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Abstract

Sheet resistance(Ri) and thicknes of ascast and postreated poly(3-
hexylthiopher) (P3HT) thin films fabricatedon non-conductiveglass substrassy
the spin coatingnethodwere determined under dark, and illuminated conditiBns

of P3HT thin films of different thicknessewerecomparedto examinethe effect of
illumination on theRi, and hence on the resistivity of tHigms. Commercially
available P3HT was purchased and dissolvedhinroform (CHC$). Glass slides
were cleaned using detergent, acetone, and alcohah uftrasonic bath, followed
by cleaning in distilled water. P3HT thin films were fabricated by spin coating
CHCIs based solutions on cleaah, dryglass substrates, in ambient air. The films
were annealed & controlled temperature, and then tRe of each thin film was
measured, using the-lme four-point probe methodThe thicknesss of the thin
films were varied by varying the spin spedd) of the spin coater. The results
showed a correlation between tRe and theP3HT thin filmsd thickness The Ri
reduces as the thicknesof the P3HT thin filmsincreasein the light andin the
dark for ascast and amealed P3HT thin films. Annealing also reduced thH& of
the P3HT thin films andRr showedsomereductiors when measured in the dark.

Thefour-point probe method can be usedctmaractese materials.

Keywords: P3HT, sheet resistance, spin coating, thin fillaenealing, fowpoint

probe method
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CHAPTER 1 : INTRODUCTION

This chapter provides anverview of the background of the researend the
researctproblem and outlines th@ms andobjectives of the study, the significance

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

1.1Background of the study

In history, dvilizations have evolvetdecause othe discovery of new materials, such
as during the Stone Age, the Bronze Age, the Iron Age, and the Plastiéf\ge
study of material properties progresses, new characteristics dilthsnof various

materiak arecurrently 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 makep around 866 of all the energy used bghe world
population[1]. Renewable energy is energy that is derived from resources that can be
renewed naturallyn a human lifetime. The possibility for higtnergy conversion

effi ciency in the capturing of solagnergyexists particularly through photovoltaics.

In the laboratory, this technology achieved efficiencies of abodst 44 2014[2],

but there is still potential for higher valug33HT is a conductive polymer with
numerous uses in electronics, thin films, and organic photovoltaics §jORVthe
electronics and photovoltaic industries, organic thin films have many advantages
over inorganic thin films, including low cost and the potential for-tasholl
manufacturing [3]. Thorough studies ofhtn films of organic materials like
polythiophenes (PTs), which depend on both material features and production
techniques, are requiredrftheir widespread use in diodes, transistors, and solar

cells.



Utilising centrifugal force, spin coating uses a liquapaur interface to deposit a
homogeneous film on a solid surface. A liquid is typically pouréalthre centre of a
circular surface that is quickly spun to create homogenous films that range in
thickness fromL.0 x 108 mi 1.0 x 10° m. The liquid spreads into a film and covers

the surface as a result of the rotation's centrifugal f¥cerhe 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 anfgaling

1.2 Statementof the problem

Knowledge of PBHTt hi n f i | mds el ectronic proper:t
methods, and posteatment procedures is still limited, and this has slowed down the

application of such films outside thesearchaboratory.

1.3 Aims and Objectives

The study aims to contribute to the knowledgeodjanicthin films, which have
many applications in electronics and photovoltaics, through the following specific

objectives:

a) To fabricate thin films of single organic semiconductor mat¢R8HT), on
nonconducting glass substrates, by employingsthia coatingnethod

b) To determine th& of ascastand posttreatedP3HT thin films

c) To determine the thicknessof theascastand postreatedP3HT thin films

d) To discuss the relationship betwetbe fabricationmethod, and the obtained
Ri, as well as its dependenearthethickness of the film, and

e) To compare th& of P3HT thin fimsin the dark and under illumination.



1.4 Significance of the study

The study will assistowards the contribution to knowledge towards science in this
area.The proceduresitilized hereinwill be utilised in the design and study of thin

film devices in the future.

15 Limitation of the study

Posttreatment of thin filmsis limited to thermal annealingAdjustment to
preparation procedures and measurement techniques such as Lasers, Gamma,
Infraredspectrometryand Mass measurement may be limitedh®nonavailability

of equipment such asreflectometer at UNAM.

1.6 Delimitation of the study

The projectis limited to investigatinghe electrical properties of single P3HT thin

films.

1.7 Structure ofthe thesis

This thesis is divided intdive chaptersThe first chapterintroduces the studgnd
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 tliescribeshe method used in

the study while chapter four presents the resultd,amalysis of the findings, and



further discussethe findings.Chapterfive provides the conclusions drawn and

provides theecommendations for further action.



CHAPTER 2 : LITERATURE REVIEW

This chapterreviews published literature on polymers, their applicationgnd
provides examples of recent P3HT ddr-point probe method developments. It

discusseghe problems and potentisblutions

2.1Polymers

Polymers are a collection of a variety of substances that have the characteristics of
being huge molecules produced by chemically joining smaller substfgjcdhe

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 samklany synthetic macromolecules acalledplastics in modern
usagePolymers are classified severalways: 1) On the basis of source or orj@h

On the basis of structur8) On the basis of the mode of synthesisd4) On the

basis of interparticle forces.

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

Three categories are used to categorise these polynag@r&atural polymers b)

Synthetic polymerandc) Semisynthetic polymers

a) Naturalpolymers

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

from plants and animals. A few examples are polysaccharides, which are glucose



based polymers that include starches and cellulose. Proseexemino 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 deoxyribonucleiacid, are known as nucleic acidsatexderived materia are
referred to as natural rublserNatural polymes may also bereferred toas
biopolymers.

b) Synthetigpolymers

Synthetic, artificial, or mamade polymers are the names given to polymers that are
created in a laboratory. Polystyremneflon, polyethene polyvinyl chloride, synthetic
rubber, bakelite, nylon, orlon, polyester, terylene, and others are examples of
synthetic polymers. P3HT fits within this category.

c) Semisynthetic polymes

Semisynthetic polymers include both synthetically created and naturally occurring

polymers, such as acetyl celluld3¢.

2) Classification of polymers m the basis of structure

This classification of polymers is based on their monomeric units and based on their
structure the polymers can beategorisedis a) Linear polymers b) Branchekain

polymersandc) Crosslinked polymers or Network polymers

a) Linearpolymers

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



other common examples of these sorts of polymers are avaifaplee 21 below

shows the linear chawf polymers.

ATA

Figure2-1: Linear chair{7].

b) Branchedhainpolymers

The monomeric units of this kind of polymer are joined together to fonmdhains

that are also referred to as the main chain. The side chains thaumbkanches are

of various lengths. As a result of their irregular packing, branchath polymers

have lower densities, tensile strengths, and melting temperatures than linear
polymers. Common examples of these categories are glycogen and amylopectin.

Figure 22 below shows the branched chafrpolymer

Figure2-2: Branched chaifr].

c) Crosslinked polymers or Network polymers

The monomeric molecules in this kind of polymer are joined together to form a
threedimensionalnetwork Crosslinks are the term for the involved links. Because
of their network structure, cro$isked polymers are tough, rigid, and brittle.

Bakelite, melamine, formaldehyde resin, and other common examples fall into this



category.P3HT thin films have this structure of this classificat{8h Figure 23

below shows the crodmked chainof polymer.

Figure2-3: Crosslinked chain[7].

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

The different types of polymeis this categoryncludea) Additionpolymersandb)
Condensatiopolymers

a) Additionpolymers

Typically, lengthy chains withouhe elimination of any side product moleculase
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) Condensatiopolymers

In this kind of polymer, the monomers interact with one another by eliminating a
molecule like water, anmonia (NHs) 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-pfduct moleculefr].

4) Classification of polymers m the basis of interparticle forces



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 form@sbiningto 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 forcgsElastomers ii)Fibresiii) Thermoplastics

andiv) Thermosettingrolymers

i) Elastomers

The polymer chains in these asapported by the least powerful attractive forces.
They are regarded as amorphous polymers because of their great degree of
flexibility.

i) Fibres

These are the polymers that have hydrogen bonds and other strong interparticle
interactions. Both their modulus and tensile strength are high.

iif) 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) Thermosettingpolymers

On heating, these polymers become rigid and infusible. In generalat@eyeated

by heating in a mould material with low molecular masses that arefisgani

Heating causes the chains to crbisk excessively, creating a thremensional



network of linkages as a result of which a hard,-fusible substance is created
[7109].

Simple lowmolecularweight (MW) molecules can combine to create complex high
MW ones through a process called polyrseion. Each compound molecule needs

to be able to react with at least two additional molecules ofdahee 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 functiofidlittyinding out if
polymeriation 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 sygt€hain

growth polymersaindb) Step growth polymers.

a) Chain growth polymers

Chain growth polymesation 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 adtiedne after the other using a chain
process.

b) Stepgrowth polymers

Stepwise intermolecular condensation occurs throughout the-gsieph
polymeriation process through a succession of separate processes. Every reaction

includes the loss of a single simple molecule, suclwater, NHs, helium iodide,

10



alcohol etc. If the monomer molecules include multiple functional groups, either
similar or distinct, this sort of polymesdtion will take placeStep growth polymers

are the polymers created during stgpwth polymersation [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 thenfil0].

2.1.1 OrganicPolymers

There are very important materials based on inorganic bonded structures, including
silicon-oxygen (RSIiO2)n, phosphorusitrogen (PN)n, boronnitrogen (BN)n,
sulphur (S), and other chemistries, and these are known as inorganic polymers. The
majority of polymers are based on linking molecules that have a cadsban
bonded structure. Thesge theso-called organic polymerfll]. 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 theknown inorganic polymer systems are composed of just a handful of

elements that belong to the "Main Group" series of the Periodic Table. These

11



substances are located in IUPAC nomenclature categories Il (13), IV (14), V (15),

and VI(16)[10].

2.11.1 Conductive Polymers

The delocakation of “-electrons causes certain polymers, known as conducting
polymers, to conduct electricity. Such substances may either be semiconductors or
exhibit metallic conductivity12][13]. Conducting polymergke insulating polymers

are organic material€Conducting polymersre highly conjugated, hence also the
name conjugated polymersvhich gives them their semiconducting or metallic
propertiesHigh 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
nanoparticlesare 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 polyniets Conjugated polymers

are insulators in their neutral form; they can be rendered conductive by chemically or
electrochemically oxidising ¢doping) or, less frequently, reducingdoping) them

[15]. Conducting polymers and inorganic semiconductors havedriéeyent 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

12



flaws despite having a high number of charge carriers because of a high doping
degree (350 %).

2) In metak, a free electron is thought of as a charge camied a metal's
conductivity is temperaturdependent, 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 bwprnp-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 dping degree is often a function of the
conductivity of conducting polymers evaluated at room temperature usiriguihe

point probe method, which demonstrates that conductivity riséiseatoping 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 polymesation conditions, which include the concentration of the
monomer, dopant, andxidant, the molar ratio of the dopant and oxidant to the
monomer, and the temperature and time of the polyaten [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 chemigtisat can be fabricated into novel devices whose
physics and chemistry can be thoroughly understisoa crucial component of both

the pioneering work and future work in conjugated polyrfergs
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Fundamental properties were found using relatively simple structures in the early
years of theconcerted and focused studies on conjugated and conductive polymers
(1970 1990). Improvements in polymer synthesis, such as the use ofcongsiing
processes catalysed by transition metals, enabled the synthesis of polymers with
higher structural fidelity and their subsequent charasetgon in organic electronic
devices in the decade that followed (182000). 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 {ZUXD).

Polymer synthesis 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 polymestion or oxidative direct arylation polymestion,

has a lot of room for growth, enabling the synthesis of a variety of conjugated
polyme architectures, including donacceptor copolymergl8]. Several general
principles should be kept in mind when designing conjugated polymers for various
applications, including 1pide chains to improve solubility and processibility, 2)
High MWs, 3)Band gap and absorption behaviour, 4) HOMO and LUMO energy
levels, and 5Appropriate 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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Figure2-4: 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 comm@night-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 caban 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 mobilityin organic semiconductors, a space charge zone
forms at the semiconductor side of a makiiconductor contact as electrons are
emitted from the metal to the semiconductor in an electric field. The additional
injection of electrons from the metal is edlpd 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 fwockion) [20].

Corductivepolymers have low dielectric constafi21].

In theory, a property of charge transport for a material can be described by the
temperature dependence of the conductivity as determined dguhpoint probe
method. The logarithmic derivative can be used to express how conductivity varies

with temperature

[4
18
=]

(2.1)

8
=

where 0 i s tahdelischeabsdlutaermperatirglgj.

2.1.1.1.1 Poly(3-hexylthiophené (P3HT)

P3HT is a conjugated polymehat is a semiconduair with semicrystalline
qualities. It is one of the frequently investigated polymers for applications in organic
electronic devices such deeld effect transistors FET9 and donor material in
organic solar cells, and photodiod@2]. P3HT is one of the most studied organic
semiconductor polymers due to its high inherently positive charge carrier mobility,
superior solubility and processabilif0]. It is stable both in a doped and undoped
state. Figur@-5 a) below illustrates two distincégioregulas (RR9 monomerghat

can be used to insert theh&xyl substituent in the thiophene ring into the polymer
chain: heado-tail (HT) and heado-head (HH). A RRP3HT, as depicted in figure

2-5 b) below, has only one type ofh@xylthiophengCioH16S), either HH or HT, as

opposed to a regimndom P3HT, which hasoth HH and HT in a random pattern.
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CGHH CSH13
Head-to-Tail (HT) Head-to-Head (HH) Regioregular P3HT

Figure2-5: a) Two distinct RRs that can be incorporated into polymer chgibe

chemical representation of RFRBHT[20].

RR-P3HT offers excellent promise as an organic semiconductor in electronics when
cast onto thin films due to its propensity to sedemble into crystallites with
ordered structures. Positive charge carrier fedféct mobilities result from this.
However, the regimandom P3HT only exhibits positive charge carrier fieffibct
mobilities becauseof 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 RR3HT. 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 resultinghe p-doping of P3HT. Furthermore,
decreased mobilities and higher trap densities have been linked to arglgead
P3HT degradatiori20]. P3HT hasa high absorption coefficienalpout105 cm?).

This makes it very attractive for organic optoelectronic devie8siT6 mobility is
considered low when compared to those of inorgaamiconductorf23]. P3HT is a
member of PTs. Thiophenes, sulphur heterocycle, are polgden form PTs. The
parent PT has the chemical form{&H2S) and is an insoluble coloured sofi#].
Through the 2 and 5positions, the rings are connected. Alkyl substituents are

present at the-2r 4-position in poly(alkylthiophenes)(s).
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Table2.1: Properties of P3HT.

Full name Poly(3-hexylthiophene2,5-diyl)
Synonyms P3HT
Chemical formula (CaH2Sh
Form Powder, Brown to Black colour
Melting point 511.45K
AverageMW 54000 75 000
Highest occupied molecular HOMO =-5.2 eV

orbital/Lowest occupied

) LUMO =-3.2 eV
molecular orbital

Solubility CHCls, chlorobenzene (€EisCl)

Classification/Family PTs, Organic semiconducting materials, Low b

gap polymers, Polymeatonors, OP¢, Polymer

solar cells, organic lighk¢mitting diodes, organig
field-effect transistors (OFETS)

Semiconductor properties P-type (mobility = 10 110 cm? v-1s?)

They are coloured solids as well; however, they usually dissolegganic solvents.

If PTs are oxidised, they become conductive. The dekat@in of " -electrons along

the polymer backbone is what causes the electrical conductivity cdijegated
polymers$ optical characteristics react to environmental cuggnging 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 conjugatio.able 2.1 below displays the properties of P3HT, these

are the properties of P3HT used in the experimentsi®project.

Figure 2-6 below show the structural formula of P3HTIt is a benzene ring with

sulphurin it.
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CH3(CH3)4CH3
3,
S n

Figure2-6: P3HT's molecular structufg5s].

The properties of RRR3HT make it a preferred reference material for both
fundamental and applied research in organic electronics, physics, and chemistry.
These properties includeartial air stability. P3HT is frequently accepted as the
standard by which any newtppe or donor conjugated molecule should be examined
and assessed because it is one of the extensively researched organic semiconductors.
3-Alkylthiophene can be polymesd using a variety of chemical synthesis
techniques, such as the Rieke, McCullough, and Grignard metathesis procedures.
These methodsientioned abovdiffer 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 albower than-5 °C or higher than 60 °C

Despite not producing high regioregularity polymers, the chemical synthesis with
ferric chloride (FeQ) is perhaps the most popular due to its ease of use and potential
for largescale use. CHGIis almost always used as a solvent in polymerissiion
reactions of poly(3-alkylthiopheng by chemical oxidation with Fe&l When
compared to otheapproaches, this polymeation resultsin polymers with a high

MW and a regioregularity of roughly ¥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 polymerns blamed for the decrease in electron conduction

that occurred along with an increase in M¥g].
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C6H13 CGH13

ndH +nFeC|3_>/(,@7k + nFeCly

n
Figure2-7: Oxidative coupling to synthesise P3HT in the presence of:F21!

The ratio of monomer to Fe€dk always preserved at4 when polymeding P3HT

by oxidative coupling ofCioH16S (monomer) in the presence of FeCA reaction

flask containing anhydrous FeCsuspended in CHE€Ilis typically flushed with
nitrogen before being sealed. In general, the initial monomer concentration in CHCI
is maintained at 0.05 M. Using a syringe, @weH16S solution is gradually injected

into the FeC suspension. Under a nitrogen environment, polysagons are
conducted at room temperature for&® s. To precipitate the polymer, the resulting
black reaction mixture is added to methanol §OH). Precipitates are then washed
with CHsOH using a Soxhlet extractor. Using the same extractor, the polymers are
extracted with CHGI After the solvent has evaporated at room temperature, the
polymer is collected. The reaction equation betwee S and FeGlto produce
P3HT is shown in figur@-7 above

Despite significant differences in MW between polymers made with
dichloromethane (C¥Cl2) and CHC4, these polymers exhibit no significant
differences in regioregularity or conjugation leng®®]. In the past, it has been
discovered that mobility is favourably connected with growing regegularity,

long drying time (obtained using a solvent with a high boiling point), reduction of the
surface energy, and MW greater than MW =050

P3HT has drawbacks. For example, because film formation is typically accomplished
through a wetoating 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 t&®@nd the surface morphology of
fabricated P3HT films is generally pof28]. When thelTO/P3HT/AI device is
biased with a high potential on Al and the temperature is belovd B4@he current

flow across the device is constrained by hole injection at the AI/P3HT interfaces,
according to the curremoltage 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 bJ@d@HsThermal
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 conduc{®ity; 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 cthr@act,
melting temperatures projected to alter as a function of film thicknebsmperature
treatment is crucial for the optisation of P3HT films, and that thickness
dependency is critical for understanding the structural charactews$tibsn layers

[32].
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2.2 Thin Films

A layer of material with a thickness 6f9 x 10" m or less is considered a thin film.
A layer ofa substance that is thick is one that is betwe@nx 10° mi 1.0 x 16° m

thick. A stack of thin films is called multilayer.

Thin film

Substrate

Figure2-8: A thin film layer on top of a substrafg3].

Layers of polymer material with a thickness9® x 10" m or less are referred to as
polymer thin films. Thin film technology is founded on three foundations: 1)

Fabrication2) Charactemgation and 3Applications.

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 characsation of a thin film can be substantially
different from that of bulk material because thin fijrastwo-dimensional systes)

have a large surfacéo-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 fisn@haracteristics 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 categorie[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 foundamdustry[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 straightforwvard method because no special sample

preparation is needed, and tests can be carried out quickly and di3&ply

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 depositif86]. The electrical
characteristics of thin films are directly impacted by different processing methods
used in semiconductor manufacture. Monitoring thin films during fabrication
requires nordestructive, quick, accurateeasurements that are sensitive to changes
in thin film electrical characteristics. This allows for-line process control,
optimisation, and early detection of process excurs[B8iis The solutionprocessing
method presentedn figure 2-9 below arewidely used inlaboratoriesandthey are

mostly called wet processing

Chemical Bath Spin-coating Dip-coating Doctor Blade Metering Rod

i

2000000 ]
0000000 JET

VT iy Py 7

B —
Slot-casting Spray-coating Screen Printing Inkjet Printing Aerosol Jet

wzcw

Figure2-9: Methods for solution processing to fabricate thin fi[i3&).

According to Roncaselli et a[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 solubil@HE€!Is, increasing

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

chains to compress, reducing charge carrierilbpkand 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 carrier3he conductivity value for fully pure P3HT

solubilised withCHCLz is 4.80 x 16° S m* [39].

WhenP3HT s ultrasonically processed,is most likelyto cause th&€HCls polymer
chains to aggregate. During the ultrasonication, the polypolgmer interactions
become more favourable than the polysselvent interactions, especially in
chlorinated solvents (i.eGHCIz, CsHsCl and trichlorobenzen@CsHsCls)). After the

spin coating and annealing procedures, polymer films produce a planar and rigid
chain conformation with a higher degree of intlain contact in comparison with

the P3HT film without the ultrasonication step. dan be demonstrated that
ultrasonication of a P3HT solution ®@HCIs causs significant variations in the film

that reman following spin coating and thermal annealing. Even while the film's
general shape remaithe same, it haa differentamax of 5.20x 10’ m and show

lower oxidation start voltages at the longest ultrasonication period ever recByded.
atomic force microscopy imagingt is discoveredthat the creation of regionally
well-organsed aggregated polymer clusteiss responsible for the expansion of
bigger domain sizes and the alterations in electrochromic behaviour. The film from
the solution that leabeen ultrasonically treated for 480 s slkidie 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 drawbft. 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 CH@las discovered to
dramatically impact the structural and morphological alterations, and therefore on the

charge transport characteristics, of the P3tdihowiresembedded 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
nanowiresembedded P3HT films annealed with Ckl€hpour for 1 200 s resulted

in a maximised charge carrier mobility of ~ 0.1022am* s, which is higher than

that of pristine P3HT films by 4-fbld (~ 0.023 cri V! s) [41]. Ultrasonication of

the polymer solution regulated and increased the -aitean 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 timé 2fs11t has been
shown that using this techniqgue makes it simple to reduce the applied voltage while

also enhancing the stability of the electrochromicPRBT 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 4@m? V! s¥. The carrier mobilities in the devices

rise as a result of the use ajedsolutionsat least one order of magnitude more

The mobilities in spraygoatedOFETswere discovered to be of the order off10r?

Vsl which is on par with the values reported by Abdellah g#dl. and a factor

of one lower than those in the P3HFETsfabricated by Chan et g43] using an
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optimised fabrication techniquEven greater mobilities are displayed in spin coated
P3HT thin films that were formed utilising aged solutions, especially in samples

where some nanofibswere oriented parallel to the channel lengi).

2.3.1 Spin Coating

Applying uniform thin films to flat substrateuld bedone 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 surfacdue tothe resin
spreading tpand eventually leavinghe 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 exh§di5}[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 fodppsesition heat treatment;

3) In comparison to other techniques, many of which demand both more expensive
machinery and higlenergy 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 +whroll processes like slatie 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 {acgée manufacturing,

it is wasteful. Some nanotechnologies, like small molecule OFETSs, which need time
to selfassemble and/or crystallise, may perform worse due to therfasg times

[47]. Figure 2-10 belowshows thefour key steps of spin coatinghich are a)

depositionp) spinup, c) spinoff, andd) evaporation.
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Figure2-10: The multiple "stages" of spin coatiay) Dispensation b) Acceleration c)

Flow dominated d) Evaporation domina{dé].

The work of Emslie, Bonner, and Pg&BP)[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 thale viscous drag caused by the fluid precisely balances
the radial rotational force3.he differential equation (2.2pathematically expresses

the force balance:

q%:ﬁr (2.2)
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wherer is the radius under consideratianmeasures the radial velocity component

} is the fluid density,¥ is the rotation ratspin speedz is a vertical height
dimension, and{r e pr es ent s t hleshdultd heinateilat the grademt s i t y .
in the shear created by the veloarsdepth profile is calculated on the Kfand 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 Y EBP after solvingequation (2.2) with the proper boundary

conditions:

2

v i;:vzr h z (2.3)

whereh is the instantaneous fluid thickness awhries from 0 to hEBPwere able
to derive a function for the fluid depth against time and calculate the overall fluid

thinning rate by integratindt was discovered that their thinning rate was:

=2 K° (2.4)

dh
dt

where K is a flow constant and is defined as follows:
K £ (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 teguation It wasrealised 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_
Et_ -e (26)
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whereQis a function ofy because the vapour boundary layer changes thickness as

the rotation rate changf49]. eis therefore determined to comply with:
e ¥ C (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). Previouslyalaser interferometry approagias merely usetb calculate C
experimentally[50]. This technique has been called "optospinography" by others
who have used laser interference effgéis]. Therefore, undemost actual spin
coating conditions, both processes will be active at the same time and throughout the

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

=2 K-e (2.8)

dh
dt

Fitting interferometry data to derive theeand K constants for specific coating

solutions was done using equati@®) [50].

By allowing for an estimation of the final film thickness in terms of the important
physical constants, Meyerhof¢49] realised that the evaporation term is fluid
thickness independent, whereas the flow term has a cubed dependdmc&ham
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 “cness

point, was where the two contributions would be equal. Then, the assumjatson
madethat the film would essentially form by drying in place after the coves

point. (which is theperiodwhen evaporation predomiteg. Using this methodthe
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calculated final coating thickneds, in terms of the important solution parameisrs

as follows

1
hi=x ——K° (2.9)

wherex is the fractional solids content of the solution (i.e., what would remain once
the solvents are totally removed by evaporation or baking),easad K are the
evaporation and flow constants, as previously described. Equé2i®n then
combinese andK's intrinsic dependencies onto predict that the ultimate coating

thickness will fluctuate with the's inverse square root:
1
he® ¥'2 (2.10)

Numerous experiments have detected thisxponent of—i [49] however, certain
reports of values that vary slightly fron% have also been madd9]. Previous

studies[52] ascribed variations from a value -o]éfto the presence of more viscous

liquids or viscosity alterations during spinning. In reality, according to EBP's
thickness solutiorf48] a ¥ 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 eithef4@pdel

The aboveamplies that the thickness of a film will be halved when spun at four times
the speed. Equatid2.10 can also be used to calculate a spin curve, as demonstrated

in figure 211 below.
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Figure2-11: Spin curve for a solutiofLeft side)[47], Reproduced with a fitted

proportionality constant of 164®ight side)

2 4 Determination of the Thickness of Thin Films

Thewidely usedechniques in thin filnthickness measuremeate as follows: stylus
profilometry, interferometry, ellipsometry, spectrophotometric measurements- and
ray microanalysi$53]. Figure2-12 below displays the plotted solution concentration
against the film thickness graph Conjugated oligomer (CO) 1Mis(9-ethyl3-
carbazevinylene}9,9-dihexyHluorene (BECVDHF) thin films that were cast onto

a quartz substrate using a spin coating proc&escreate thin films of various
thicknesses, CO BEGYHF was dissolved inCHCIs at various concentratiorS4].

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

fluid viscosity isthe causéor this[55].
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Figure2-12: Film thickness vs the solution concentration for CO BEIVE@F

deposited by spin coating at 2 000 r[&4].

32



Figure2-13 below indicates that the thin film thickness decreases as ihereases.
Additionally, it demonstrates that when polystyrene (PS) polymer thin films are spun
coated and fabricated in CHCIs the solventhe higher the solution concentration

the thicker the thin films become.
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Figure2-13: The relationship betweenand the initial polymer solution
concentration for three different concentrations of polystyrene (PS) inaCHCI
( 0.25wt% PS, (%) P8, 5a w%P3Soldlings represent
predictions ohr = (1 - x:°)hy, where R is the wet thin film thickness at which the
thin film is anticipated to become immobile ax#is theinitial solvent mass

percentage ithe coating solutiorf56].

The thickness of the film caalso be determined from the mass change of the
substrate (before and aftére coating procedure) using a high precision weight

balance. The thickness of the filmcan be calculated by using the formula

hy= aemA mdA, Tds (2.12)

where}, d;, andmg are the densitythickness,and mass of uncoated substrate

respectivelyj , the density of the film depositg85].
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The problem thatan be experienced witihe above method when using it on
annealed thin films is thahin films come outfrom theheating overweighing less

than wherthey went in. This might be due toutgassing effectf57]. At first look,
measuringhe weight of the film deposit seems to be a simple and direct technique to
determine the film thickneds using equatior{2.11). Precision mass balances rather
than interferometers or stylus instruments are more frequently employed in poorly
equipped laboratories, where this straightforwvard method has been used frequently.
Because the film density cannot be known with confidence, the valuestiuis
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 valueg of
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 methodpproach is troublesome for ultrathin films with an
island structure. Even though gravimetric methods have drawbacks, extremely fine
and cuttingedge 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 quditize helix, or the deflection of a
pivot-mounted beam. Sensitive optical and, more frequently, electromechanical
transducerand compensators have been used to emiadbietection o 1.0x108 g

in null measurementsDeposits that are fractions of a monolayer thedn be
measuredy using very light, largarea substrates. For low density materials (such

as silicon dioxide) and higllensity metals (such as platinum), typical equivalent
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film thicknesses of less than0 x 10 °mi 1.0 x 10 ! M, respectively, are visible.
Microbalances composed almost entirely of quartz can operatn ialtrahigh

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 physicalwajeposited films in real time

[35].

2.5 SheetResistarce Ro

Ri sometimes termesurfaceresistivity is the resistance & thin squardilm/sheet

of material. The units foRi areY. The unitsY per squargor Y / ,lare commonly
used.TheRr is numericallyequal to the measured resistance of a square piece of the
material.Rr is independent of thezg of the square measured, and it is not necessary
to know the film thickness to measiRe.

Consider heresistance of a squared with crosssectionala r e a,1 en dtahd = L

wi dt his givervidy

R == " (2.12

wheret is the thicknes®f the rod }J is thebulk resistivityof the materid rod. If its

geometry is &quarethenL = thanefore- Ww = irplying that

R &7 (2.13)

Since
R=1% (2.14)
i R R 't'% (2.15)

R is calledsheet resistance.
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Table2.2: Resistivity and conductivity of some of the material.

Material Resistivi|Conducti vi
Metals
1. Silver 1.59 x 10 8 6.30x 10
2. Copper 1.68 x 10 8 5.96x 107
3. Gold 2.44 x10 8 4.11x 10"
4. Aluminium 2.65x108 3.77x 10"
5. Tungsten 5.60x 10 & 1.79 x 107
Semiconductors
1. P3HT 10*%i 106 10 10 °
2. Gallium arsenid 10 $10'8 10 $10°3
3. Germanium 46x 101 2.17
4. Silicon 2.3 x10° 4.35x 10 *
5. Silicon carbide 104 10'8 108 107
Insulators
1. Alumina 1014 10'1° 1012
2. Wood 1014 10%6 10 %0 14
3. Glass 10"1% 10'1° 10 Y20 1
4. Rubber 1013 10 4
5. Teflon 102310 10 ™10 23

2.6 SheetResistance Ry, of Thin Films

Ri is a crucial electricacharacteristic that is used to describe conducting and
semiconducting material shee. is a helpful parameter for comparing various thin
films of material [58]. If Ri and thicknes are known for anaterial, then its
resistivity and conductivity can be calculate@iny thin film of material in which
electrical charges are meant to move along the material (rather than flow through it)
must posses®i. For instance, conducting electrodes are needed for filnmn
technologies (suchas perovskite solar cells or OLEDs), and these electrodes

typically havethicknesses in the nahmicrometre range. The electrodes must move
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electrical charge laterally, and they require IBwto minimise losses. When trying

to scale up the size of these devices, this becomes even more crucial because the
electrical charges will need to travekther 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

propertied60]. Ri is the material's resistivity given its geometrical dimensions.

Theoretical and practical intere$iave long existed in the electrical characteristics of
thin films. The solidstate revolution has given thin film electrical conductors,
insulators, and devices significant new functions. Microscopic fin-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
carriersn (number/md) with chargeg moves past a specified reference plane with a
velocity v (m/s) in response to an applied electric fiEl@v/m), it is said to flow an

electric current of density(A/m?).

The straightforward relationship=n q ®an be used to express the current flow's
magnitude. The carrier velocity is proportionalEdor the majority of materials,
especially at low electric fields, meaning that O EHereAis the mobility, whichis

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

J =OFmmgd by Ohm's lam(J = )i Ehe reciprocal of the resistivityy, or

conductivity 0, is given byl = % =n & 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 Oor p variesas a function of temperature,
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composition, defect structure, and electric field. Comprehensymanations 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 thirfilm behaviour. However, there are significant distinctions

that give thin films distinctive qualities, and these are liseddw:.

1) Size effects or phenomena that developcause ofthe physically small
dimensions at playExamples include surface scattering apchntum mechanical

tunnelling of charge carriers

2) Film preparation methodThe 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, etecesult 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 effectsin 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. e of the elements that can change the nature of charge
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transport at an interface include interfacial adhesion, tension, interdiffusnah,

integrated or adsorbed contaminants.

4) Discontinuous, islandtructure films have different film continu#gonduction

methods than continuous films.

5) The existence of high electric field conduction phenomeingh field effects are
easily accessible iflms dueto the combination of moderate voltages applied over

extremely small dimensions.

6) Due to corrosion, water vapour absorption, atmospheric oxidation and sulfidation,
and lowtemperature solid state processes, high chemical readtimty are
vulnerable to ageing or tim#gependent 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 veryfew changes in film and bulk electrical characteristitee electrical
characteristics of thin films have been measured using a variety of apprcaches

of whichare modifications of popular techniques used with bulk materials.

For insulating films electrodes are positioned on the opposing film surfatabe

films, where current travels through the film thickness. Small circular electrodes that
have been evaporated owgpred 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 tHilough
conduction.For more conductive metal and semiconductor fjlaliselectrodes are

often placed on the same film surface. These measurements use four tdrrvuzals

for current flow and two for voltage sensing. Reporting values offilmrresistivity

in terms ofRr with the measuremert a fairly popular praate [35].
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2.6.1 Measurement of Sheet Resistanc®-

Ri can bemeasurd usingcontact methods such as thender Pauw methodandthe
four-point probemethod There exist noitontact methods toowhen the film that
needs to be measured is either very theljcate,or buried beneath an insulating

body, noRrcontact measurement techniques are particularly appealing.

Within a typicalelectricalsystem, 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 grodnraded equipment when low
efficiency and heat generation are not big issues and wheredstand a rapid
design cycle are sought. In distributed power systems when the distributed voltage is
less than 40/ direct current, they are quite common as bdavel regulators. For

the safety of producing dielectric isolation from thiemating currenpower line, a
power supply stage ahead of the linear regulator must be provided-foreofplug

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%5and 50%. The loss is
converted to heanergy

2) PulseWidth 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 powapplies

This variant of the standard PWM switching power supply finds use in applications
that call for stilllightweight, smaller sizes and, most crucially, applications that call

for a lower level of radiated noise (interference). These power supply 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 effor{61].

A constant current supply functions as a regulated cuseutce.It is a power
supply thatputs out a constant flow (current) regardless of the pregsatiage)

[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 prawide
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 gtathifor the current when

its resistane 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 phenomenof63]. The aboveapplies to the iine four-point probe and square

four-point probe setupsThe current source must have a compliance voltage that is
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significantly greater than may be anticipated for fih@-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 magnituf@4].

2.6.2van der PauwMethod

In flat, arbitraryshaped samples, the van der Pauw resistivity measurement
technique is applief36]. 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 bentinuous, 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 measuréaent,
following steps are followed

1) Define a resistanceijiRe V/lij, where \e Vi Vi is the voltage between points k

and |, andil is the current flowing from contact i to contact |
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2) Measure the resistancesiBsand Rz41 Define R as the greater of these two

resistances and<Rs the lesser of these two resistances

3) Calculate the ratio #R< and find the corresponding value of the functf@iR-
/R<)
4) Calculate the resistivitya using:

_ "d Rs+R< f Ru/Re
a | 4

(2.16)
where} = Resistivity inY-m

d = Thickness of the sample ineters

Resistancey and'Y are measured i

| ne 43863

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

R.JR. (for upper curve)
5

=
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Van der Pauw function fIR/R.,
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RJR. (for lower curve)

Figure2-14: The graph shows the functid{iR-/R<) needed tsolve for the resistivity

in equation(2.17) [58].
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5) To measurdRas 12andRu4,23 switch the leads. To calculgte using these updated
values forR- andR<, repeat steps 3 and 4. The sample is either too irregular for a
reliable measurement either the contacts are bddhe two resistivities) a andj b,

are not within 1®6 of one another. Makeew contactsl f the twoandesi st

Jbare within 10 o f each ot her, the best esti mat |
average:
Ll (2.17)
fRJR. | | ARIR (2.19)

-1
1 +R/R. | -4 L R/R<T

2.6.3Four-Point Probe Method

Wenner[65] first employed the foupoint probe method in 1916 to measure the
earth's resistivity It was utilised by Valdes[66] for the measurement of
semiconductor wafer resistivity in 185 The semiconductor industry uses it
frequently today to keep an eye on the manufacturing pr¢6@gsThe fourpoint

probe technique can be used to test thin film thickness, although it is commonly
employed to measure tf#® of shallow layers (as a result of epitaxy, -iomplant,
diffusion, evaporation or sputtering) and the bulk resistivity of bare w§Béis
Eliminating contact/wire resistance @e of the fowpoint probe method's main

benefits.

44



(1)
Ny

[

[ Sample ]
Figure2-15: The n-line four-point probe instrument is depicted schematicd@kj).

A typical in-line four-point probe instrument is shown in figugel5 above and
contains four cdinear, equally spaced probes that make electrical contact with the
substance to be characteris@d. mentionedoreviously ahigh 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 alowe be calculated.

-1 +1

+i-l—1h'r

5o

te— Thin film
X

Figure2-16. A schematic offour-point probe design with linear symmei{B6].

Consideing figure 216 above, he metal tip is considered to be infinitesimal for bulk
samples, and samples are samfinite in the lateral dimension. It is anticipated that
the current will protrude spherically from the outer probe tips when the sample
thicknessp "Y and the probe spacing match. Atfteat, the differential resistance

is provided by:

&R =" (2.19)
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where }; is the sheet resistivityh is the area of the film andl xs the separation
betweenX; and X,. Integration between théner probes used to measure the

voltage yields the following results

R =% d_xg (2.20)
Ri=2 -l : (2.22)
Ri=2 -3 is (2.22)
Ri= 22 (2.23)
R Z‘| (2.24)

whereS stands for the uniform probe spacimue to the superposition of current at
the outer two tipsR Z=I Thus, we arrive at thdollowing definition for bulk
resistivity:
= o (2.25)
Figure 217 illustrates four probes on a square shaped sample for the determination

of sheet resistance.

/ Probe tips \

t t ;,/

Figure2-17: Probe tips on the squashaped film sample surfafgs].
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We have current rings rather than spheres when we consider a thin film with square
geometry, as in figurg-17, with a very thin layer (thickness, t << probe spacing, S).

hence, tharea,

A =x (2.26)
Ry = % 2 (2.27)
Tt 2k '

2S) dx
= s aix (2.28)
Sy 0 (2.29)
2t S
- 4
=kl 2 (2.30)

As a resultforR ZslThe thin film sheet resistivity is determined by:

tV

It should benotedthat the probe spacing S has no effect on éRf@ession Sheet

resistivity is typically represented as:

) = pa (2.32)

whereK is a geometrical factoK = 4or ﬁnﬁpl&l’—n fg)llows from the derivation

in the case of a senmfinite thin sheet. In the case of imperfect samples, the f&ctor
will change. As a result, equatio(®.33) and (2.34) can be used to express tRe

andm , respectively.
\v/
Rir= 4.532 (2.33
jy= 4. 5321t (2.34)

Despite the fact that equati¢®.33) for R is independent of samptgEometry, this
only holds true if the sample is much thinner thar?#0f 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 betweeprdbes, which
causes an overestimation of tRe. A correcton factor based on the sample's
geometry is needed to adjust for this discrepaBiyce there is no equation for a
rectangular sample, calculating the geometrical correction factor is a little more
challenging. An empirically derived table of correction factoas beused as an

alternative.For example The probe spacing =2 m m andthe rectangular sample

has a long edge df = 2abd anshort edge of EO ngince! w=2and

W5 = imthis instancethe empirical tablétable C1) is searched for the correction

factor that fulfils these two values, findikg = 0 alon@tlBetolumns fer: 2

and the rows folYj g= . Bo obtain the accurate value for the sample, the measured
Ri 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 sampiesable C1 only apply to readings made in

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

not centred68].
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2.7 SheetResistance Ry and the Thickness ofThin Films
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Figure2-18: Influence of layer thickness d& and optical transmission of silver

nanowireg69].

Figure2-18 depicts that th& reduces as a power of thickness, whihttributed to

the increase in the number eflver-nanowire connectionswhich increases the

conductivity[69].
1.6x10° v T v T v T v T - T v T
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1.2x10° = Resistivity of P3HT
LE2X .
E 1.0x10° | . E
o . .
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Figure2-19: P3HT device (ITO/P3HT/Al)esistivitywith variousP3HT layer

thicknesse§70].

The 1.20 x 107 m cross point is easier to detect in figu#d 9. 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 thah.20 x 107 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 tHa?20x 107 m cases. That is, the dominant
recombination is the cause of the resistivity's quick groftd]. 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 thicknedg'1].

2.8 Chapter Summary

This chapter dehaextensively into the study's literature review. Since their 1970s
discovery, conductive polymers have undergone much research. Researchers have
been particularly interested in P3HT becausgéheffavourable prospective features

that make it suitable for use in OR\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 filRs in thin films is a beneficial characteristic. The

van der Pauw antbur-point probe methods are typically used to calcuRte For

the majority of materials, there is a power relationship betvi&eand thin film

thickness.
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CHAPTER 3 : RESEARCH METHOD S

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 ResearctDesign

The quantitativeesearctdesign vasused. The commercial P3H¥asdissolved in
CHCls. P3HT tin films of various thickneses were fabricated bythe spin coating
method on glass substrates. For each thin fisrthicknesavas determinedandRi
was measuredandthe tabulated data collectezere analysed with descriptive and

inferential statisticsandthen conclusions/erereached.

3.2 Procedure
3.2.1Dissolvingof P3HT

1.2 x 10° Kg of P3HT (MW = 60.15 97.6% RR) purchasedrom OssilaLtd was
putintoavial. 1.0 x 10° L of CHCIz solventobtained from LA ECH was added to
the vial. Hencea P3HT solutionwith concentratiorof 1.2 x 102 Kg/L was made
The closedvial was put on thé8enchmarkmagneticstirrer with a stirrer bar and
heaedat 343.15 Kfor 1 800s insidethe fume hood afterwardsthe vial was lefton
the magnetic stirrer with a stirrer bawvernightat 303.15K inside thedark fume

hoodto prevent excessive aggregatafrthe P3HTmolecules
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3.2.2Fabrication of P3HT Thin Films

Eight glassslides with the squaredimensiors of 2.5 x 102 m by 2.5 x 102 m were
cutinto size by usinghe Matusglass cutter and markedth numealsin order from
1 to 8 with the Wirth tungste scriber andveresonicatedn the Scientechultrasonic
bathwith a detegentat 353.15K for 300 s andthenrinsed in hot deionizedwater,
and then in cold deionizedwater The glass slides wer¢hen sonicated again in
acetonefor 300s at329.15 K and then rinsgin deionizedwater twice they were
again sonicated i2-Propanolfor 300 sat 343.15 Kandthen rinsd in deionized
water twice andthen placed irdeionizedwaterto be storedintil they wereneeded
whenneededthey wereblown dry with a nitrogen gagun Eight thin film samples
with 1.2 x 1% Kg/L concentratiorof 1.0 x 104 L P3HT solutioneachwere spin
coated on thesquare2.5 x 102 m by 2.5x 102 m glass slide as substratin a

Kyowa Riken k35951 spin coateusing the parameterstable 3.1below.

Table 31: Spin coating parameters for the prepared P3HT thin film samples

s sampi] 1P 5 s o S5 | Second i coa s o
(rpm) ¥ (rpm)
1 500 2000
2 750 2000
3 1000 2000
4 1250 2000
5 1500 2000
6 1750 2000
7 2000 2000
8 2250 2000
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EstimatedP3HT thin film samplesof thicknessesvere between6.0 x 108 mi 1.2 x

10" m.
3.2.3Determination of the Thickness of P3HT Thin Films

Each glass slide was weighed on the Mettler Toledo AT201 max 9,205 0.01

mg electronic balance to obtain its weight before and after the spin coating
procedureThe P3HT thin film sampleswere annealed in the oven at 423.15 K for

600 s. The annealdd3HT thin film sampleswere weighed on th&lettler Toledo

AT201 max = 205 g, d = 0.01 mg electronic balatwebtain their weightsThe
thicknesses of the asmst and annealed P3HT thin fisampleswere calculated by

using equation (2.11fyom the mass changes of the subst(agfore and after the

spin coating, andnnealing procedurandthe P3HT thin filmsample® t hi ckness
were also estimated by using equation 1B), called the spin coating equation for

thickness from the ¥ .obtained from the s

3.2.4 Measurement of Sheet Resistande- of P3HT Thin Films

A dual inline four-point probe headwas designedand fabricaed The four-point
probe headhas an in-line 2.0 x 10° m of equidigart spacingbetweerthe probesthe

probeshave0.1Kg of spring forceandare 7.39 x 10 * m in diameter
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Figure3-1: The picture othefabricatedn-line four-point probehead.

TheRi of all theeightP3HT thin film sampleswas measuredsing thedesigned and
fabricatedfour-point probeheadwith the ISOTECHand Leyboldcurrentsource and
Toptranic multimeters (MMs) The Ri measurementaere done inl32 Ix of light
from the fluorescent bulbs with indirect sunlighhd inside the dark rognfior both
ascastandannealedP3HT thin film samples The geometricfactorwasadded to the
measurementffrom table C1). The measurements were done at 1 pA, 2 YA, 3 YA,

and 4 pA constant currenfisr each of the eighi?3HTthin film samples.

3.3 DataAnalysis

Quantitative data analysisawused. The mean for each data seswalculated for
accuracy and precision. Standard deviati@sapplied to the data for error analysis.
Regressiorwas usedto getthe dependence between the thicknessRindn each

other. Regressionasused when plotting the gragh
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3.4 ResearclHethics

Ethical clearance &s obtained from the UNAM Research Ethics Committee, and
research Permission from tRestgraduate iport ServicesAll waste generated in
the laboratory wsdisposed of according to the guidelines for waste disposal of the
Standard Operation Procedure document number -ZZIP and UNAM
Occupational Safety and Health guidelines. All experimergsewonducted in a

well-ventilated and sterded fume hood, and safety protective clothirapused.

3.5Chapter Summary

The chapter shoed that the quantitative research design was dis€he P3HT
solution was prepared Fabrication of P3HTthin film sampleswas made by spin
coating Varying the coatingy varies the thicknessof P3HT thin film samples the
in-line four-point probeheadwasdesigned and fabricatethen used toneasureR .
Regressionmeans, standard deviatiand curve fitting vere used. Research ethics

werefollowed, andaresearclkpermission letter asobtained.
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CHAPTER 4 : RESULTS AND DISCUSSIONS

This chaptepresentghe resultoobtained fronthe studyand explains howhe data

was analysedlhe 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.

Tables4.1i 4.4 show the calculate& for the P3HT thin films from the measured

readings tables D1i D4) using equatiorf2.33). The R is calculatedat 1uA, 2 A, 3

MA, and 4pA constant currentsTables4.1i 4.4 also show the P3HT thin filns

samplenumber, theestimated P3HT thin filsd thickneses and the P3HT thin

filmsdcoatingy.

Table4.1: CalculaktdRi for the ascast P3HT thin filmd$or the measurmens done

in the light.
P3HT Thin Film Ri (10 ( Y/ 1)
Thin film| Thickness Spin coater
sample 7 rotational spee( At1 pA |At2 uA | At3 HA | At4 PA
P (nm) v (rp
1 120 500 0.395 0.856 1.05 1.04
2 100 750 0.527 0.98 1.30 1.47
3 90 1000 2.37 2.24 2.27 2.59
4 80 1250 3.03 2.24 2.97 3.53
5 72 1500 4.21 3.93 4.20 4.71
6 70 1750 3.86 3.29 4.15 5.18
7 62 2000 5.27 3.36 3.66 3.85
8 60 2250 3.34 2.41 291 2.60
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Table4.2: CalculatedRi for the ascast P3HT thin filmd$or the measurments done

in thedark.
P3HT Thin Film Ri (10 ( Y/ 1)
Thin film| Thickness Spin coater
el o rotational spee( At1 pA |At2 pA [At3 pA | At4 pA
b (nm) ¥ (rpi
1 120 500 0.965 0.900 1.13 1.10
2 100 750 2.46 1.93 1.42 1.48
3 90 1000 2.72 1.82 2.03 2.50
4 80 1250 4.21 3.53 3.06 3.24
5 72 1500 3.60 3.84 4.18 4.49
6 70 1750 4.48 3.09 4.40 4.25
7 62 2000 4.65 3.84 3.26 3.47
8 60 2250 4.21 3.12 2.55 2.18

Table4.3: CalculatedR; for the annealed P3HT thin filniesr the measurements
donein the light.

P3HT Thin Film R (10  ( Y/ 1)
Thin film| Thickness Spin coater
sample 7 rotational spee( At1 pA |At2 yA |At3 A | At4 pA
P (nm) ¥ (ropl
1 120 500 0.176 0.351 | 0.366 | 0.428
2 100 750 0.439 0.461 | 0512 | 0.538
3 90 1000 0.263 0.417 | 0.614 | 0.790
4 80 1250 0.395 0.790 | 0.746 1.25
5 72 1500 0.614 1.29 1.76 2.17
6 70 1750 1.05 1.27 2.18 2.44
7 62 2000 1.97 2.39 2.91 2.58
8 60 2250 1.71 1.97 2.28 2.62

57



Table4.4: CalculatedR; for the annealed P3HT thin filnier the measurements
donein the dark.

P3HT Thin Film R (10 ( Y/ 1)

Thin film| Thickness| Spin coater

sample 4 (nm) rota\t:onz? srp%ec At1pA |At2 pA | At3 pA | At4 pA
1 120 500 1.23 1.05 0.951 1.03
2 100 750 1.40 1.54 1.80 2.13
3 90 1000 1.80 1.97 2.22 2.22
4 80 1250 3.03 2.68 291 2.80
5 72 1500 2.94 2.33 2.85 2.95
6 70 1750 3.07 2.24 2.97 3.03
7. 62 2000 2.55 2.85 2.62 3.21
8. 60 2250 2.59 1.93 1.83 1.99

Tables 4.14.4 show that th&r is calculated at four various constant currewtsich
meanghe measurements were dond @A, 2 pA, 34A, and 4pA constant currents
instead of only one constant curremhis is done to reduce errors in that various
constant currents further enhance the clarity ofpihenomenorbeing investigated.
The smaller the constant current used to olf®aithe more accurat® becomes, so
the four constant currents chosare within the relevant limg. In general, the
thickness of a spin coated film is proportional to the inverse of the sopairef ¥

as in equation (2.0

According to Griffin et al[47] if and when the fabrication @fthin film is done with
great precautionshen the equation(2.10 could be used to obtaithe thin film
thickness Figure 211 showsa graphof ¥ versus thin film thickness that was
obtained by Griffin et al. using equation (2.1Blence the thin film thickness could

be obtained frontheir ¥s. Two different thin films (withthes ame ¥ = 750
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similar f abr i Bawere ecalculates fromni themeasured readings
obtainedand the values fluctuasbut not so much at all. Another two different thin

films (withthesame ©06 2pm) with similRmwerd abric
calculated from the measured readiogsainedand the values fluctuaesbut not so

much at all

The bar graph of voltage and spin speed of each as-cast thin film at 1 uA as measured in light
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Figure4-1: Thebar chart of voltage and at1 pA for ascast P3HTthin film s for the

measurements dome the light

It is cleary shown in figure 41 abovet h at as the ¥ increas
thicknesses of the P3HT thin films are reduced), the voltages tend to intrestsef

the time the measurements were done in the light fecast P3HT thin films, as
determined at 1 pAThis 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 gén by =+ gwheree is the mobility,n is the
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concentration of charge carriers agds the charge. Since the conductivity is the
inverse of the resistivityi.e.,} g:it too has a weak dependence on the P3HT thin

fil msd thiRkmess saess.t rfomeg dependence on
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 behaviourof the P3HT thin films subsides a little, and the P3HT thin

fil msd condu ®ttendedtd bgcomersimallex.a s e d

Figure 4-2 below shows that as the increases thé&y tends to increase tpahe
measurements were done in the light fecast P3HT thin filmsandit shows theRi

as determined at four differecdnstamcurrents.

The graph of Ry vs w for as-cast P3HT thin films in light
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Figure4-2: The graph oRi vs¥ for ascastP3HTthin films for themeasurements

donein thelight.
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Figure 4-3 below shows that as the increases thé&y tends to increase tpahe
measurements were done in the dark fecast P3HT thin filmsandit shows theRi

as determined at four differecdnstanturrents.

The graph of R vs w for as-cast P3HT thin films in the dark
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Figure4-3: The graph oRi vs¥ for ascastP3HTthin films for themeasurements

donein the dark

Figure 4-4 below shows that as the increases th&i tends to increase tpthe
measurements were done in the light for annealed P3HT thin &imdst, shows the

Ri as determined at four differecdnstantcurrents.
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The graph of Ry vs w for annealed P3HT thin films in light
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Figure4-4: The graph of Rv s ¥ nneated®3HA thin films for the measurements

donein thelight.

Figure 4-5 below showsthat as they increases thé&y tends to increase tpahe
measurements were done in the dark for annealed P3HT thin dihdg&, shows the

Ri as determined at four differecdnstantcurrents

The graph of R vs w for annealed P3HT thin films in the dark
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Figure4-5: The graphof Rv s ¥ f o rP3HA thin fénas forettte measurements

donein thedark
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Since the P3HT thin fil msd thehthedankensesises r
the ¥ depicts theP3HTrehsnngi bigue@-61t bi chkr
below shows that thBi of the P3HT thin films tends todecrease as tHe3HT thin

filmsd thickneses increase, the measurements were done in the light foasis

P3HT thin films, it shows thBi as determined at four differecbnstanturrents

The graph of Ry vs w™! for as-cast P3HT thin films in light

5.5
== 1A —h- 3 A
5.0 -&-2uA B 4ApA
4.5
4.0
§3s:
g
= 3.0
&
S 2.51
o
e 2.0]
1.5]
1 T R il T -
1.0 e e e B s
0.5 ="
0.0 — ‘ s . . : ‘ ‘ ]
0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020

w™ ! [rpm~1]

Figure4-6: The graph of Rv s ! far as-castP3HTthin films for the measurements

donein thelight.

Figure4-7 below shows that thBi of the P3HT thin films tends todecrease as the
P3HT thin filmsdthicknesgsincrease, the measurements were done in the dark for
ascast P3HT thin filmsandit shows theRi as determined at four differecbnstant

currents
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The graph of Ry vs w™! for as-cast P3HT thin films in the dark
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Figure4-7: The graph of Rvs ¥ for ascastP3HTthin films for themeasurements

donein the dark

Figure4-8 below shows that thBi of the P3HT thin films tends todecrease as the
P3HT thin filmsbthicknesgsincrease, the measurements were done in the light for
annealed P3HT thin filmsand it shows theRi as determined at four different

constanturrents.

The graph of R vs w™! for annealed P3HT thin films in light
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Figure4-8: The graph of Rvs ¥ for annealedP3HT thin films for the

measurements domethelight.
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Figure 4-9 below shows that thBr of the P3HT thin films decreases as tiRSHT
thin filmsd thicknesss increase,the measurements were done in the dark for

annealed P3HT thin filmsand it shows theRi as determined at four different

constanturrents.
3.5 The graph of R vs w™! for annealed P3HT thin films in the dark
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Figure4-9: The graph of Rvs ¥ for annealed3HTthin films for the

measurements dome the dark

In figures 42 to 49, it is shown that th®& decr eased as the P3H
thicknesses increased, this can be attributed to that the more material available or
given the more charge carriers are available or gj8&h P3HT produce photo

generated charge carriers since it absorbs in radiation within the visible wavelength
range, and this may influence tberrentof the P3HT thin films so measuring the

Ri in the dark and light reveals this phenomenarP3HT applications, knowing the

different values oRi in light and dark is usefulhe measurement & in the dark

seems to lose a little dependence on the

65



be because the P3HT is less conductive in the dark since the creation of positive
charge carriers (pype) of P3HT seize$20][72], which throws the foupoint probe
method measurements off balanvekich developswith little outlier points as well,

the fourpoint probe method does not measRrewell for insulative materia]58],

the overallRr 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 betweenaRd thin films' thicknessg69][70].

Figures 410to 4-17 illustrate the curve fitting foR vs ¥ andRi vs ¥ graphsfor
ascast and annealed P3HT thin fdrfor the measurements performed in the light

and the dark

The graph of Ry vs w for as-cast P3HT thin films in light
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Figure4-10: The graph oRi vs~¥ for ascastP3HTthin films for the measurements

donein thelight with curve fitting
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Figure4-11: The graph of Rvs ¥ for ascastP3HTthin films for the

measurements domethelight with curve fitting.

The graph of Ry vs w for as-cast P3HT thin films in the dark
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Figure4-13: The graph of Rvs ¥ for ascastP3HT thin filmsfor the

measurements dorirethe darkwith curve fitting.

The graph of Rg vs w for annealed P3HT thin films in light
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Figure4-14: The graph of Rvsy for annealedP3HT thinfilmsfor the

measurements domethelight with curve fitting.
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Figure4-15: The graph of Rvs ¥ for annealed P3HT thin filsfor the

measurements dornrethelight with curve fitting.

The graph of R vs w for annealed P3HT thin films in the dark
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Figure4-16: The graph of Rvsy for annealed P3HT thin filsfor the

measurements domethe darkwith curve fitting.
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The graph of R vs w™! for annealed P3HT thin films in the dark
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Figure4-17: The graph of Rvs ¥ for annealed P3HT thin filsfor the

measurements dorirethe darkwith curve fitting.

In figures 410 to 417, the curve fitting was done in the Python programming
language. Curve fitting allows the observation and quantification dig¢haviourof

the physical phenomarof 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 witletinee fittingmodels

demonstrates the existence of a pattern betwReand t he P3HT t

hi

thicknesses. The correlation betweenfhendt he P3HT t hin fil ms

much clearer when the P3HT thin films are annealed because the conductivity of the
P3HT thin films increasef5], and the fouwpoint probe method becomes more
accurate and precise. TRe decreases aftéhne annealingof P3HT thin films. Initial
annealing of the P3HT thin films increases the fRe 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 tha Recause they contribute to the increment of the conductivity of

70



the P3HT thin films due to them introducing more charge carriers. Further heating
recrystallises the P3H[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 CHElas a solvent is a Newtonian fluig7], 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 & P3HT thin films. CHC 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 PRHAT

The solvent utilised for dissolving the P3HT polymer and the fabrication method
both impact the measur&d [41]. The resistivity of the P3HT thin films depends on

the rate of deposition, temperature, thickness, and gtajn

TheRi makes it easier to get resistance for materials with known square dimensions.
The optimalRi makes it easier to transfer and collect charges from material for solar
cells since it is the surface resistari@d]. The low charge mobility of conductive
organic polymers limits the actiMayer thickness of the solar cells and light
absorptior[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 wig of the setup also could introduce errors,

due to the noravailability of standard equipment that could estimate the thicknesses
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of the P3HT thin films. The R for the anneale®3HT thin films and asastP3HT

thin films were measured and obtained,

estimated by the mass of P3HT coated on the substrsi®g equation (2.113and
from the spin coating thickness equati@10) Spin coating is better for thin film
coating, but it wastes a lot of material on a lasgale, doctor blading could replace

it on a larger fabricating scallé7].

4.1 Chapter Summary

In this chaptey the results§rom the performed experimentssedwere shown The
analysisof the results wsalsoillustrated It wasshown that Ri correlateswith the
P3HT thin films dhickneses The outlier points only occur between thoseoints
with asmall¥ gap differenceThe relationship between the thin film thicknesses and
the R is a power curve for all the set conditions. Thed®creases as the thin film
thickness increasesi Rlecreases for posteated (annealed) P3HT thin filmsi B

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 cAd@duture

recommendations from the study are also discussed.

The work aimedto fabricate P3HTthin films of different thicknesess, measure the
Ri of each P3HT thin filmand determinethe thicknesses of eadtBHT thin film.
This was satisfiedy the methodss follows: Eight P3HT thin films with various
thicknesses werfabricated by the spin coatimgethod andrarying thespeed;¥, of
the spin coaterfor each P3HTthin film ensured that theithicknesses weralso
varied The P3HT thin films were annealed ian oven. The four-point probe setup
was designed, fabricatedndthenusedto measure # R for the eight P3HT thin
films of different thicknessed he holder for thd?3HT thin films in the four-point
probe setuadcushioned surface arascrewknobthat allowed it to mee up and
down ever so sligly, this allowed thdour-point probehead not to damage the thin
films. In turn, the four probes had a noded tip and spring load fweventany more
damageto the P3HT thin films. The whole setup was connected to a powepply

andMMs.

The R for theP3HT thin flmsmeasuredanged fronB8.95x 10°Y / o 527 x 10

Y / for theascastP3HT thin filmsandfrom 1.76 x 10°Y / T 3.21® 10°Y / for
theannealed3HTthinfims The P3HT thin filmsd thickne
x 108 mi 1.2 x 10’ m approximatelyThe Ri decrease as theP3HT thin fiims 6
thicknesss increasd. The measuredRi decrease after anneéing the P3HT thin

films. The R increasd alittle whenmeasuredn the darkfor P3HT thin films The

bulk resistance of P3H@issolved inCHCIls as measured with the MM wds47 x

10" Y using thefour-point probe method circuit under light illuminationThe

correlatiors i1 r far the graphs are higbnough rangingfrom 090i 0.99, which was
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calculated usind/licrosoft Excel softwareKnowing howtheRi behaves in the dark,
andin the light, and with the change thicknessesf P3HT thin films material

allows itsengineered applicatiorautside the research laboratomhe R is a very

much useful tool in electrical engineering and other fields. Knowing thefR
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 fourpoint probe method can be used to characterise the unknown materials
when the thickness is knowiowever, more results could be obtained if more
sophisticated measuring equipment and isolated conditions in the laboratory could be
used.Theroom for improvement is highlighted below with the following suggestions

for future work:

1 The effect of optical absorption on the generation of charge carriers for a
large range ovoltages/threshold fields.

1 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.

1 Effect of structural conformation using vibrational spectroscopy and also
electron transport methods such as photoluminescence

1 Role of cesolvent on morphology modification in P3HT athe Ry .
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Appendix C

TableC1: Table ofempirically determined correction factd6].

w/s l/w=1 [/w=2 [/w=3 [/w=4
1 0.2204 0.2205
1.25 0.2751 0.2751
15 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
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
b 1 1 1 1
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Appendix D

TableD1: Readings oturrent& voltagefor the ascast P3HT thin filmasmeasured

in the light.
Thin film sample# Current (10°8) (A) Voltage (V)
1.00 0.000D
1 2.00 0.0039
3.00 0.0072
4.00 0.0095
Current (10°8) (A) Voltage (V)
1.00 0.0012
2 2.00 0.0045
3.00 0.0089
4.00 0.013
Current (10°8) (A) Voltage (V)
1.00 0.0054
3 2.00 0.010
3.00 0.016
4.00 0.04
Current (10°8) (A) Voltage (V)
1.00 0.0069
4 2.00 0.010
3.00 0.020
4.00 0.032
Current (10°®) (A) Voltage (V)
1.00 0.0096
5 2.00 0.018
3.00 0.0
4.00 0.043
Current (10°®) (A) Voltage (V)
1.00 0.0088
6 2.00 0.015
3.00 0.028
4.00 0.047
Current (10°8) (A) Voltage (V)
1.00 0.012
7 2.00 0.015
3.00 0.025
4.00 0.035
Current (108 (A) Voltage (V)
1.00 0.0076
8 2.00 0.011
3.00 0.020
4.00 0.024
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TableD2: Readings oturrent& voltagefor the ascast P3HT thin film@asmeasured

in the dark.
Thin film sample# Current (10°8) (A) Voltage (V)
1.00 0.0022
1 2.00 0.0041
3.00 0.0077
4.00 0.010
Current (108) (A) Voltage (V)
1.00 0.0056
2 2.00 0.0088
3.00 0.0097
4.00 0.014
Current (108) (A) Voltage (V)
1.00 0.0062
3 2.00 0.0083
3.00 0.014
4.00 0.023
Current (108) (A) Voltage (V)
1.00 0.0096
4 2.00 0.016
3.00 0.021
4.00 0.030
Current (10°8) (A) Voltage (V)
1.00 0.0082
5 2.00 0.018
3.00 0.029
4.00 0.041
Current (10°8) (A) Voltage (V)
1.00 0.010
6 2.00 0.014
3.00 0.030
4.00 0.0
Current (10°8) (A) Voltage (V)
1.00 0.011
7 2.00 0.018
3.00 0.022
4.00 0.0
Current (10°8) (A) Voltage (V)
1.00 0.0096
8 2.00 0.014
3.00 0.017
4.00 0.020
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TableD3: Readings oturrent& voltagefor the annealed P3HT thin filnas

measured in the light.

Thin film sample# Current (10°8) (A) Voltage (V)
1.00 0.0000
1 2.00 0.0016
3.00 0.0025
4.00 0.0039
Current (108) (A) Voltage (V)
1.00 0.0010
2 2.00 0.0021
3.00 0.0035
4.00 0.0049
Current (108) (A) Voltage (V)
1.00 0.000®
3 2.00 0.0019
3.00 0.0042
4.00 0.0072
Current (108) (A) Voltage (V)
1.00 0.0009
4 2.00 0.0036
3.00 0.0051
4.00 0.011
Current (10°8) (A) Voltage (V)
1.00 0.0014
5 2.00 0.0059
3.00 0.012
4.00 0.020
Current (10°8) (A) Voltage (V)
1.00 0.0024
6 2.00 0.0058
3.00 0.015
4.00 0.022
Current (10°8) (A) Voltage (V)
1.00 0.0045
7 2.00 0.011
3.00 0.020
4.00 0.024
Current (10°8) (A) Voltage (V)
1.00 0.0039
8 2.00 0.009D
3.00 0.016
4.00 0.024
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TableD4: Readings oturrent& voltagefor the annealed P3HT thin filnas

measured in the dark.

Thin film sample# Current (10°8) (A) Voltage (V)
1.00 0.0028
1 2.00 0.0048
3.00 0.0065
4.00 0.0094
Current (108) (A) Voltage (V)
1.00 0.0032
2 2.00 0.000
3.00 0.012
4.00 0.020
Current (108) (A) Voltage (V)
1.00 0.0041
3 2.00 0.00D
3.00 0.015
4.00 0.020
Current (108) (A) Voltage (V)
1.00 0.0069
4 2.00 0.012
3.00 0.020
4.00 0.0%6
Current (10°8) (A) Voltage (V)
1.00 0.0067
5 2.00 0.011
3.00 0.020
4.00 0.0Z7
Current (10°8) (A) Voltage (V)
1.00 0.000
6 2.00 0.010
3.00 0.020
4.00 0.028
Current (10°8) (A) Voltage (V)
1.00 0.0058
7 2.00 0.013
3.00 0.018
4.00 0.029
Current (10°8) (A) Voltage (V)
1.00 0.0059
8 2.00 0.0088
3.00 0.013
4.00 0.018
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Appendix E

TableE1: Linear regression for the calculated &d estimated thickness

4 OLS Regression Results

5

6 Dep. Variable: v R-squared (uncentered): 0.932
7 Model: OLS Adj. R-squared (uncentered): 0.923
8 Method: Least Squares F-statistic: 96.35

9 Date: Thu, 08 Jun 2023 Prob (F-statistic): 2.42e-05

10 Time: 13:48:44 Log-Likelihood: -59.033

11 No. Observations: 8 AIC: 120.1

12 Df Residuals: 7 BIC: 120.1

13 DfModel: 1

14 Covariance Type: nonrobust

15

16 coef std err t Pxt| [0.025 0.975]

17

18 xI 438.5227 44675 9816 0.000 332.882 544163

19

20 Omnibus: 0.783 Durbin-Watson: 1.525

21 Prob(Omnibus): 0.676 Jarque-Bera (JB): 0.638

22 Skew: 0.486 Prob(JB): 0.727

23 Kurtosis: 2.015 Cond. No. 1.00

24

25

26 Notes:

27 [1] R*is computed without centering (uncentered) since the model does not contain a
constant

28 [2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

29 C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

30 warnings.warn("kurtosistest only valid for n>=20 ... continuing "

31 OLS Regression Results

32

33 Dep. Variable: vy R-squared (uncentered): 0.920

34 Model: OLS Adj. R-squared (uncentered): 0.909

35 Method: Least Squares F-statistic: 80.70

36 Date: Thu, 08 Jun 2023 Prob (F-statistic): 4.32¢-05

37 Time: 13:48:44 Log-Likelihood: -59.689

38 No. Observations: 8 AIC: 121.4
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39 Df Residuals: 7 BIC: 121.5

40 Df Model: 1

41 Covariance Type: nonrobust

42

43 coef std err t P>t [0.025 0.975]

44

45 x1 5444774 60.610 8983 0.000 401.158 687.797

46

47 Omnibus: 3.107 Durbin-Watson: 1.219

48 Prob(Omnibus): 0.211 Jarque-Bera (JB): 0.468

49 Skew: 0.540 Prob(JB): 0.791

50 Kurtosis: 3.490 Cond. No. 1.00

51

52

53 Notes:

54 [1] R?is computed without centering (uncentered) since the model does not contain a
constant.

55 [2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

56 C:\Users\Basho'\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

57  warnings. warn("kurtosistest only valid for n>=20 ... continuing "

58 OLS Regression Results

59

60 Dep. Variable: y R-squared (uncentered): 0.934

61 Model: OLS Adj. R-squared (uncentered): 0.925

62 Method: Least Squares F-statistic: 99.66

63 Date: Thu, 08 Jun 2023 Prob (F-statistic): 2.16e-05

64 Time: 13:48:44 Log-Likelihood: -58.906

65 No. Observations: 8 AIC: 119.8

66 Df Residuals: 7 BIC: 119.9

67 Df Model: 1

68 Covariance Type: nonrobust

69

70 coef std err t P>t [0.025 0.975]

71

72 x1 475.0485 47585 9983 0000 362.528 587.569

73

74 Omnibus: 4.355 Durbin-Watson: 0.735

75 Prob(Omnibus): 0.113 Jarque-Bera (JB): 1.181

76 Skew: 0.921 Prob(JB): 0.554

77 Kurtosis: 3.386 Cond. No. 1.00

78

79
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106

108

109

110
111

112
113
114
115
116
117
118
119
120

OLS Regreésion Results

Dep. Variable: vy R-squared (uncentered): 0.889
Model: OLS Adj. R-squared (uncentered): 0.873
Method: Least Squares F-statistic: 55.92
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.000140
Time: 13:48:44 Log-Likelihood: -61.017
No. Observations: 8 AIC: 124.0
Df Residuals: 7 BIC: 124.1
Df Model: 1
Covariance Type: nonrobust

coef std err t P>t [0.025 0.975]
x1 411.8352 55072 7478 0000 281611 542060
Omnibus: 5.511 Durbin-Watson: 0.683
Prob(Omnibus): 0.064 Jarque-Bera (JB): 1.728
Skew: 1.120 Prob(JB): 0.421
Kurtosis: 3.414 Cond. No. 1.00
Notes:
[1] R?is computed without centering (uncentered) since the model does not contain a

constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results
Dep. Variable: y R-squared (uncentered): 0318
Model: OLS Adj. R-squared (uncentered): 0.221
Method: Least Squares F-statistic: 3.271
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.113
Time: 13:48:44 Log-Likelihood: 45.138
No. Observations: 8 AIC: -88.28
Df Residuals: 7 BIC: -88.20
Df Model: 1
Covariance Type: nonrobust
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121

122 coef std err t P>t [0.025 0.975]

123

124 x1 0.0002 9.89e-05 1.808 0.113 -55e-05 0.000

125

126  Omnibus: 2.457 Durbin-Watson: 0.223

127 Prob(Omnibus): 0.293 Jarque-Bera (JB): 1.169

128 Skew: 0.905 Prob(JB): 0.557

129 Kurtosis: 2.517 Cond. No. 1.00

130

131

132 Notes:

133 [1]R?is computed without centering (uncentered) since the model does not contain a
constant.

134 [2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

135 C:\Users'\Basho\AppData‘\Local\Programs\Python\Python3 10\lib\site-packages'scipy\
stats\ stats py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

136 warnings. warn("kurtosistest only valid for n>=20 ... continuing "

137 C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

138  warnings.warn("kurtosistest only valid for n>=20 ... continuing "

139 C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

140 warnings.warn("kurtosistest only valid for n>=20 ... continuing "

141 OLS Regression Results

142

143 Dep. Variable: y R-squared (uncentered): 0.430

144 Model: OLS Adj. R-squared (uncentered): 0.348

145 Method: Least Squares F-statistic: 5.278

146 Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0552

147 Time: 13:48:44 Log-Likelihood: 45.852

148 No. Observations: 8 AIC: -89.70

149 Df Residuals: 7 BIC: -89.62

150 Df Model: 1

151 Covariance Type: nonrobust

152

153 coef std err t P>t [0.025 0.975]

154

155 x1 0.0003 0000 2297 0055 -76e-06 0.001

156

157 Omnibus: 2.765 Durbin-Watson: 0.272

158 Prob(Omnibus): 0.251 Jarque-Bera (JB): 1.272
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159
160
161

162
163
164

165

166
167

168
169
170
171
172
173
174
175
176
177

178
179
180
181

182
183
184
185
186

187
188
189
190
191

192
193

194
195
196

Skew: 0.953 Prob(JB): 0.529
Kurtosis: 2.570 Cond. No. 1.00

Notes:
[1] R2is computed without centering (uncentered) since the model does not contain a
constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results

Dep. Variable: y R-squared (uncentered): 0.443
Model: OLS Adj. R-squared (uncentered): 0.364
Method: Least Squares F-statistic: 5.574
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0503
Time: 13:48:44 Log-Likelihood: 45.947
No. Observations: 8 AIC: -89.89

Df Residuals: 7 BIC: -89.82

Df Model: 1

Covariance Type: nonrobust

coef std err t  P>t| [0.025 0.975]

x1 0.0002 9.67¢-05 2361 0.050 -3.5e-07 0.000
Omnibus: 2.836 Durbin-Watson: 0.240
Prob(Omnibus): 0.242 Jarque-Bera (JB): 1.302
Skew: 0.965 Prob(JB): 0.522
Kurtosis: 2.576 Cond. No. 1.00
Notes:

[1] R? is computed without centering (uncentered) since the model does not contain a
constant,
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.
C:\Users'\Basho'AppData\Local\Programs\Python\Python3 10\lib\site-packages'scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "
C:\Users\Basho'\AppData\Local\Programs\Python\Python310\lib\site-packages\scipy\
stats\ stats py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "

OLS Regression Results
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197 Dep. Variable: y R-squared (uncentered): 0.432
198 Model: OLS Adj. R-squared (uncentered): 0.351
199 Method: Least Squares F-statistic: 5330
200 Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0543
201 Time: 13:48:44 Log-Likelihood: 45.869
202 No. Observations: 8 AIC: -89.74
203 DfResiduals: 7 BIC: -89.66
204 Df Model: 1
205 Covariance Type: nonrobust
200
207 coef std err t P>t [0.025 0.975]
208
209 x1 0.0002 8.68e-05 2309 0.054 -485e-06  0.000
210
211 Omnibus: 2.963 Durbin-Watson: 0.260
212 Prob(Omnibus): 0.227 Jarque-Bera (JB): 1.282
213 Skew: 0.966 Prob(JB): 0.527
214 Kurtosis: 2,660 Cond. No. 1.00
215
216
217 Notes:
218 [1] R?is computed without centering (uncentered) since the model does not contain a
constant.
219 [2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.
220 OLS Regression Results
221
222 Dep. Variable: y R-squared (uncentered): 0.966
223 Model: OLS Adj. R-squared (uncentered): 0.961
224 Method: Least Squares F-statistic: 197.9
225 Date: Thu, 08 Jun 2023 Prob (F-statistic): 2.18e-006
226 Time: 13:48:44 Log-Likelihood: -56.296
227 No. Observations: 8 AIC: 114.6
228 Df Residuals: 7 BIC: 114.7
229 DfModel: 1
230 Covariance Type: nonrobust
231
232 coef std err t P>t [0.025 0.975]
233
234 x1 405.0685 28.797 14.067 0.000 336975 473.162
235
236 Omnibus: 1.451 Durbin-Watson: 1.232
237 Prob(Omnibus): 0.484 Jarque-Bera (JB): 0.213
238 Skew: 0.399 Prob(JB): 0.899
239 Kurtosis: 2.980 Cond. No. 1.00
240
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247 OLS Regression Results

248

249 Dep. Variable: y R-squared (uncentered): 0.943

250 Model: OLS Adj. R-squared (uncentered): 0.934

251 Method: Least Squares F-statistic: 115.0

252 Date: Thu, 08 Jun 2023 Prob (F-statistic): 1.35e-05

253 Time: 13:48:44 Log-Likelihood: -58.370

254 No. Observations: 8 AIC: 118.7

255 DfResiduals: 7 BIC: 118.8

256 Df Model: 1

257 Covariance Type: nonrobust

258

259 coef std err t P>t [0025 0.975]

260

261 xl 492.1333 45898 10.722  0.000 383.602 0600.664

262

263 Omnibus: 0.712 Durbin-Watson: 1.257

264 Prob(Omnibus): 0.700 Jarque-Bera (JB): 0.269

205 Skew: 0.397 Prob(JB): 0.874

266 Kurtosis: 2.579 Cond. No. 1.00

267

268

269 Notes:

270 [1] R?is computed without centering (uncentered) since the model does not contain a
constant.

271 [2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

272 C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages'scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

273  warnings.warn("kurtosistest only valid for n>=20 ... continuing "

274 OLS Regression Results

275

276 Dep. Variable: y R-squared (uncentered): 0.905

277 Model: OLS Adj. R-squared (uncentered): 0.892

278 Method: Least Squares F-statistic: 60.79
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Date: Thu, 08 Jun 2023 Prob (F-statistic): 7.95e-05

279

280 Time: 13:48:44 Log-Likelihood: -60.380

281 No. Observations: 8 AIC: 122.8

282 Df Residuals: 7 BIC: 122.8

283 DfModel: 1

284 Covariance Type: nonrobust

285

286 coef std err t P>t [0.025  0.975]

287

288 xl1 476.5671 58311 8.173 0.000 338.682 ©614.452

289

290 Omnibus: 3.679 Durbin-Watson: 0.083

291 Prob(Omnibus): 0.159 Jarque-Bera (JB): 1.209

292 Skew: 0.952 Prob(JB): 0.546

293 Kurtosis: 3.056 Cond. No. 1.00

294

205

296 Notes:

297 [1] R?is computed without centering (uncentered) since the model does not contain a
constant.

298 [2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

299 C:\Users\Basho‘\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

300  warnings.warn("kurtosistest only valid for n>=20 ... continuing "

301 OLS Regression Results

302

303 Dep. Variable: y R-squared (uncentered): 0.878

304 Model: OLS Adj. R-squared (uncentered): 0.861

305 Method: Least Squares F-statistic: 50.42

306 Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.000194

307 Time: 13:48:45 Log-Likelihood: -61.383

308 No. Observations: 8 AIC: 124.8

309 Df Residuals; 7 BIC: 124.8

310 DfModel: 1

311 Covariance Type: nonrobust

312

313 coef std err t P>t [0.025 0.975]

314

315 «x1 4553715 64129 7.101 0000 303.731 607.012

316

317 Omnibus: 7.289 Durbin-Watson: 0.628

318 Prob(Omnibus): 0.026 Jarque-Bera (JB): 2.276

319 Skew 1.250 Prob(JB) 0.321

320 Kurtosis: 3.757 Cond. No. 1.00
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328
329

330
331
332
333
334
335
336
337
338
339

340
341
342
343

344
345
346
347
348

349
350
351
352
353

354
355

356
357

OLS Regression Results

Dep. Variable: y R-squared (uncentered): 0.464
Model: OLS Adj. R-squared (uncentered): 0.387
Method: Least Squares F-statistic: 6.051
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0435
Time: 13:48:45 Log-Likelihood: 46.096
No. Observations: 8 AIC: -90.19

Df Residuals: 7 BIC: -90.11

Df Model: 1

Covariance Type: nonrobust

coef std err t P>t [0.025 0.975]

x1 0.0002 7.96e-05 2460 0.043 7.58e-06 0.000
Omnibus: 4.574 Durbin-Watson: 0.301
Prob(Omnibus): 0.102 Jarque-Bera (JB): 1.653
Skew: 1.113 Prob(JB): 0.438
Kurtosis: 3.059 Cond. No 1.00
Notes:

[1] R? is computed without centering (uncentered) since the model does not contain a
constant,
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.
C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "
C:\Users\Basho\AppData\Local\Programs'\Python\Python3 10\lib\site-packages\scipy\
stats\ stats py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings. warn("kurtosistest only valid for n>=20 ... continuing "

OLS Regression Results
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358

359
360
361
362
363
364
365
3606
367
368

369
370
371
372

373
374
375
376
377

378
379
380

381

382
383

384
385
386
387
388
389
390
391
392
393

394
395
396
397

398
399
400

Dep. Variable: y R-squared (uncentered): 0.465
Model: OLS Adj. R-squared (uncentered): 0.388
Method: Least Squares F-statistic: 6.075
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0432
Time: 13:48:45 Log-Likelihood: 46.104
No. Observations: 8 AIC: -90.21
Df Residuals: 7 BIC: 90.13
Df Model: 1
Covariance Type: nonrobust

coef std err t P>t [0.025 0.975]
x1 0.0002 9.78e-05 2465 0043 98e-06 0.000
Omnibus: 3.883 Durbin-Watson: 0310
Prob(Omnibus): 0.144 Jarque-Bera (JB): 1.522
Skew: 1.066 Prob(JB): 0.467
Kurtosis: 2.866 Cond. No. 1.00
Notes:
[1] R? is computed without centering (uncentered) since the model does not contain a

constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results

Dep. Variable: y R-squared (uncentered): 0.456
Model: OLS Adj. R-squared (uncentered): 0.379
Method: Least Squares F-statistic: 5.874
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0459
Time: 13:48:45 Log-Likelihood: 46.042
No. Observations: 8 AIC: -90.08
Df Residuals: 7 BIC: -90.00
Df Model: 1
Covariance Type: nonrobust

coef std err t P>t [0.025 0.975]
x1 0.0002 9.74e-05 2424 0046 5.74e-06  0.000
Omnibus: 2.612 Durbin-Watson: 0.255
Prob(Omnibus): 0.271 Jarque-Bera (JB): 1.210
Skew: 0.926 Prob(JB): 0.546
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401
402

403
404
405

406

407

408
409

410
411
412

413
414
415
416
417
418
419
420
421
422

423
424
425
426

427
428
429
430
431

432
433
434
435

436
437

438

Kurtosis: 2.556 Cond. No. 1.00

Notes:
[1] R? is computed without centering (uncentered) since the model does not contain a
constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.
C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages'\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "
C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "

OLS Regression Results

Dep. Variable: y R-squared (uncentered): 0.466
Model: OLS Adj. R-squared (uncentered): 0.390
Method: Least Squares F-statistic: 6.107
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0428
Time: 13:48:45 Log-Likelihood: 46.113
No. Observations: 8 AIC: -90.23

Df Residuals: 7 BIC: -90.15

Df Model: 1

Covariance Type: nonrobust

coef std err t Pt [0.025 0.975]

x1 0.0002 9.36e-05 2471 0.043 9.98e-006 0.000
Omnibus: 3.257 Durbin-Watson: 0.278
Prob(Omnibus): 0.196 Jarque-Bera (JB): 1.369
Skew: 1.003 Prob(JB): 0.504
Kurtosis: 2.718 Cond. No. 1.00
Notes:

[1] R?is computed without centering (uncentered) since the model does not contain a
constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results

Dep. Variable: vy R-squared (uncentered): 0.934
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439
440
441
442
443
444
445
446
447

448
449
450
451

452
453
454
455
456

457
458
459

460

461

462
463

464
465

466
467
468

469
470
471
472
473
474
475
476
477
478

Model: OLS Adj. R-squared (uncentered): 0.924

Method: Least Squares F-statistic: 98.76
Date: Thu, 08 Jun 2023 Prob (F-statistic): 2.23e-05
Time: 13:48:45 Log-Likelihood: -58.940
No. Observations: 8 AIC: 119.9
Df Residuals: 7 BIC: 120.0
Df Model: 1
Covariance Type: nonrobust

coef std err t P>t [0.025 0.975]
x1 5927662 59.646 9938 0.000 451.726 733.807
Omnibus: 1.379 Durbin-Watson: 0.627
Prob(Omnibus): 0.502 Jarque-Bera (JB): 0.724
Skew: 0.678 Prob(IB): 0.696
Kurtosis: 2422 Cond. No. 1.00
Notes:

[1] R? is computed without centering (uncentered) since the model does not contain a
constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.
C:\Users\Basho'AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "
C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\_stats_py.py:1736: UserWarning: kurtosistest only valid for n>=20 ... continuing
anyway, n=8

warnings.warn("kurtosistest only valid for n>=20 ... continuing "
C:\Users\Basho\AppData\Local\Programs\Python\Python3 10\lib\site-packages\scipy\
stats\ stats py.py:1736: UserWarning: kurtosistest only valid for n>=20 . continuing
anyway, n=8

warnings. warn("kurtosistest only valid for n>=20 ... continuing "

OLS Regression Results

Dep. Variable: vy R-squared (uncentered): 0.915
Model: OLS Adj. R-squared (uncentered): 0.903
Method: Least Squares F-statistic: 75.33
Date: Thu, 08 Jun 2023 Prob (F-statistic): 5.40e-05
Time: 13:48:45 Log-Likelihood: -59.942
No. Observations: 8 AIC: 121.9

Df Residuals: 7 BIC: 122.0

Df Model: 1

Covariance Type: nonrobust
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478
479
480
481
482

483
4384
485
486
487

488
489
490

491

492
493

494
495
496
497
498
499
500
501
502
503

504
505
506
507

508
509
510
511
512

513
514
515
516

517
518

coef std err t P>t [0.025 0.975]
x1 664.0412 76510 8679 0000 483124 844958
Omnibus: 5.610 Durbin-Watson: 0.762
Prob(Omnibus): 0.061 Jarque-Bera (JB): 1.728
Skew: 1.115 Prob(JB): 0421
Kurtosis: 3.460 Cond. No. 1.00
Notes:

[1] R? is computed without centering (uncentered) since the model does not contain a
constant.

[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results

Dep. Variable: y R-squared (uncentered): 0.886
Model: OLS Adj. R-squared (uncentered): 0.870
Method: Least Squares F-statistic: 5441
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.000153
Time: 13:48:45 Log-Likelihood: -61.115
No. Observations: 8 AIC: 124.2
Df Residuals: 7 BIC: 1243
Df Model: 1
Covariance Type: nonrobust

coef std err t P>t [0.025 0.975]
x1 593.1638 80418 7.376 0000 403.005 783323
Omnibus: 6.906 Durbin-Watson: 0.459
Prob(Omnibus): 0.032 Jarque-Bera (JB): 2328
Skew: 1.296 Prob(JB): 0312
Kurtosis: 3.517 Cond. No. 1.00
Notes:
[1] R? is computed without centering (uncentered) since the model does not contain a

constant.
[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results
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519
520
521
522
523
524
525
526
527
528

529

533
534
535
536
537

538
539
540

541

542
543

544

546
547

553

554
555
556
557

558
559
560
561
562

Dep. Variable: vy R-squared (uncentered): 0.903

Model: OLS Adj. R-squared (uncentered): 0.889
Method: Least Squares F-statistic: 65.32
Date: Thu, 08 Jun 2023 Prob (F-statistic): 8.54e-05
Time: 13:48:45 Log-Likelihood: -60.461
No. Observations: 8 AIC: 122.9

Df Residuals: 7 BIC: 123.0

Df Model: 1

Covariance Type: nonrobust

coef std err t Pt [0.025 0.975]

x1 563.3609 69.707 8.082 0.000 398530 728.192
Omnibus: 11.424 Durbin-Watson: 0.671
Prob(Omnibus): 0.003 Jarque-Bera (JB): 3.893
Skew:; 1.558 Prob(JB): 0.143
Kurtosis: 4.405 Cond. No. 1.00

Notes:

[1] R? is computed without centering (uncentered) since the model does not contain a
constant.

[2] Standard Errors assume that the covariance matrix of the errors is correctly
specified.

OLS Regression Results
Dep. Variable: y R-squared (uncentered): 0.530
Model: OLS Adj. R-squared (uncentered): 0.463
Method: Least Squares F-statistic: 7.886
Date: Thu, 08 Jun 2023 Prob (F-statistic): 0.0262
Time: 13:48:45 Log-Likelihood: 46.623
No. Observations: 8 AIC: -91.25
Df Residuals: 7 BIC: -91.17
Df Model: 1
Covariance Type: nonrobust

coef std err t  P>jt| [0.025 0.975]

x1 0.0003 0000 2808 0026 4.92e-05 0.001
Omnibus: 3.313 Durbin-Watson: 0.273
Prob(Omnibus): 0.191 Jarque-Bera (JB): 1.471
Skew: 1.035 Prob(JB): 0.479
Kurtosis: 2.646 Cond. No. 1.00
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