dependent changes in electrical characteristics. Almost 

always, thin insulating films are more conductive than their corresponding bulk 

equivalents, and thin metal films are more resistant. Compared to insulators, metals 

have very few changes in film and bulk electrical characteristics. The electrical 

characteristics of thin films have been measured using a variety of approaches, some 

of which are modifications of popular techniques used with bulk materials. 

For insulating films, electrodes are positioned on the opposing film surfaces of the 

films, where current travels through the film thickness. Small circular electrodes that 

have been evaporated or sputtered are typically used as a pair of equivalent contacts; 

the substrate usually serves as the other contact. A guard electrode is necessary if 

charge leaks from contact to contact along the surface, preventing through-film 

conduction. For more conductive metal and semiconductor films, all electrodes are 

often placed on the same film surface. These measurements use four terminals – two 

for current flow and two for voltage sensing. Reporting values of thin film resistivity 

in terms of R□ with the measurement is a fairly popular practice [35]. 
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2.6.1 Measurement of Sheet Resistance, R□ 

R□ can be measured using contact methods such as the van der Pauw method, and the 

four-point probe method. There exist non-contact methods too - when the film that 

needs to be measured is either very thin, delicate, or buried beneath an insulating 

body, non-contact measurement techniques are particularly appealing. 

Within a typical electrical system, the power supply takes on a certain function. It is 

the foundation of the system in many ways. By consistently and reliably powering 

the system's circuits, it gives the system life. Within a power supply system, the 

following three main power supply technologies can be taken into account: 

1) Linear 

Generally, linear regulators are utilised in ground-based equipment when low 

efficiency and heat generation are not big issues and where low cost, and a rapid 

design cycle are sought. In distributed power systems when the distributed voltage is 

less than 40 V direct current, they are quite common as board-level regulators. For 

the safety of producing dielectric isolation from the alternating current power line, a 

power supply stage ahead of the linear regulator must be provided for off-line (plug 

into the wall) devices. Each linear regulator can only produce one output voltage, and 

they can only produce output values that are lower than their input voltages. The 

typical efficiency of a linear regulator is between 35 % and 50 %. The loss is 

converted to heat energy. 

2) Pulse Width Modulated (PWM) switching power supplies 

Compared to linear regulators, PWM switching power supplies are far more flexible 

and efficient. They are frequently used in portable products, items for the aviation 

and automotive industries, compact instruments, offline applications, and practically 

any application that calls for great efficiency and multiple output voltages. Their 
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weight is substantially smaller than that of linear regulators since they require less 

heatsinking for the same output ratings. However, they do cost more to make and 

take longer to build from an engineering standpoint. 

3) High-efficiency resonant technology switching power supplies 

This variant of the standard PWM switching power supply finds use in applications 

that call for still-lightweight, smaller sizes and, most crucially, applications that call 

for a lower level of radiated noise (interference). These power supply units are 

frequently used in items like spacecraft electronics, portable, lightweight equipment, 

and avionics. The disadvantages of this power supply method include the fact that it 

often costs more than the other two technologies and necessitates the most technical 

design effort [61]. 

A constant current supply functions as a regulated current source. It is a power 

supply that puts out a constant flow (current) regardless of the pressure (voltage) 

[62]. A voltmeter's resistance should ideally be infinite to prevent it from affecting 

the circuit current. Only when measuring voltage in the case of a circuit with 

relatively extremely low resistance can a low resistance voltmeter provide an 

accurate measurement. When connected to a circuit whose resistance is similar to the 

resistance of the circuit, the voltmeter gives inaccurate and unreliable readings. This 

is due to the fact that the voltmeter will operate as a shunt path for the current when 

its resistance is less than or equal to the circuit's resistance, resulting in a voltage 

drop across the resistor where the measurement is required. The voltage drop will be 

less than the actual/true value as a result (value of resistance by theory or value of 

resistance before the voltmeter is connected). The loading effect is the name given to 

this phenomenon [63]. The above applies to the in-line four-point probe and square 

four-point probe setups. The current source must have a compliance voltage that is 
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significantly greater than may be anticipated for the four-point probe approach, and 

the input resistance of the voltmeter must be significantly larger. The issue arises if 

the sample's extremely high input resistance matches the electrometer voltmeter's 

input resistance in magnitude [64]. 

 

2.6.2 van der Pauw Method 

In flat, arbitrary-shaped samples, the van der Pauw resistivity measurement 

technique is applied [36]. To apply this approach, the following four requirements 

must be met: 

1) The sample needs to be flat and have a uniform thickness 

2) The sample must be continuous, meaning there can be no isolated holes in it 

3) The sample must be homogeneous and isotropic 

4) The sample's edges must host each of the four connections. 

Along with these other four requirements, any one contact's area of contact must be 

at least an order of magnitude lower than the area of the entire sample. This might 

not be practical or possible for small samples. It is still possible to do precise van der 

Pauw resistivity measurements even if the contacts cannot be made any smaller by 

employing geometric correction factors to take into account the contacts' finite size. 

Attaching four contacts to the four corners of a sheet of material in the shape of a 

square is a more typical geometry. To perform a van der Pauw measurement, the 

following steps are followed: 

1) Define a resistance Rij,kl… Vkl/Iij, where Vkl… Vk–Vl is the voltage between points k 

and l, and Iij is the current flowing from contact i to contact j 
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2) Measure the resistances R21,34 and R32,41. Define R> as the greater of these two 

resistances and R< as the lesser of these two resistances 

3) Calculate the ratio R>/R< and find the corresponding value of the function f(R> 

/R<) 

4) Calculate the resistivity ρa using: 

ρ
a
= 

πd(R>+R<)f(R>/R<)

ln 4
      (2.16) 

where ρ
a
 = Resistivity in Ω·m 

d = Thickness of the sample in meters 

Resistances 𝑅> and 𝑅< are measured in Ω 

ln 4 ≅ 1.3 863. 

It is not necessary to measure the width or length of the sample. 

 

 

Figure 2-14: The graph shows the function f(R>/R<) needed to solve for the resistivity 

in equation (2.17) [58]. 
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5) To measure R43,12 and R14,23, switch the leads. To calculate ρb using these updated 

values for R> and R<, repeat steps 3 and 4. The sample is either too irregular for a 

reliable measurement or either the contacts are bad if the two resistivities, ρa and ρb, 

are not within 10 % of one another. Make new contacts. If the two resistivities ρa and 

ρb are within 10 % of each other, the best estimate of the material resistivity ρ is the 

average: 

ρ = 
(ρa+ ρb

)

2
     (2.17) 

f(R>/R<)  ≡ 
- ln 4(R>/R<)

[1+(R>/R<) ln{1-4-[(1+R>/R<)f]-1}]
    (2.18) 

 

2.6.3 Four-Point Probe Method 

Wenner [65] first employed the four-point probe method in 1916 to measure the 

earth's resistivity. It was utilised by Valdes [66] for the measurement of 

semiconductor wafer resistivity in 1954. The semiconductor industry uses it 

frequently today to keep an eye on the manufacturing process [67]. The four-point 

probe technique can be used to test thin film thickness, although it is commonly 

employed to measure the R□ of shallow layers (as a result of epitaxy, ion-implant, 

diffusion, evaporation or sputtering) and the bulk resistivity of bare wafers [36]. 

Eliminating contact/wire resistance is one of the four-point probe method's main 

benefits. 
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Figure 2-15: The in-line four-point probe instrument is depicted schematically [37]. 

 

A typical in-line four-point probe instrument is shown in figure 2-15 above and 

contains four co-linear, equally spaced probes that make electrical contact with the 

substance to be characterised. As mentioned previously a high impedance voltmeter 

is used to measure the voltage across the two inner probes caused by the application 

of a DC constant current through the outer probes, which allows R□ to be calculated. 

 

 
Figure 2-16: A schematic of a four-point probe design with linear symmetry [36]. 

 

Considering figure 2-16 above, the metal tip is considered to be infinitesimal for bulk 

samples, and samples are semi-infinite in the lateral dimension. It is anticipated that 

the current will protrude spherically from the outer probe tips when the sample 

thickness, 𝑡 >> 𝑆, and the probe spacing match. After that, the differential resistance 

is provided by: 

∆R = ρ
□

(
 dx

A
)     (2.19) 
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where, ρ
□
 is the sheet resistivity, A is the area of the film and dx is the separation 

between X1 and X2. Integration between the inner probes used to measure the 

voltage yields the following results: 

R□ = ∫ ρ
dx

2πx2

x2

x1
      (2.20) 

R□ = 
ρ

2π
(-

1

x
)|

x1

x2

     (2.21) 

R□ = 
ρ

2π
(-

1

x
)|

S

2S

     (2.22) 

R□ = 
ρ

2π

1

2S
      (2.23) 

R = 
V

2I
       (2.24) 

where S stands for the uniform probe spacing. Due to the superposition of current at 

the outer two tips, R = 
V

2I
 Thus, we arrive at the following definition for bulk 

resistivity: 

ρ
□
 = 2πS (

V

I
)      (2.25) 

Figure 2-17 illustrates four probes on a square shaped sample for the determination 

of sheet resistance. 

 
Figure 2-17: Probe tips on the square-shaped film sample surface [36]. 
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We have current rings rather than spheres when we consider a thin film with square 

geometry, as in figure 2-17, with a very thin layer (thickness, t << probe spacing, S). 

hence, the area, 

A = 2πxt      (2.26) 

R□ = ∫ ρ
dx

2πxt

x2

x1
      (2.27) 

= ∫
ρ

2πt

 2S

S

dx

x
      (2.28) 

= 
ρ

2πt
ln(x)|

S

  2S

      (2.29) 

= 
ρ

2πt
ln 2      (2.30) 

As a result, for R = 
V

2I
 The thin film sheet resistivity is determined by: 

ρ
□
 = 

πt

ln 2
(

V

I
)      (2.31) 

It should be noted that the probe spacing S has no effect on this expression. Sheet 

resistivity is typically represented as: 

ρ
□
 = K (

V

I
)      (2.32) 

where K is a geometrical factor. K = 4.532, or simply 
π

ln2
 follows from the derivation 

in the case of a semi-infinite thin sheet. In the case of imperfect samples, the factor K 

will change. As a result, equations (2.33) and (2.34) can be used to express the R□ 

and ρ□, respectively. 

R□ = 4.532 (
V

I
)      (2.33) 

ρ
□
 = 4.532t (

V

I
)      (2.34) 

Despite the fact that equation (2.33) for R□ is independent of sample geometry, this 

only holds true if the sample is much thinner than 40 % of the probe spacing and if 

its dimensions are 40 times greater than the probe spacing. If not, the proximity to 
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the sample's edges limits the potential current routes between the probes, which 

causes an overestimation of the R□. A correction factor based on the sample's 

geometry is needed to adjust for this discrepancy. Since there is no equation for a 

rectangular sample, calculating the geometrical correction factor is a little more 

challenging. An empirically derived table of correction factors can be used as an 

alternative. For example: The probe spacing is s = 2 mm, and the rectangular sample 

has a long edge of l = 20 mm and a short edge of w = 10 mm. Since l
w⁄ = 2 and 

w
s⁄  = 5 in this instance, the empirical table (table C1) is searched for the correction 

factor that fulfils these two values, finding K = 0.7887 along the columns for l w⁄ = 2 

and the rows for w s⁄ = 5. To obtain the accurate value for the sample, the measured 

R□ is multiplied by this number. Not all samples will neatly fit into one of these 

categories. In this situation, it is advised to determine the proper correction factor for 

the sample using cubic spline interpolation. It's crucial to keep in mind that the 

correction factors for rectangular samples in table C1 only apply to readings made in 

the sample's centre. Different correction factors are required if the measurement is 

not centred [68]. 
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2.7 Sheet Resistance, R□ and the Thickness of Thin Films 

 
Figure 2-18: Influence of layer thickness on R□ and optical transmission of silver 

nanowires [69]. 

 

Figure 2-18 depicts that the R□ reduces as a power of thickness, which is attributed to 

the increase in the number of silver-nanowire connections, which increases the 

conductivity [69]. 

 

 

Figure 2-19: P3HT device (ITO/P3HT/Al) resistivity with various P3HT layer 

thicknesses [70]. 

 

The 1.20 × 10-7 m cross point is easier to detect in figure 2-19. The resistivity of 

P3HT can be estimated by deducting the contact resistance and accounting for the 
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thickness of the P3HT layer. The resistivity of P3HT does not change when the 

active layer is thinner than 1.20 × 10-7 m, which is expected as resistivity for most 

crystals should not change with material thickness. In the case of conjugate 

polymers, this rule does not, however, hold true. The resistivity increases quickly for 

active layers with a thickness greater than 1.20 × 10-7 m cases. That is, the dominant 

recombination is the cause of the resistivity's quick growth [70]. Electrical 

conductivity is tested in samples made from P3HT polymer and is a function of the 

thickness of the P3HT layers, demonstrating that the conductivity of P3HT polymer 

thin films rises with thickness [71]. 

 

2.8 Chapter Summary 

This chapter delved extensively into the study's literature review. Since their 1970s 

discovery, conductive polymers have undergone much research. Researchers have 

been particularly interested in P3HT because of the favourable prospective features 

that make it suitable for use in OPVs. Compared to their bulk counterparts, thin films 

offer unique features. Physical vapour deposition, chemical vapour deposition, 

oxidation, wet processing, and plating are a few of the techniques used to create thin 

films. The P3HT thin films' characteristics are influenced by the solvent used to 

create the P3HT solution. The majority of the time, optical techniques are used to 

measure the thickness of thin films R□ in thin films is a beneficial characteristic. The 

van der Pauw and four-point probe methods are typically used to calculate R□. For 

the majority of materials, there is a power relationship between R□ and thin film 

thickness. 
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CHAPTER 3 : RESEARCH METHODS 

This chapter explains the methodology used for the study. The research design, 

methods, data analysis, and research ethics are all shown in depth. 

 

3.1 Research Design 

The quantitative research design was used. The commercial P3HT was dissolved in 

CHCl3. P3HT thin films of various thicknesses were fabricated by the spin coating 

method on glass substrates. For each thin film, its thickness was determined, and R□ 

was measured, and the tabulated data collected were analysed with descriptive and 

inferential statistics, and then conclusions were reached. 

 

3.2 Procedure 

3.2.1 Dissolving of P3HT 

1.2 × 10-5 Kg of P3HT (MW = 60.15, 97.6 % RR) purchased from Ossila Ltd was 

put into a vial. 1.0 × 10-3 L of CHCl3 solvent obtained from LABTECH was added to 

the vial. Hence a P3HT solution with concentration of 1.2 × 10-2 Kg/L was made. 

The closed vial was put on the Benchmark magnetic stirrer with a stirrer bar and 

heated at 343.15 K for 1 800 s inside the fume hood, afterwards, the vial was left on 

the magnetic stirrer with a stirrer bar overnight at 303.15 K inside the dark fume 

hood to prevent excessive aggregation of the P3HT molecules. 
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3.2.2 Fabrication of P3HT Thin Films 

Eight glass slides with the square dimensions of 2.5 × 10-2 m by 2.5 × 10-2 m were 

cut into size by using the Matus glass cutter and marked with numerals in order from 

1 to 8 with the Würth tungsten scriber and were sonicated in the Scientech ultrasonic 

bath with a detergent at 353.15 K for 300 s, and then rinsed in hot deionized water, 

and then in cold deionized water. The glass slides were then sonicated again in 

acetone for 300 s at 329.15 K and then rinsed in deionized water twice, they were 

again sonicated in 2-Propanol for 300 s at 343.15 K and then rinsed in deionized 

water twice, and then placed in deionized water to be stored until they were needed, 

when needed, they were blown dry with a nitrogen gas gun. Eight thin film samples 

with 1.2 × 10-2 Kg/L concentration of 1.0 × 10-4 L P3HT solution each were spin 

coated on the square 2.5 × 10-2 m by 2.5 × 10-2 m glass slides as substrates in a 

Kyowa Riken K-35951 spin coater, using the parameters in table 3.1 below. 

 

Table 3.1: Spin coating parameters for the prepared P3HT thin film samples. 

Glass sample 

# 

First spin coating step for 10 s at 

spin coater rotational speed ω 

(rpm) 

Second spin coating step for 30 

s at spin coater rotational speed 

ω (rpm) 

1 500 2 000 

2 750 2 000 

3 1 000 2 000 

4 1 250 2 000 

5 1 500 2 000 

6 1 750 2 000 

7 2 000 2 000 

8 2 250 2 000 
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Estimated P3HT thin film samples of thicknesses were between 6.0 × 10-8 m–1.2 × 

10-7 m. 

3.2.3 Determination of the Thickness of P3HT Thin Films 

Each glass slide was weighed on the Mettler Toledo AT201 max = 205 g, d = 0.01 

mg electronic balance to obtain its weight before and after the spin coating 

procedure. The P3HT thin film samples were annealed in the oven at 423.15 K for 

600 s. The annealed P3HT thin film samples were weighed on the Mettler Toledo 

AT201 max = 205 g, d = 0.01 mg electronic balance to obtain their weights. The 

thicknesses of the as-cast and annealed P3HT thin film samples were calculated by 

using equation (2.11) from the mass changes of the substrate (before and after the 

spin coating, and annealing procedures) and the P3HT thin film samples’ thicknesses 

were also estimated by using equation (2.10), called the spin coating equation for 

thickness from the ω obtained from the spin coater.  

 

3.2.4 Measurement of Sheet Resistance, R□ of P3HT Thin Films 

A dual in-line four-point probe head was designed and fabricated. The four-point 

probe head has an in-line 2.0 × 10-3 m of equidistant spacing between the probes, the 

probes have 0.1 Kg of spring force and are 7.39 × 10- 4 m in diameter. 
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Figure 3-1: The picture of the fabricated in-line four-point probe head. 

 

The R□ of all the eight P3HT thin film samples was measured using the designed and 

fabricated four-point probe head with the ISOTECH and Leybold current sources and 

Toptronic multimeters (MMs). The R□ measurements were done in 132 lx of light 

from the fluorescent bulbs with indirect sunlight, and inside the dark room, for both 

as-cast and annealed P3HT thin film samples. The geometric factor was added to the 

measurements (from table C1). The measurements were done at 1 µA, 2 µA, 3 µA, 

and 4 µA constant currents for each of the eight P3HT thin film samples. 

 

3.3 Data Analysis 

Quantitative data analysis was used. The mean for each data set was calculated for 

accuracy and precision. Standard deviation was applied to the data for error analysis. 

Regression was used to get the dependence between the thickness and R□ on each 

other. Regression was used when plotting the graphs. 
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3.4 Research Ethics 

Ethical clearance was obtained from the UNAM Research Ethics Committee, and 

research Permission from the Postgraduate Support Services. All waste generated in 

the laboratory was disposed of according to the guidelines for waste disposal of the 

Standard Operation Procedure document number SOP-29-1 and UNAM 

Occupational Safety and Health guidelines. All experiments were conducted in a 

well-ventilated and sterilised fume hood, and safety protective clothing was used. 

 

3.5 Chapter Summary 

The chapter showed that the quantitative research design was used. The P3HT 

solution was prepared. Fabrication of P3HT thin film samples was made by spin 

coating. Varying the coating ω varies the thicknesses of P3HT thin film samples, the 

in-line four-point probe head was designed and fabricated, then used to measure R□. 

Regression, means, standard deviation and curve fitting were used. Research ethics 

were followed, and a research permission letter was obtained. 
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CHAPTER 4 : RESULTS AND DISCUSSIONS 

This chapter presents the results obtained from the study and explains how the data 

was analysed. The findings from the results are covered in this chapter. The chapter 

also highlights the restrictions and goes into explaining how outcomes compare to 

the literature. 

 

Tables 4.1–4.4 show the calculated R□ for the P3HT thin films from the measured 

readings (tables D1–D4) using equation (2.33). The R□ is calculated at 1 µA, 2 µA, 3 

µA, and 4 µA constant currents. Tables 4.1–4.4 also show the P3HT thin films 

sample number, the estimated P3HT thin films’ thicknesses, and the P3HT thin 

films’ coating ω. 

 

Table 4.1: Calculated R□ for the as-cast P3HT thin films for the measurements done 

in the light. 

P3HT Thin Film R□ (10+6) (Ω/□) 

Thin film 

sample # 

Thickness 

(nm) 

 Spin coater 

rotational speed 

ω (rpm) 

At 1 µA At 2 µA At 3 µA At 4 µA 

1 120 500 0.395 0.856 1.05 1.04 

2 100 750 0.527 0.980 1.30 1.47 

3 90 1 000 2.37 2.24 2.27 2.59 

4 80 1 250 3.03 2.24 2.97 3.53 

5 72 1 500 4.21 3.93 4.20 4.71 

6 70 1 750 3.86 3.29 4.15 5.18 

7 62 2 000 5.27 3.36 3.66 3.85 

8 60 2 250 3.34 2.41 2.91 2.60 
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Table 4.2: Calculated R□ for the as-cast P3HT thin films for the measurements done 

in the dark. 

P3HT Thin Film R□ (10+6) (Ω/□) 

Thin film 

sample # 

Thickness 

(nm) 

 Spin coater 

rotational speed 

ω (rpm) 

At 1 µA At 2 µA At 3 µA At 4 µA 

1 120 500 0.965 0.900 1.13 1.10 

2 100 750 2.46 1.93 1.42 1.48 

3 90 1 000 2.72 1.82 2.03 2.50 

4 80 1 250 4.21 3.53 3.06 3.24 

5 72 1 500 3.60 3.84 4.18 4.49 

6 70 1 750 4.48 3.09 4.40 4.25 

7 62 2 000 4.65 3.84 3.26 3.47 

8 60 2 250 4.21 3.12 2.55 2.18 

 

 

Table 4.3: Calculated R□ for the annealed P3HT thin films for the measurements 

done in the light. 

P3HT Thin Film R□ (10+6) (Ω/□) 

Thin film 

sample # 

Thickness 

(nm) 

 Spin coater 

rotational speed 

ω (rpm) 

At 1 µA At 2 µA At 3 µA At 4 µA 

1 120 500 0.176 0.351 0.366 0.428 

2 100 750 0.439 0.461 0.512 0.538 

3 90 1 000 0.263 0.417 0.614 0.790 

4 80 1 250 0.395 0.790 0.746 1.25 

5 72 1 500 0.614 1.29 1.76 2.17 

6 70 1 750 1.05 1.27 2.18 2.44 

7 62 2 000 1.97 2.39 2.91 2.58 

8 60 2 250 1.71 1.97 2.28 2.62 
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Table 4.4: Calculated R□ for the annealed P3HT thin films for the measurements 

done in the dark. 

P3HT Thin Film R□ (10+6) (Ω/□) 

Thin film 

sample # 

Thickness 

(nm) 

 Spin coater 

rotational speed 

ω (rpm) 

At 1 µA At 2 µA At 3 µA At 4 µA 

1 120 500 1.23 1.05 0.951 1.03 

2 100 750 1.40 1.54 1.80 2.13 

3 90 1 000 1.80 1.97 2.22 2.22 

4 80 1 250 3.03 2.68 2.91 2.80 

5 72 1 500 2.94 2.33 2.85 2.95 

6 70 1 750 3.07 2.24 2.97 3.03 

7. 62 2 000 2.55 2.85 2.62 3.21 

8. 60 2 250 2.59 1.93 1.83 1.99 

 

Tables 4.1–4.4 show that the R□ is calculated at four various constant currents, which 

means the measurements were done at 1 µA, 2 µA, 3 µA, and 4 µA constant currents 

instead of only one constant current. This is done to reduce errors in that various 

constant currents further enhance the clarity of the phenomenon being investigated. 

The smaller the constant current used to obtain R□ the more accurate R□ becomes, so 

the four constant currents chosen are within the relevant limits. In general, the 

thickness of a spin coated film is proportional to the inverse of the square root of ω, 

as in equation (2.10). 

According to Griffin et al. [47] if and when the fabrication of a thin film is done with 

great precautions then the equation (2.10) could be used to obtain the thin film 

thickness. Figure 2-11 shows a graph of ω versus thin film thickness that was 

obtained by Griffin et al. using equation (2.10). Hence the thin film thickness could 

be obtained from their ωs. Two different thin films (with the same ω = 750 rpm) with 



59 

similar fabrication conditions’ R□ were calculated from the measured readings 

obtained and the values fluctuates but not so much at all. Another two different thin 

films (with the same ω = 2 000 rpm) with similar fabrication conditions’ R□ were 

calculated from the measured readings obtained and the values fluctuates but not so 

much at all. 

 

 

Figure 4-1: The bar chart of voltage and ω at 1 µA for as-cast P3HT thin films for the 

measurements done in the light. 

 

It is clearly shown in figure 4-1 above that as the ω increases (whereby the 

thicknesses of the P3HT thin films are reduced), the voltages tend to increase most of 

the time, the measurements were done in the light for as-cast P3HT thin films, as 

determined at 1 µA. This implies that indeed the current became limited when the 

thicknesses of the P3HT thin films were reduced. The resistivity of the P3HT thin 

films does not have a strong dependence on the thicknesses of the P3HT thin films, 

the electrical conductivity is given by σ = μnq, where μ is the mobility, n is the 
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concentration of charge carriers and q is the charge. Since the conductivity is the 

inverse of the resistivity, i.e., ρ = 
1

σ
 it too has a weak dependence on the P3HT thin 

films’ thicknesses. The R□ has a strong dependence on both the P3HT thin films’ 

thicknesses and the resistivity so it has a strong dependence on the conductivity as 

well. As the thicknesses of the P3HT thin films increased it was seen that the 

insulative behaviour of the P3HT thin films subsides a little, and the P3HT thin 

films’ conductivity increased, R□ tended to become smaller. 

Figure 4-2 below shows that as the ω increases the R□ tends to increase too, the 

measurements were done in the light for as-cast P3HT thin films, and it shows the R□ 

as determined at four different constant currents. 

 

 

Figure 4-2: The graph of R□ vs ω for as-cast P3HT thin films for the measurements 

done in the light. 
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Figure 4-3 below shows that as the ω increases the R□ tends to increase too, the 

measurements were done in the dark for as-cast P3HT thin films, and it shows the R□ 

as determined at four different constant currents. 

 

 

Figure 4-3: The graph of R□ vs ω for as-cast P3HT thin films for the measurements 

done in the dark. 

 

Figure 4-4 below shows that as the ω increases the R□ tends to increase too, the 

measurements were done in the light for annealed P3HT thin films, and it shows the 

R□ as determined at four different constant currents. 
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Figure 4-4: The graph of R□ vs ω for annealed P3HT thin films for the measurements 

done in the light. 

 

Figure 4-5 below shows that as the ω increases the R□ tends to increase too, the 

measurements were done in the dark for annealed P3HT thin films, and it shows the 

R□ as determined at four different constant currents. 

 

 
Figure 4-5: The graph of R□ vs ω for annealed P3HT thin films for the measurements 

done in the dark. 
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Since the P3HT thin films’ thicknesses reduce as the ω increases, then the inverse of 

the ω depicts the increasing order of the P3HT thin films’ thicknesses, figure 4-6 

below shows that the R□ of the P3HT thin films tends to decrease as the P3HT thin 

films’ thicknesses increase, the measurements were done in the light for as-cast 

P3HT thin films, it shows the R□ as determined at four different constant currents. 

 

 
Figure 4-6: The graph of R□ vs ω-1 for as-cast P3HT thin films for the measurements 

done in the light. 

 

Figure 4-7 below shows that the R□ of the P3HT thin films tends to decrease as the 

P3HT thin films’ thicknesses increase, the measurements were done in the dark for 

as-cast P3HT thin films, and it shows the R□ as determined at four different constant 

currents. 
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Figure 4-7: The graph of R□ vs ω-1 for as-cast P3HT thin films for the measurements 

done in the dark. 

 

Figure 4-8 below shows that the R□ of the P3HT thin films tends to decrease as the 

P3HT thin films’ thicknesses increase, the measurements were done in the light for 

annealed P3HT thin films, and it shows the R□ as determined at four different 

constant currents. 

 

 
Figure 4-8: The graph of R□ vs ω-1 for annealed P3HT thin films for the 

measurements done in the light. 
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Figure 4-9 below shows that the R□ of the P3HT thin films decreases as the P3HT 

thin films’ thicknesses increase, the measurements were done in the dark for 

annealed P3HT thin films, and it shows the R□ as determined at four different 

constant currents. 

 

 
Figure 4-9: The graph of R□ vs ω-1 for annealed P3HT thin films for the 

measurements done in the dark. 

 

In figures 4-2 to 4-9, it is shown that the R□ decreased as the P3HT thin films’ 

thicknesses increased, this can be attributed to that the more material available or 

given the more charge carriers are available or given [35]. P3HT produces photo 

generated charge carriers since it absorbs in radiation within the visible wavelength 

range, and this may influence the current of the P3HT thin films, so measuring the 

R□ in the dark and light reveals this phenomenon. In P3HT applications, knowing the 

different values of R□ in light and dark is useful. The measurement of R□ in the dark 

seems to lose a little dependence on the P3HT thin films’ thicknesses, and this could 
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be because the P3HT is less conductive in the dark since the creation of positive 

charge carriers (p-type) of P3HT seizes [20][72], which throws the four-point probe 

method measurements off balance which develops with little outlier points as well, 

the four-point probe method does not measure R□ well for insulative material [58], 

the overall R□ increases in the dark. P3HT thin films show a weaker connection 

between R□ and the thicknesses of the thin films, unlike thin metallic films which 

show a strong connection between R□ and thin films' thicknesses [69][70]. 

 

Figures 4-10 to 4-17 illustrate the curve fitting for R□ vs ω and R□ vs ω-1 graphs for 

as-cast and annealed P3HT thin films for the measurements performed in the light 

and the dark. 

 

 

Figure 4-10: The graph of R□ vs ω for as-cast P3HT thin films for the measurements 

done in the light with curve fitting. 
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Figure 4-11: The graph of R□ vs ω-1 for as-cast P3HT thin films for the 

measurements done in the light with curve fitting. 

 

 

 

Figure 4-12: The graph of R□ vs ω for as-cast P3HT thin films for the measurements 

done in the dark with curve fitting. 
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Figure 4-13: The graph of R□ vs ω-1 for as-cast P3HT thin films for the 

measurements done in the dark with curve fitting. 

 

 

 

Figure 4-14: The graph of R□ vs ω for annealed P3HT thin films for the 

measurements done in the light with curve fitting. 
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Figure 4-15: The graph of R□ vs ω-1 for annealed P3HT thin films for the 

measurements done in the light with curve fitting. 

 

 

 

Figure 4-16: The graph of R□ vs ω for annealed P3HT thin films for the 

measurements done in the dark with curve fitting. 
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Figure 4-17: The graph of R□ vs ω-1 for annealed P3HT thin films for the 

measurements done in the dark with curve fitting. 

 

In figures 4-10 to 4-17, the curve fitting was done in the Python programming 

language. Curve fitting allows the observation and quantification of the behaviour of 

the physical phenomena of the situation. Curve fitting eliminates the noise from the 

dataset. Curve fitting fixes measured data to an analytical equation to extract 

meaningful parameters. The compatibility of the graphs with the curve fitting models 

demonstrates the existence of a pattern between R□ and the P3HT thin films’ 

thicknesses. The correlation between the R□ and the P3HT thin films’ thicknesses is 

much clearer when the P3HT thin films are annealed because the conductivity of the 

P3HT thin films increases [25], and the four-point probe method becomes more 

accurate and precise. The R□ decreases after the annealing of P3HT thin films. Initial 

annealing of the P3HT thin films increases the R□, the heat evaporates away the 

remaining solvent from the P3HT thin films, and the water vapour and the oxygen 

are also removed from the P3HT thin films, but all of these impurities contribute to 

the decrease of the R□ because they contribute to the increment of the conductivity of 
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the P3HT thin films due to them introducing more charge carriers. Further heating 

recrystallises the P3HT [31], making the threads more likely to be in contact with 

each other and any contact on the P3HT thin films increases the conductivity of the 

P3HT thin films and decreases the resistivity and the R□. 

The P3HT dissolved in CHCl3 as a solvent is a Newtonian fluid [47], which 

influences the wet spin coating of the P3HT thin films. The spin coating method 

produces uniform thin films, uniform P3HT thin films produce more precise and 

accurate findings when measuring the R□ of P3HT thin films. CHCl3 is the best 

solvent for P3HT since it dissolves it better than the other solvents, this allows the 

P3HT to crystalise better hence allowing for improved conductivity of P3HT [41]. 

The solvent utilised for dissolving the P3HT polymer and the fabrication method 

both impact the measured R□ [41]. The resistivity of the P3HT thin films depends on 

the rate of deposition, temperature, thickness, and grain [73]. 

The R□ makes it easier to get resistance for materials with known square dimensions. 

The optimal R□ makes it easier to transfer and collect charges from material for solar 

cells, since it is the surface resistance [74]. The low charge mobility of conductive 

organic polymers limits the active-layer thickness of the solar cells and light 

absorption [64]. The P3HT is almost insulative so the measurement results depend on 

the accuracy of the measurement devices i.e., MM, the material of the probes, 

contact with the sample, the voltage applied, surface contamination and electrostatic 

charging and interfacial tension. The errors of the experiment are that the whole 

fabrication and measurement were not done in a nitrogen gas environment, even 

though all care was implemented to prevent damage to the thin films, the probes 

could crack the thin films, and the wiring of the setup also could introduce errors, 

due to the non-availability of standard equipment that could estimate the thicknesses 
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of the P3HT thin films. The R□ for the annealed P3HT thin films and as-cast P3HT 

thin films were measured and obtained, and the P3HT thin films’ thicknesses were 

estimated by the mass of P3HT coated on the substrates using equation (2.11) and 

from the spin coating thickness equation (2.10). Spin coating is better for thin film 

coating, but it wastes a lot of material on a large-scale, doctor blading could replace 

it on a larger fabricating scale [47]. 

 

4.1 Chapter Summary 

In this chapter, the results from the performed experiments used were shown. The 

analysis of the results was also illustrated. It was shown that R□ correlates with the 

P3HT thin films’ thicknesses. The outlier points only occur between those points 

with a small ω gap difference. The relationship between the thin film thicknesses and 

the R□ is a power curve for all the set conditions. The R□ decreases as the thin film 

thickness increases. R□ decreases for post-treated (annealed) P3HT thin films. R□ is 

bigger for the measurements done in the dark than in the light. 
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CHAPTER 5 : CONCLUSIONS AND RECOMMENDATIONS 

The conclusions gathered from doing the study are stated in this chapter. The future 

recommendations from the study are also discussed. 

The work aimed to fabricate P3HT thin films of different thicknesses, measure the 

R□ of each P3HT thin film, and determine the thicknesses of each P3HT thin film. 

This was satisfied by the methods as follows: Eight P3HT thin films with various 

thicknesses were fabricated by the spin coating method and varying the speed, ω, of 

the spin coater for each P3HT thin film ensured that their thicknesses were also 

varied. The P3HT thin films were annealed in an oven. The four-point probe setup 

was designed, fabricated, and then used to measure the R□ for the eight P3HT thin 

films of different thicknesses. The holder for the P3HT thin films in the four-point 

probe setup had cushioned surface and a screw knob that allowed it to move up and 

down ever so slightly, this allowed the four-point probe head not to damage the thin 

films. In turn, the four probes had a rounded tip and spring load to prevent any more 

damage to the P3HT thin films. The whole setup was connected to a power supply 

and MMs. 

The R□ for the P3HT thin films measured ranged from 3.95 × 10+5 Ω/□ to 5.27 × 10+6 

Ω/□ for the as-cast P3HT thin films and from 1.76 × 10+5 Ω/□ to 3.21 × 10+6 Ω/□ for 

the annealed P3HT thin films. The P3HT thin films’ thicknesses ranged between 6.0 

× 10-8 m–1.2 × 10-7 m approximately. The R□ decreased as the P3HT thin films’ 

thicknesses increased. The measured R□ decreased after annealing the P3HT thin 

films. The R□ increased a little when measured in the dark for P3HT thin films. The 

bulk resistance of P3HT dissolved in CHCl3 as measured with the MM was 1.47 × 

10+9 Ω using the four-point probe method circuit under light illumination. The 

correlations “r” for the graphs are high enough, ranging from 0.90–0.99, which was 
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calculated using Microsoft Excel software. Knowing how the R□ behaves in the dark, 

and in the light, and with the change in thicknesses of P3HT thin films material, 

allows its engineered applications outside the research laboratory. The R□ is a very 

much useful tool in electrical engineering and other fields. Knowing the R□ of 

material reduces measurements required in a particular electrical manipulation, it can 

easily be measured, with no need to know the size of the sample or its thickness. 

The four-point probe method can be used to characterise the unknown materials 

when the thickness is known. However, more results could be obtained if more 

sophisticated measuring equipment and isolated conditions in the laboratory could be 

used. The room for improvement is highlighted below with the following suggestions 

for future work: 

• The effect of optical absorption on the generation of charge carriers for a 

large range of voltages/threshold fields. 

• Analysis of the effect of sheet resistance under varying ranges of temperature 

(100–300 K) and in the presence of light illumination or the dark. 

• Effect of structural conformation using vibrational spectroscopy and also 

electron transport methods such as photoluminescence 

• Role of co-solvent on morphology modification in P3HT and the R□. 
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Appendix C 

 

Table C1: Table of empirically determined correction factors [67]. 

w / s l / w = 1 l / w = 2 l / w = 3 l / w = 4 

1   0.2204 0.2205 

1.25   0.2751 0.2751 

1.5  0.3263 0.3286 0.3286 

1.75  0.3794 0.3803 0.3803 

2  0.4292 0.4297 0.4297 

2.5  0.5192 0.5194 0.5194 

3 0.5422 0.5957 0.5958 0.5958 

4 0.6870 0.7115 0.7115 0.7115 

5 0.7744 0.7887 0.7887 0.7887 

7.5 0.8846 0.8905 0.8905 0.8905 

10 0.9313 0.9345 0.9345 0.9345 

15 0.9682 0.9696 0.9696 0.9696 

20 0.9822 0.9830 0.9830 0.9830 

40 0.9955 0.9957 0.9957 0.9957 

∞ 1 1 1 1 
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Appendix D 

 

Table D1: Readings of current & voltage for the as-cast P3HT thin films as measured 

in the light. 

Thin film sample # Current (10-8) (A) Voltage (V) 

1 

1.00 0.00090 

2.00 0.0039 

3.00 0.0072 

4.00 0.0095 

2 

Current (10-8) (A) Voltage (V) 

1.00 0.0012 

2.00 0.0045 

3.00 0.0089 

4.00 0.013 

3 

Current (10-8) (A) Voltage (V) 

1.00 0.0054 

2.00 0.010 

3.00 0.016 

4.00 0.024 

4 

Current (10-8) (A) Voltage (V) 

1.00 0.0069 

2.00 0.010 

3.00 0.020 

4.00 0.032 

5 

Current (10-8) (A) Voltage (V) 

1.00 0.0096 

2.00 0.018 

3.00 0.029 

4.00 0.043 

6 

Current (10-8) (A) Voltage (V) 

1.00 0.0088 

2.00 0.015 

3.00 0.028 

4.00 0.047 

7 

Current (10-8) (A) Voltage (V) 

1.00 0.012 

2.00 0.015 

3.00 0.025 

4.00 0.035 

8 

Current (10-8) (A) Voltage (V) 

1.00 0.0076 

2.00 0.011 

3.00 0.020 

4.00 0.024 
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Table D2: Readings of current & voltage for the as-cast P3HT thin films as measured 

in the dark. 

Thin film sample # Current (10-8) (A) Voltage (V) 

1 

1.00 0.0022 

2.00 0.0041 

3.00 0.0077 

4.00 0.010 

2 

Current (10-8) (A) Voltage (V) 

1.00 0.0056 

2.00 0.0088 

3.00 0.0097 

4.00 0.014 

3 

Current (10-8) (A) Voltage (V) 

1.00 0.0062 

2.00 0.0083 

3.00 0.014 

4.00 0.023 

4 

Current (10-8) (A) Voltage (V) 

1.00 0.0096 

2.00 0.016 

3.00 0.021 

4.00 0.030 

5 

Current (10-8) (A) Voltage (V) 

1.00 0.0082 

2.00 0.018 

3.00 0.029 

4.00 0.041 

6 

Current (10-8) (A) Voltage (V) 

1.00 0.010 

2.00 0.014 

3.00 0.030 

4.00 0.039 

7 

Current (10-8) (A) Voltage (V) 

1.00 0.011 

2.00 0.018 

3.00 0.022 

4.00 0.032 

8 

Current (10-8) (A) Voltage (V) 

1.00 0.0096 

2.00 0.014 

3.00 0.017 

4.00 0.020 
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Table D3: Readings of current & voltage for the annealed P3HT thin films as 

measured in the light. 

Thin film sample # Current (10-8) (A) Voltage (V) 

1 

1.00 0.00040 

2.00 0.0016 

3.00 0.0025 

4.00 0.0039 

2 

Current (10-8) (A) Voltage (V) 

1.00 0.0010 

2.00 0.0021 

3.00 0.0035 

4.00 0.0049 

3 

Current (10-8) (A) Voltage (V) 

1.00 0.00060 

2.00 0.0019 

3.00 0.0042 

4.00 0.0072 

4 

Current (10-8) (A) Voltage (V) 

1.00 0.00090 

2.00 0.0036 

3.00 0.0051 

4.00 0.011 

5 

Current (10-8) (A) Voltage (V) 

1.00 0.0014 

2.00 0.0059 

3.00 0.012 

4.00 0.020 

6 

Current (10-8) (A) Voltage (V) 

1.00 0.0024 

2.00 0.0058 

3.00 0.015 

4.00 0.022 

7 

Current (10-8) (A) Voltage (V) 

1.00 0.0045 

2.00 0.011 

3.00 0.020 

4.00 0.024 

8 

Current (10-8) (A) Voltage (V) 

1.00 0.0039 

2.00 0.0090 

3.00 0.016 

4.00 0.024 
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Table D4: Readings of current & voltage for the annealed P3HT thin films as 

measured in the dark. 

Thin film sample # Current (10-8) (A) Voltage (V) 

1 

1.00 0.0028 

2.00 0.0048 

3.00 0.0065 

4.00 0.0094 

2 

Current (10-8) (A) Voltage (V) 

1.00 0.0032 

2.00 0.0070 

3.00 0.012 

4.00 0.020 

3 

Current (10-8) (A) Voltage (V) 

1.00 0.0041 

2.00 0.0090 

3.00 0.015 

4.00 0.020 

4 

Current (10-8) (A) Voltage (V) 

1.00 0.0069 

2.00 0.012 

3.00 0.020 

4.00 0.026 

5 

Current (10-8) (A) Voltage (V) 

1.00 0.0067 

2.00 0.011 

3.00 0.020 

4.00 0.027 

6 

Current (10-8) (A) Voltage (V) 

1.00 0.0070 

2.00 0.010 

3.00 0.020 

4.00 0.028 

7 

Current (10-8) (A) Voltage (V) 

1.00 0.0058 

2.00 0.013 

3.00 0.018 

4.00 0.029 

8 

Current (10-8) (A) Voltage (V) 

1.00 0.0059 

2.00 0.0088 

3.00 0.013 

4.00 0.018 

  



91 

Appendix E 

 

Table E1: Linear regression for the calculated R□ and estimated thickness. 

 



92 

 



93 

 



94 

 



95 

 



96 

 



97 

 



98 

 



99 

 



100 

 



101 

 



102 

 



103 

 



104 

 


