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Abstract

A low-cost, long-wavelength optical sensor has been manufactured
using Spin Coating technology on a glass substrate. The sensor consists of
a polymeric nanocomposite composed of PEDOT:PSS polymer, in
addition to nano-graphene in different weight ratios (0.5, 1, 1.5, 2). Also,
Isopropyl Alcohol (IPA) was added as a dispersant to improve the
diffusion of graphene nano-filler within the main phase of the complex and
it was compared with the initial compound (PEDOT:PSS/Graphene)

To ensure good adhesion between the glass substrate and the
components of the nanocomposite, the surface of the substrate was
prepared according to international contexts and chemically etched using
Piranha solution consisting of hydrogen peroxide (H,O,) and concentrated
sulfuric acid (H.SO,). Roughness and Wettability tests were carried out
before and after the etching of the prepared substrates. The optical method
was adopted to measure the thickness of the prepared films and to ensure
that all the prepared films were of equal thickness.

A zeta potential test was conducted to ascertain the role of the
proposed dispersant material (IPA) to increase the diffusion of the nano-
graphene filler, as this dispersant material was used for the first time with
nano-graphene and it was proposed to overcome the problem of graphene
deposition after a few hours of preparing the suspension, which was Do not
use the same suspension the next day of laboratory work.

Infrared spectroscopy (FTIR) was employed to determine the type of
bonding between the components and to suggest a model for the bonding,
while the X-ray diffraction (XRD) technique was used to study crystalline
variables. The effect of the nano-filler on thermal transitions was
monitored using a differential scanning calorimeter (DSC), and scanning
electron microscopy (SEM) and atomic forces (AFM) studied the
morphological properties. As for the optical properties, they were studied
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by UV-Vis spectroscopy. Visible spectrometer The electrical conductivity
was measured by DC Keithley device, while wettability was studied
according to the principle of contact angle.

The results confirmed the success of the surface preparation and
chemical etching processes in changing the topography and surface
roughness of the substrate, in a way that ensures efficient adhesion of it
with the nanocomposite. It was also found that the method of rotary coating
used has the ability to produce films of close thickness. It was 245 + 5 nm.
The results also showed the ability of the proposed dispersant material
(IPA) to bring about the desired change in preventing the deposition of
graphene nano-filler and increasing the stability of the suspension from
good stability to excellent stability, as the zeta potential changed from -
48.04 to -168.38 Millivolts as well as mobility changed from -2.27 to - /
(V/cm) 1.6 (W/s).

The results of infrared spectroscopy showed that no chemical
reaction occurred between the components of the compound, and only the
occurrence of hydrogen bonding's, and accordingly a model of the
attraction between the components was proposed, which is achieved in
three steps. A new bonding occurs between the oxygen (which is present
at 1% in the graphene sheets) with the hydrogen available in the polymer,
thus increasing the surface activity of the graphene (it has hydroxyl
groups), which qualifies it to bond with the available water.

The addition of graphene caused noticeable effects on the
crystallinity, as it transformed the semi-crystalline structure of the pure
polymer into a crystalline structure. At position 26= 550. The increase in
crystallinity was enhanced by accompanying calculations such as the
crystallite size according to the Scherrer equation, which increased from
0.1 to 2.8487 nanometers, and the scattering function, which increased
from 0.25783 to 0.29921. The addition of graphene also caused an increase



in the degree of glass transition (Tg) by 35% and a shift from the
hydrophilic nature to the hydrophobic nature, as the contact angle changed
from 74.6450 to 136.6240.

The results of the AFM showed an increase in the roughness
coefficients, as the average roughness (Sa) increased by about 92% and the
density of the peaks (Sds) by 45%. These results matched with the SEM
images, which showed that the PEDOT:PSS films without graphene have
a relatively smoother surface than the surfaces of the nanocomposites. .
The fluid retention index (Sci) increased by 7.23% due to the formation of
very small compartments that store fluids in the superimposed as a result
of the aforementioned hydrogen bonding, in the same context. The surface
bearing index (Shi) increased by a very high (525%), which indicates the
expected improvement in the mechanical specifications of the prepared
films.

The spectroscopy of UV-visible rays proved that the addition of
graphene, (especially with IPA) an increase in the absorbance in all three
regions of the spectrum (UV region, infrared region, and visible region)
and the increase is at its peak in the UV region, which indicates the
possibility of the prepared sensor resisting deterioration. Ultraviolet
radiation (because it will absorb it and dissipate it inside it in the form of a
slight heat) and its ability to work within a long wavelength that includes
the three regions. The spectroscopy itself proved that the band gab energy
decreased, especially after the addition of the dispersant material, and that
the gap values are within the working range of the sensors. This
spectrometry also showed clear changes in the excitation and damping
coefficients and the dielectric constant. The electrical conductivity

measurements showed a significant increase by adding Nano graphene.
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Chapter One Introduction

1.1 General Introduction

Thin-film technologies have advanced significantly over the last
several decades, becoming one of the major components of electronic,
medical or energy related industries [1 and 2]. As freestanding structures,
two-dimensional thin films have advantages over bulk materials due to
their large surface-to volume ratios, which are desirable for applications
requiring enhanced surface interactions. Thin films, can also be employed
as coatings over bulk materials to achieve application-specific properties
that are unattainable in the substrate material. With the advance of
polymer thin-film deposition techniques, polymer films continue to
garner more recognition in the thin-film industry that historically has

been dominated by inorganic films [3].

A polymer is a long chain organic molecule composed of one or
more types of monomers. The organic nature of the polymer thin films
makes them invaluable for biomedical applications and the ability to tune
the response of the films by functionalization significantly expands the
application areas of the polymer thin films [4]. Furthermore, the
mechanical robustness, ease of processing and the low cost of polymer

thin films are desirable characteristics for industrial applications.

Polymer thin films are ubiquitous in contemporary life. Most
commonly, they can be found as protective or optical coatings, but the
last few decades has witnessed the birth of organic electronics, thus
furthering incorporation of polymer thin films into cutting edge
technologies and exponential growth of the field. Whether a film is
utilized for its optical, electronic, chemical, or surface properties, in-
depth understanding of its structural properties is often crucial to

development of a successful product [5].



Chapter One Introduction

PEDOT:PSS is a conductive polymer used successfully in
commercial applications due to its outstanding properties. On the other
hand, graphene attracted enormous attention because of its unique
electronic, thermal, and optical properties [6 and 7]. Carbon atoms in
graphene are sp? hybridized and covalently bonded to form a honeycomb

structure [8].

PEDOT: PSS is a mixed polymer comprising of two ionomers:
polythiophene  based  conjugated  polymer; poly (3, 4-
ethylenedioxythiophene) having a positive charge and
polystyrenesulfonate with the sulfonyl group being deprotonated and

carries a negative charge [9].

PEDOT itself is insoluble in water, which means dealing with
PEDOT alone was quite difficult. Therefore, PSS was added to PEDOT
to made the PEDOT: PSS water soluble material. PSS is insulator in
nature therefore; it reduces the overall electrical conductivity of the
polymer mixture. Alternatively, it is possible to tune up the electrical
conductivity through chemical treatment. In addition, it has higher
mechanical flexibility, processability, thermal stability and transparency
[10].

As a conductive polymer, PEDOT:PSS is commonly used in
production of electrodes in many electronic devices due to its low cost
[11].

In current work, thin films of Graphene/ PEDOT:PSS were
prepared on glass substrates for sensor by spin coating technique.
Graphene were added by (0.5, 1, 1.5, and 2) wt.%. Structural, optical and
morphological properties were steadied by XRD, FTIR, AFM, SEM and
UV-Visible techniques.
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1.2 Aims of the current work:

This work aims to:

1. Study the structural, morphological and optical properties for thin film

for photo sensor application.

2. Prepare thin film from PEDOT:PSS/Graphene and with .
3. Study the effect of Graphene addition by simple technique in different

concentrations on the thin film properties.

1.3 Scope of the current work:

To achieve the above aims, the following activities has been done:
1. Literature survey on the relating topics.
2. Choose simple technique, which is spin coating method.
3. Increasing the substrate surface reactivity by treating the glass
substrates by Piranha solution.
4. Carrying out the required structural, morphological and optical tests to
determine various properties, such as interaction type, crystallinity state,

band gap, roughness, UV-degradation and so on.
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2.1 Introduction

Polymers, being a highly diverse class of materials, are widely used in
daily life. So far, the significance of polymeric materials has been much more
accentuated due to their applications in different domains of science,
technology, and industry. Furthermore, the demand for high strength
polymeric materials and their lightweight composites is continuously
increasing owing to their excellent mechanical properties, low processing
temperature, high performances, low cost, and good environmental stability
[12].

Polymers have limited use for the manufacture of goods and structures
on their own, since their properties are not very high when compared to other
materials, for example, most metals. Their properties can be improved when
the polymer system (matrix) is combined with reinforcing material (filler)«
producing that way a "composite”. In connection to matrix properties, the
properties of the composite are strongly depended on the filler characteristics
among which the size of the filler plays dominant role. Polymer composites
with the size of the filler in the nanoscale regime generates the polymer Nano
composites (PNC) and the related technology, the nanotechnology [13 and
14].

The area of nanotechnology has been a very hot topic and it has the
potential to make our lives better and to make the world a better place to live
in [15].

Nanotechnology refers to the research and development of materials that
contain structures or features that have at least one length up to approximately
100 nm« which exhibit improved or novel properties that are the direct result
of their small size. These novel properties result from the tremendous amount

of surface area that can occur between phases.
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Globally, in addition to the traditionally used microfillers, nanofillers
has also been of tremendous academic and industrial interest. Depending on
the combination of matrix-Nano filler a variety of PNC can be produced even
on demand. During recent years, these Nano composites have generated much
research interest owing to remarkable enhancements in the various composite
properties at very low cost and thereby entered in our everyday life [16].

The polymer/Nano filler compatibility leads to synergistic
improvements in the composite properties, where the achieved properties are
superior to those of the individual components.

Polymer/graphene Nano composites synthesized and also polymers
that doped with the graphene like"Poly vinyl alcohol (PVA)", epoxy,
Polyethylene (PE),"” Poly(methyl methacrylate (PMMA)" [17 and 18]. The
polymer/graphene nanocomposite showing greater properties that attributed
of the special properties of graphene, therefore appearing superior
characterizes like: thermal, electrical, optical and mechanical associated to
pure of polymer. This special properties of these nanocomposite enable them
to use in many applications, such as aerospace, automotive, electronics and
piezoelectric [19]. Because the great specific surface region and the strong
graphene-graphene intermolecular van der Waals interactions, therefore the
graphene incline to great clusters in polymer network and solvents,

subsequently this restrictions diffusion and exfoliation [20].

These clusters poorer the proficiency of graphene for back, as most
noteworthy stack exchange and most reduced filling stack can as it were be
done when the graphene is spread at the atomic level within the polymer
network [21].
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2.2 Nanomaterials

Nanomaterials are classified into four types as shown in Figure (2.1)

depending on material dimensionality (MD), which are in nanometric range:-

1- Zero dimensions nanomaterials (OD) have all dimensions with nanometric
range, such as gold nanoparticles.

2- One dimensions nanomaterials (1D) have needle like —shaped materials
within range of nanometer. 1D nanomaterial includes nanotube, nanorods,
nanoclays and metallic nanorods.

3- Two dimensions nanomaterials (2D) have two dimensions in the nanometer
range and the third long, such as graphene sheets.

4- Three dimensions nanomaterials (3D) have all three dimensions in

nanoscale. Such as polycrystalline [22].

@ N N N ~
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Figure 2.1: Dimensions of nanomaterials [22]
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2.3 Nanocomposite

A nanocomposite is a structure that has nano-scale repeat distances
between the different phases that make up the material or a multiphase solid
material where one of the phases has one, two or three dimensions of less than
100 (nm). Nanocomposites are widely used in electronics and semiconductor
application due to their desirable electrical properties. They are considered a
viable replacement for IoT (Internet of things) transparent conductors in
electronics applications. Fabricated as transparent conductive films (TCF),
nanocomposite can be used as a highly conductive, transparent, and cost-
efficient alternative in flexible displays and touch screens. The growth of the
Nano composites market is significantly higher than that of conventional
materials; the market volume in 2018 be 3.5-5 times higher than the volum
achieved in 2010, as show in Figure (2.2) [23].

VOLUMI REVENUL

Figure 2.2: The growth of the Nano composites market [23]
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2.3.1 Types of nanocomposite

Nanocomposites are classified into three categories according to the nature of
matrix [24] composite with metal matrix, composite with ceramic matrix and

composite with polymer matrix.
Nanocompsites can be divided also to:
1. Nanoparticle-Reinforced Composites

Particulate composites reinforced with micron-sized particles of various
materials are perhaps the most widely utilized composites in everyday
materials. Particles, are typically added to enhance the matrix elastic modulus
and yield strength [25]. By scaling the particle size down to the nanometer

scale, it has been shown that novel material properties can be obtained [26].
2. Nanoplatelet-Reinforced Composites

Nano clay and nano graphite are the famous two types of nanoplatelet-
reinforced composites. In their bulk state, both clay and graphite can exist as
layered materials. In order to utilize these materials most efficiently, the layers
must be separated and dispersed throughout the matrix phase. In the
conventional miscible state, the interlayer spacing in a clay particle is at its
minimum. When polymer resin is inserted into the gallery between the
adjacent layers, the spacing expands, and it is known as the intercalated state.
When the layers are fully separated, the clay is considered to be exfoliated
[27].

Different types of fillers are utilized, the most common is a nanoclay
material called montmorillonite. Clays, in a natural state, are hydrophilic
while polymers are hydrophobic [28]. To make the two compatible, the clay’s

polarity must be modified to be more

8
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“organic” to interact successfully with polymers. Additional nanofillers
include carbon nanotubes, graphite platelets, graphene platelets, carbon
nanofibers, as well as other fillers being investigated such as synthetic clays,
natural fibers (hemp or flax), and POSS (Polyhedral Oligomeric
Silsesquioxane) MCarbon nanotubes, offer superb electrical and thermal
conductivity properties [29]. Figure (2.3) illustrates two ways that polymer
can access the surface of all or most of these plates in such clays (a) and
Graphene nanoplates (b) into a semi crystalline matrix. In intercalated Nano
composites, the polymer enters the gallery between the layers of clay and the
clay layers maintain their registration and the increase in spacing between. In

exfoliated Nano composites, individual clay plates become dispersed in the

Hoping electron

polymer [30].
/ g @ \ Incident electromagnetic radiations
g l ll l l l l(L—Rcﬂectionloss
Layered Inorganic Material | Polymer /:‘Q:‘_,@ Migratiagdlectroms

from MWCNT to
Graphene
Hoping electron from
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l I Weso=s
/’ . ‘»..:‘:; ﬁ;" Grapheneto MWCNT
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Transmitted electromagnetic radiations

Figure 2.3: (a) Polymer/Clay Nanocomposite and (b) Graphene plates [30]
3. Nanofibers-Reinforced Composites

Vapor grown carbon nanofibers have been used to reinforce a variety of
polymers, including polypropylene, polycarbonate, nylon, poly(ether
sulfone), poly(ethylene terephthalate), poly(phenylene sulfide), acrylonitrile—
butadiene— styrene, and epoxy. Carbon nanofibers are known to have wide-

9
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ranging morphologies, from structures with a disordered bamboo-like
structure to highly graphitized ‘cup stacked’ structures where the conical
shells of the nanofiber are nested within each other. Carbon nanofibers

typically have diameters on the order of 50—-200 nm [31].

2.4 Nano thin films

Materials with thicknesses ranging from nanometres to micrometres
and high surface-to-volume ratios are called thin films; they behave
differently from bulk materials of the same chemical composition in several
different ways. Thin films are becoming increasingly important as means of
altering the properties of surfaces and interfaces. The first use of thin films for
optical purposes can be dated back to 1912. Pohl and Pringsheim published
the well-known work about the production of mirrors in which they vaporize
metals like Ag and Al in high vacuum [32].

In general, thin films are produced by vapour deposition processes
which can principally be divided into Physical VVapour Deposition (PVD) and
chemical vapourdeposition (CVD). PVD involves purely physical processes
such as high temperature vacuum evaporation with subsequent condensation.
The overall process involves four different steps: evaporation, transportation,
reaction and deposition [33].

2.4.1 Classification of nanostructured thin films

The term “thin films” is ambiguous and usually used to describe
“coating” layers with thicknesses ranging from a single atomic layer to films
that are a significant fraction of a millimeter thick. Nanostructured thin films
are commonly classified by their crystallinity, morphology, and
functionalities [34]. Thin films are categorized by their composition and

morphology, and classified in six different groups as show in Figure (2.4).
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Nanocomposites

(multifunctional)
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Figure 2.4: Classification of nanostructured thin films [34].

Atomically thin films known as two-dimensional materials (or 2D
materials) constitute layers whose thicknesses are comparable to one or a few
atomic layers. An adsorbed monolayer of gas or impurity atoms on a surface
is an example of atomically thin layers. In this case, the response of the thin
layer is likely to be more influenced by interatomic potentials and surface

energy than by macroscopic properties [35].

2.4.2 Thin film applications
In considering the different applications of deposited thin films, the
following generic categories can be identified [48].

1. Electronic components: The fabrication of electronic components,
especially solid-state devices and microelectronic integrated circuits,
have undoubtedly found the widest and most demanding applications
for thin- film depositions. These films typically consist of
semiconductor materials, dielectric and insulating materials, and metal

or refractory metal silicide conductors.
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2. Electronic displays: They used for interfacing electronic equipment
with human operators. Different components and device structures are
required, such as:

Liquid-crystal displays

Light-emitting diodes (LEDS)

Electroluminescent displays

Plasma and fluorescent

electrochromic displays

The fabrication of these displays requires conductive films, transparent,
luminescent or fluorescent films as well as dielectric and insulating
layers.

3. Optical coatings: These coatings are applied for antireflection purposes,
as interference filters on solar panels, as plate glass infrared solar
reflectors, and for laser optics. In the fabrication of filter optics, thin
films with refractive index gradients are deposited on preforms from
which the optical fibers are drawn. These coatings require dielectric
materials with precisely defined indices of refraction and absorption
coefficients. Laser optics require metal reflective coatings which can
withstand high radiation intensities without degradation. Infrared
reflecting coatings are applied to filament lamps to increase the
luminous flux intensity.

4. Magnetic films for data storage: Thin films of magnetic materials have
found wide commercial applications for data storage in computers and
control systems. The substrates can be metal, glass or plastic polymeric
materials. Thin film deposition processes for magnetic materials and
for materials with a high degree of hardness are required.

5. Optical data storage devices: Thin films are finding increasing
commercial use for optical data storage devices in compact disks and

12
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computer memory applications. Processes for the deposition of organic
polymer materials as storage media and as protective overcoats are
required for this technology.

6. Antistatic coatings: Thin films of conductive or semiconductive
materials are deposited to provide protection from electrostatic
discharges. Thin film coatings of carbides, silicides, nitrides, and
borides are finding increased uses to improve the wear characteristics
of metal surfaces for tools, bearings, and machine parts. of particularly
great current interest are films of diamond-like carbon because of this
material's heat dissipation properties, electrical insulation, hardness,

and resistance to high temperature and high energy radiation [36].

2.4.3 Thin films manufacturing processes

The fabrication techniques can be divided into two categories representing
gas phase and liquid phase. The gas phase fabrication methods involve the
deposition of materials either from small particles of bulk solid materials or
chemical precursors in vapor form whereas the liquid phase fabrication
methods refer to the methods involving a reaction between a substrate and a

chemical precursor in a liquid state.

2.4.3.1 Gas phase processes
1. Magnetron sputtering

This is one of the most well-established techniques that is widely used
in the industries to fabricate coatings of many different materials, including
metals, semiconductors, and alloys [37]. Thin films fabricated via magnetron
sputtering prove to be of superior quality in comparison to those fabricated
using other gas phase methods [38].The schematic representation of the
magnetron sputtering set-up is shown in Figure (2.5).
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Figure 2.5: Schematic representation of a magnetron sputtering equipment
and deposition process [39]

2. Pulsed laser deposition (PLD)

The schematic representation of a PLD setup is shown in Figure (2.6)
The PLD technique employs the ablation of a target material with a strong,
pulsed laser beam to produce a plume of vaporized materials which is then
recondensed and deposited onto a substrate, placed opposite the target, under
a reduced pressure atmosphere of ca. 107'-107° kPa [40]. Depending on the
target material, its morphology, and the laser pulse wavelength and duration,
there is a specific threshold power density that is required to cause ablation

[41].

Pulsed laser
beam

Sample holder

Rotatable target
holder Substrate

\
i T 380 A 04 T
o f L ¥
4 & § 5
¢
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Target Vacuum chamber
~10'— 10 SkPa

Figure 2.6: Schematic representation of PLD setup [39]
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3. Atomic layer deposition (ALD)

The ALD technique is based on sequential and self-limiting reactions
of a chemical precursor in vapor form, with an activated or functionalized
surface of the substrate [42 and 43]. The self-limiting property of this
technique is realized in a sense that, if all functional sites on the substrate
have reacted, no further reaction between the chemical precursor and the
substrate will take place [42 and 44]. Figure (2.7) illustrates the concept of
ALD in the fabrication of a TiO, thin film. The steps are defined as follows:
(a) precursor exposure, (b) purge, (c) reactant exposure, and (d) purge. By
repetition of step (a)—(d), layers of TiO2 can be easily formed and the

thickness can be controlled at the atomic level.

Substrate Substrate

(d) (c)

& TiCl, (precursor) -3 H,O (reactant) = HCI (by-product)

Figure 2.7: Schematic representation of 1 cycle of an ALD process for
the deposition of a TiO2 thin film from titanium tetrachloride and water [39].
4. Chemical vapor deposition (CVD)
Defined as the deposition of solids onto heated substrates from
chemical reactions in vapor phase [45], CVD represents a versatile deposition
technique of thin films for a wide range of materials, under vacuumed

atmospheres and temperatures over 600°C as shown in Figure (2.8).
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Figure 2.8: Schematic representation of a CVD setup [39].
2.4.3.2 Liquid phase processes
1. Sol-gel method

The sol-gel method has emerged as a method of choice for the
fabrication of ceramics and glasses and, it is considered as a cost effective
alternative to the wellestablished gas phase processes. The sol-gel method is
a two-chemical processes technique based on the hydrolysis and condensation
of molecular precursors and has since been considered to be capable of
offering new routes for the low temperature fabrication of oxide materials [46]
as show in Figure (2.9). Because all gel products may contain nanoparticles
or are nano-composites, the sol-gel method has been deemed as typical

nanotechnology [47].
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Figure 2.9:Typical sol-gel process for SiO2 formation from silicon alkoxides
[48].

2. Coating

The formation of organic and polymer coatings on conducting substrates
has always been of great interest. The coatings can be applied for purposes of
surface decoration, optical activity alteration, heat and corrosion protection
.Other important applications include improvement of interfacial laminar
shear strength and toughness of brittle composites originally, organic and
polymer coatings were applied manually or mechanically on substrates.
However, Manual or mechanical application of coatings had inherent
disadvantages and gave rise to additional problems [49].

The coating process can be classification in to:
A. Spin coating

Spin coating is used for the fabrication of thin films to deposit uniform
coating of organic materials on flat surfaces [50]. Fu et al, developed a
transparent superhydrophobic transparent coating via spin coating [51]. Spin
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coating is performed in four steps, deposition, spin up, spin off, and

evaporation, as shown in Figure (2.10).

@ Gi)
Deposition Spin up
Gii) - S
Spin off Evaporation

Figure 2.10: Stages of spin coating on substrate [50].

In the first stage the material is deposited on the turntable and then spin
up and spin off occur in sequence while the evaporation stage occurs
throughout the process. The applied solution on the turntable is distributed via
centrifugal force. High spinning speed results in thinning of the layer. This
stage is followed by drying of the applied layer. Uniform evaporation of the
solvent is possible because of rapid rotation. High volatile components are
removed from the substrate because of the evaporation or simply drying and
the low volatile components of the solution remain on the surface of the
substrate. Thickness of the deposited layer is controlled by the viscosity of the
coating solution and the speed of rotation [52].

One of the main disadvantages of spin coating is the size of the
substrate. As the size increases, the high-speed spinning becomes difficult,
because film thinning becomes difficult. The material efficiency of spin
coating is very low. In general, (95-98)% of material is flung off and disposed
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of during the process and only (2-5)% of material is dispensed onto the

substrate [53].

B. Spray Coating
In industry, for the coating of complex-shaped polymeric substrates

spray coating is used [54]. Atomizers or nebulizers, as shown in Figure (2.11).

—+—— Atomizer

= SEEES e Solution of
) e particles

Thin film
Base material

Figure 2.11: Spray coating on substrate [50].
C. Dip Coating
In the dip-coating process, the substrate is coated by immersing it in a

liquid [52]. A typical schematic view of the dip-coating process is shown in

Figure (2.12).

Dipping Staying in
solution

Figure 2.12: A schematic view of the steps in dip coating [50].
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2.5 Sensors

The sensor is a device that receives different kinds of signal i.e.
physical, chemical or biological signal and converts them into an electric
signal. A sensor is a device that receives a signal or stimulus and responds to
the stimulus in the form of an electrical signal. The output signals correspond
to some forms of electrical signal, such as current or voltage. The sensors are
classified into different types based on the applications, input signal and

conversion mechanism (Figure 2.13) [51].

Input Output
Mechanical | —P
_ Sensor
Opbeal B Voltage,
— Signal Current
conversion
—

Figure 2.13: Sensors principal [52].

Sensors can be find everywhere, and the whole world is full of sensors
and their applications. There are many types of sensors available around
Figure (2.14), in our offices, gardens, shopping malls, homes, cars, toys etc.
These sensors make our lives so easy and comfortable, starting from
applications,

such as switching on the lights, fans, television (TV), automatic
adjustment of the room temperature by air conditioning (AC), fire alarm,
detecting obstacles when the car is reversing, making a thumb impression etc.
A sensor is a device which receives signals as well as responding to a signal
or stimulus. The stimulus signals can be defied by the measure, property, or

state which is sensed. [53].
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All the sensors are categorized on the basis of their uses, applications,
material used and some production technologies. Some sensors are classified
also by their characteristics, such as cost, accuracy or range of sensor. There

are two main types of sensors: passive sensor and active sensor. A passive
Proximity Sensor

ColorSensor  Gas Sensor LOR

4 (Light Sensor)

LM3§ Alcohol Sensor =
(Temperalure Sensor) Smoke Sensor Thermistor
(Temperature Sensor) »
-
u N f
! - Y “Ulrasonic Sensor
| / \  [RReceiver
Rain Sensor  PIR Sensor Water Flow Sensor
Heartbeat Sensor o
ey Y5g) % : B\ ‘i
p ) d | Humidity Sensor ‘ Gyroscope \
IRSensor IR Sensor Touch Sensor Photo Transistor Soil Moisture Sensor
(Transmissive Type) (Reflective Type) (Light Sensor)

Figure 2.14: sensors type [54].

sensor does not require any extra energy source and electric signal is
produced directly in reply to stimulus of external sources. This means that the
sensor converts input energy to output signal energy [54 and 55].

2.5.1 Sensors characteristics

Upon receiving the input stimuli, the sensor produces output which is
obtained from several conversion steps before it produces an electric signal
[56].

The performance of sensors is described in terms of relationship
between input and output signals. Sensors are characterized depending on the
values of some of the important parameters. The characteristics of sensors are
described in table (2.1).
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Table 2.1. Sensors based on their detection properties [53].

Types Properties
Thermal sensor Temperature, heat, flow of heat etc
Electrical sensor Resistance, current, voltage, inductance, etc
Magnetic sensor Magnetic flux density, magnetic moment, etc
Optical sensor Intensity of light, wavelength, polarization, etc
Chemical sensor Composition, pH, concentration, etc
Pressure sensor Pressure, force etc
Vibration sensor Displacement, acceleration, velocity, etc
Rain/moisture sensor Water, moisture, etc
Tilt sensors Angle of inclination, etc
Speed sensor Velocity, distance etc

2.5.2 Types of sensors

There are many sensors commonly used in various applications. All
these sensors are categorized as per their physical properties like temperature,
resistance, pressure, heat flow etc. The following is a brief discussion on

different types of sensors [57].
2.5.2.1 Photo sensors

A photo sensor is a photoelectric passive sensor which changes the light
energy into an electrical signal output. It measures the ambient light which is
surrounding light, room light and reflected light. The major component of a
light sensor is the light dependent resister (LDR) or photoresistor. It is a
resistor that depends on the light which changes its resistance depending on

the amount of light incident on it [58] .

The sensors are made up of semiconductor materials and therefore

when light is incident on semiconductor material it becomes low conductive
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and therefore has less resistance. When we increase the light intensity, its

resistance decreases and vice versa which is shown in Figure (2.15).

Resistance decreasing
with light intensity

g

Resistance

Light Intensity

Figure 2.15: Resistance decreases with light intensity

Intensity of light falling on an LDR is measured in lux. There are
different kinds of light sensors such as photoresistors, photodiodes,
photovoltaic cells, phototubes, photomultiplier tubes, phototransistors, charge
coupled devices (CCDs) etc [57].

2.5.2.2 Photoelectric Sensors

Photoelectric Sensors detect objects, changes in surface conditions, and

other items through a variety of optical properties (as show in Figure 2.16).

A photoelectric sensor consists primarily of an Emitter for emitting

light and a receiver for receiving light. When emitted light is interrupted or

Figure 2.16: Photoelectric sensors
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reflected by the sensing object, it changes the amount of light that
arrives at the Receiver. The Receiver detects this change and converts it to an
electrical output. The light source for the majority of photoelectric sensors is
infrared or visible light (generally red, or green/blue for identifying colors)
[59].

2.5.2.3 Gas sensor

Thin films can be used to determine the concentration of a wide range
of gaseous molecules and volatile organic compounds (VOCs) in an
environment, including oxygen, nitrogen dioxide, organic amines, ammonia
and ethanol, to name a few. Thin films have a high surface area for gaseous
molecules to bind to, and upon absorption, a change in the conductivity and/or
resistivity occurs within the thin film. This change is measurable even with
small localized changes, and the number of absorbed molecules is relative to
the change in conductivity/resistivity (i.e. a greater amount of absorption
equates to a greater electrical change, and vice versa), which enables the
concentration of these gases to be deduced [60]. To fabricate the
nanostructured gas sensors, semiconducting metal oxides are the most widely
used material. The schematic diagram of semiconducting metal oxide thin
film gas sensor is shown in Figure (2.17) [61].

Metal Wire

electrode y e -4 i

Ansing it 1

-

Substrate

Figure 2.17: [61].
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2.5.2.4 Strain sensor

The thin nature of thin films enables them to be flexed and strained
much more than bulk materials. They are also a lot more stable and resistant
to fracture than bulk materials. Thin films can be used to measure localized
strain, such as in some wearable devices or strain gauges in the construction
industry. As the film becomes strained, the deformation causes the electronic
properties of the film to change, which enables any strains, stress or abnormal

movements to be measured and monitored[62].
2.5.2.5 Heat-Flux Sensors

Thin films have been employed in a few different types of heat-flux
sensors; namely, thermopile-type and RTD-based heat flux sensors. In the
case of thermopile-type sensors, thin film thermocouples are used to measure
the temperature difference across an insulating area with a defined thickness,
and higher sensitivities can be achieved by using more thermocouple pairs
along the temperature monitoring path. In RTD-based sensors, thin film
RTD’s are used to measure the temperature difference across a defined area
of insulating material. RTD-based thin film sensors are easier to fabricate and

possess a larger signal than thermopile-type thin film sensors[63].
2.5.2.6 Humidity Sensors

In a similar fashion to gas sensors, thin films can be used as the sending
component to measure the relative humidity of an environment. As relative
humidity is dependent upon how many water molecules are in the atmosphere,
the high surface area adsorbs water molecules, which causes a measurable and
quantifiable change in the conductivity/resistivity of the thin film. This
enables the relative humidity of an environment to be processed as a function
of the concentration of water molecules[64].
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2.6 The used materials

2.6.1 Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)

PEDOT:PSS, or Poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate, is a transparent conductive polymer consisting of a mixture of two
ionomers, which are poly (3,4-ethylenedioxythiophene) and polystyrene
sulfonate. Due to its unique combination of conductivity, transparency,
ductility, and ease of processing, PEDOT:PSS has become a benchmark
material in thin-film electronic fabrication [65]. The conducting polymer of
(PEDOT:PSS) is one of the most important and intensively investigated
organic conducting materials [66]. Figure (2.18) shows the chemical structure
of PEDOT:PSS.

\_/ /S \_/

SOH SOH SOH SO~ SOH SOM

T 0000C

Figure 2.18: PEDOT:PSS structure and morphology. The chemical structure

of PEDOT:PSS and commonly described microstructure of the conducting

polymer system (a) synthesis onto PSS template, (b) formation of colloidal

gel particles in dispersion and (c) resulting film with PEDOT:PSS-rich (blue)
and PSS-rich (grey) phases [67].
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Poly (3,4 ethylenedioxythiophene) polystyrene sulfonate can be used as
an interfacial layer for hole transport in organic light emitting diodes, organic
photovoltaics, and perovskite photovoltaics [68]. It can also be used as a
replacement for transparent conductors, such as ITO (Indium Tin Oxide) or
FTO (Fluorine Tin Oxide) and is used commonly in applications where the
underlying substrate is flexible. Poly (3,4-ethylenedioxythiophene) (PEDOT)
has attracted considerable interest as it is water soluble, and is stable in the p-
doped state, with a relatively high conductivity, good film-forming properties,

and environmental stability [69and 70].

The use of poly (3,4-styrene sulfonate) (PSS) enhances the solubility of
PEDOT in aqueous media since the solubility of PEDOT itself in aqueous
media is not adequate to form a film [71]. The polyelectrolyte complex of
PEDOT and PSS, with an excess of the latter component, is produced and
negatively charged, which stabilizes them in the aqueous media [72]. The
good film-forming property, high electrical conductivity, high transparency in
the visible region, and excellent thermal and environmental stability make
PEDOT:PSS useful for potential applications in electronic devices, such as
sensors, hole-injection layer of organic light emitting diodes, antistatic
coatings, transistors, electro chromic displays, and flexible electrodes. In
particular, inclusion of nanosized electrically conductive fillers, such as
carbon nanotubes and graphite particles can significantly increase the
electrical conductivity of the polymer beyond a threshold level of loading
[73].

The various types of sensors reported in the context of chemical sensor,
perhaps the most competitive type is based on the change in electrical
resistance or conductance. It is recognized that sensors based on conductivity

changes are potentially advantageous in cost and convenience because they
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could eliminate the complexity and power consumption inherent to optical
instruments. There is a little studies on the use of PEDOT:PSS /nanographene
composites as sensors to detect nitroaromatic compounds, where there is an
attempts to synthesize polymer NCs to develop a portable system based on
chemiresistive sensors that can sense and identify nitro-based explosive

vapors [74].
PEDOT:PSS properties can be classified:
2.6.1.1 PEDOT:PSS Conductivity

The electrical conductivity of oxidized polythiophenes has been known
about for nearly 40 years. The origins of this conductivity are due to the
presence of radical states which are formed due to the oxidation of the
thiophene units. These reduced states are delocalized across the polymer
chain, and in the presence of the oxidizer, these radicalized states can be
stabilized [75].

In PEDOT:PSS, the PEDOT is oxidized during the polymerisation
reaction by the polystyrene sulfonate. This produces an emulsion where the
PSS present stabilizes the radical states on the PEDOT. Although PEDOT
itself is conductive, the PSS present within the blend is insulator. The quantity
of PSS and the microsctructure of the film therefore have a significant impact
on the electronic properties of PEDOT:PSS. In a water based dispersion, the
PEDOT and PSS form a micelle structure in which the hydrophobic PEDOT
core is surrounded by a shell of hydrophilic PSS. During deposition this
structure is retained forming localized regions of conductive PEDOT
surrounded by insulating regions of PSS. It is this core-shell structure which
results in the low conductivity values that can arise for standard formulations
of PEDOT:PSS [76].
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2.6.1.2 PEDOT:PSS work function

As work function is a surface property of a material, the work function
of the PEDOT:PSS blend will be determined by the percentage of each
component at the surface of the film. PSS has a significantly deeper work
function than PEDOT, therefore a higher presence of PSS at the surface will
result in a deeper work function. This means that, for formulations with higher
percentages of PSS, the work function will be higher than those with lower
percentages. In addition, the processing of the PEDOT:PSS film can result in

changes to the work function [77].

The PEDOT:PSS forms a core-shell structure resulting in PEDOT
being surrounded by PSS. In this case the work function will be dominated by
PSS. If the film has been treated such that the components are more
homogenously dispersed, the work function will become more shallow as the
surface becomes richer with PEDOT [78].

2.6.1.3 Application of PEDOT:PSS
1. Perovskite photovoltaics

PEDOT:PSS has been used as a hole extraction material in inverted
devices in order to facilitate the extraction of charge carriers at the interface
between the transparent conductive oxide and the active perovskite layer.
Inverted perovskite devices using PEDOT:PSS typically show lower

hysteresis than standard architecture devices [79].
2. Organic photovoltaics

PEDOT:PSS has long been used as a standard material in device

fabrication to form the backbone of fundamental research into polymer solar
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cells. In addition PEDOT:PSS is still used in combination with the state of the

art organic photovoltaic materials to push new efficiency limits [80].
3. Organic light emitting diodes

The use of PEDOT:PSS in organic light emitting diodes has been
widespread for over a decade now and is a well-established standard hole
injection material. More recent work still uses PEDOT:PSS due to its deep
work function allowing for efficient charge injection into white emitting
polymers and also host materials for thermally activated delayed fluorescence

materials [81].
4. Transparent conductors

PEDOT:PSS has been seen as a potential replacement for expensive
transparent metal oxides such as ITO (Indium Tin Oxide) and FTO
(Fluorine_doped Tin Oxide) and has been shown in both organic photovoltaic
and perovskite photovoltaic devices to be an effective replacement. In
addition, in combination with metallic grid structures sheet resistances

comparable to metallic films are possible [82].
2.6.2 Graphene

Graphene is a novel nanomaterial which provides significant research
interest in application because of its highly unique and desirable properties.
These properties include very high surface area, high thermal conductivity,
remarkable mechanical properties, high electrical conductivity, and
exceptional chemical properties. These desirable properties have prompted
the utilization of graphene in several applications like biosensing, energy
storage, pharmaceuticals, nanocomposites, nanoelectronics, catalysis, etc
[83].
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Graphene is a 2D planar sheet of sp?-bonded carbon atoms where the
atoms are arranged in a honeycomb crystal structure. The carbon—carbon
bonds have length of 0.142 nm and 120 degrees angle apart [84]. The bonds
between carbon atoms are responsible for their thermal and mechanical
properties. Graphene has the advantage of repairing any holes in its plates in
case it is exposed to particles containing carbon. This is a very important
feature for many applications. This property works by bombing the pure

carbon atom on the graphene sheet, where the carbon atoms apply perfectly to

the hexagonal graphene structure and thus fill the holes as shown in Figure
(2.19) [85].

Figure 2.19: Structure of grapheme [83].

Graphene is a highly conductive allotrope of carbon whose atoms are
arranged in a mesh- like form a single atom thick. Graphene is a wonder
material. It has gained enormous interest amongst scientists since its discovery

due to its excellent properties.

In 1980, only three basic allotropes of carbon, namely diamond,
graphite, and amorphous carbon were known. Later on, fullerenes and carbon

nanotubes were discovered and, in 2004, Figure (2.20)
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Figure 2.20 Schematic depictions about the Origin (presenting the
transformation) of graphene from graphite and peculiar structure of graphite

and graphene [86].

graphene came into the picture. Graphene can be seen as a 2D aromatic
macromolecule. It is the basic building block of other graphitic allotropes. It
can be wrapped into 0D fullerenes, rolled into 1D nanotubes, and stacked into

3D graphite as shown in Figure (2.21).

Figure 2.21: Graphene wrapped up into OD fullerene, rolled into 1D

nanotubes, or stacked into 3D graphite.
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Carbon is one of the most abundant elements inside the human body.
Moreover it is also one of the most abundant elements by mass in the universe.
So, all living materials have a chemical basis made up of carbon. So, graphene
can be an ecologically friendly material for numerous applications. The band
structure of graphene is unique. The valence and the conduction bands touch
each other at six direct points exhibiting a zero band gap semiconductor
behavior. It has high fracture strength, excellent electrical and thermal
conductivity, fast mobility of charge carriers (2*10° cm?/Vs, 200 times higher

than silicon), large specific surface area (2600 m?) and biocompatibility [87].

Layers of graphene stacked on top of each other form graphite. The
molecular bond length is 0.142 nm. The interplanar spacing is 0.335 nm.were
able to isolate graphene sheets using a simple micro mechanical exfoliation
method placing scotch-tape over commercial highly ordered pyrolytic
graphite as shown in Figure (2.22).The latter technique allowed scientists all
over the world to isolate single- and double-layered graphene flakes.
Subsequently, other methods to obtain graphene flakes were reported,
including its epitaxial growth over SiC substrates, and chemical vapor

deposition growth over thin metal layers [88].
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Figure 2.22: Synthesis method of graphene: (a) chemical vapor deposition

method and (b) chemically exfoliation method [89].

Graphene is about 300 times stronger than steel. It is the lightest
material known so far. One square meter weighs about 0.77 mg. It is the best
conductor of heat at room temperature. Graphene is reported to have an
exceptionally high value of thermal conductivity. It has low coefficient of

thermal expansion and high optical transmittance [90].

Graphene, due to its exceptional chemical and physical properties, has
attracted attention in a wide range of application areas. Due to the remarkable

electronic properties of graphene, such as high charge transport mobility [91].
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It is a key material particularly in the manufacture of sensitive
nanodevices, nanoelectronics, and nanosensors. Further, graphene is a
promising building block for high performance electronics, sensors, and
energy storage devices. Graphene nanostructures are integrated into a variety
of electronic and optoelectronic applications, such as sensors, transistors,
solar cells, and liquid crystal elements, due to its low electrical noise, and
ballistic transport properties [92]. Figure (2.23) shows some of the main

existing and potential application areas of graphene.

High surfacearea
-

Fuel cell
Supercapacitor
Battery
Hydrogen storage

Energy
storage

GRAPHENE

Electronics Photonics

Drug/gene delivery
Cancer therapy
Bio imaging

Figure 2.23: Existing and potential applications of graphene in different
fields [93].

Table 2.2 gives a comparative chart on the mechanical, thermal, and
electrical properties of graphene with carbon nanotube, steel, plastic, rubber,
and fiber. The tensile strength of graphene is similar or slightly higher than
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carbon nanotube, but much higher than steel, Kevlar, high-density
polyethylene, and natural rubber. The thermal conductivity of graphene is
higher than all these materials. The electrical conductivity of graphene is also

higher than these materials except for steel [94].

Table 2.2. properties of Graphene, carbon Nanotube, Nanosized steel and

Polymer.
Thermal )
= " Electrical
) Tensile conductivity e
Materials conductivity
strength (W/m k) at room
(S/m)
temperature
Graphene 130+ 10GPa (4.84 = 0.44) <x 107 to 7,200
(5.30 + 0.48) < 10°
Carbon 60-150 GPa 3.500 3,000-4,000
nanotube
Nanosized 1,769 GPa 5-6 1.35 < 10°
steel
Plastic 18-20 GPa 0.46-0.52 Insulator
(high-density
polyethylene)
Rubber (nature 20-30 GPa 0.13-0.142 Insulator
rubber)
Fiber (Kevlar) 3,620 MPa 0.04 Insulator

2.6.2.1 Properties of Graphene

As mentioned above, graphene is considered a 2D material with a one
atom-thick planar sheet of sp? bonded carbon atoms that are densely packed
in a honeycomb crystal lattice. It is regarded as the ‘thinnest material with
tremendous application potential. Graphene is predicted to have remarkable
properties, such as high thermal conductivity, superior mechanical properties,
and excellent electronic transport properties. These intrinsic properties of
graphene as shown in Table (2.3) have generated enormous interest for its
possible implementation in a myriad of devices [95]. These include future
generations of high speed and radio frequency logic devices, thermally and

electrically conducting reinforced Nano composites, ultra-thin carbon films,
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electronic circuits, sensors, and transparent and flexible electrodes for

displays and solar cells.

Table 2.3. The physical properties of the graphene

Property Value
Charg carier - 200 000 cm?/V.
Transparency -97.4%

Specific surface area -2630 m?/g

Band gap Zero

Specific density 2.26 g/cm?®
Resistivity 2.26 Q.cm
Thermal stability 450-650°C
Melting points 3527 °C
Current density > 108 A/cm?

The electronic properties of graphene change with the number of layers
and by the relative position of atoms in adjacent layers (stacking order). For
bilayer graphene, the stacking order can be either AA, with each atom on top
of another atom; or AB, where a set of atoms in the second layer sits on top
of the empty center of a hexagon in the first layer. As the number of layers
increase, the stacking order can become more complicated. For graphite, there
are three common types of stacking: (i) AB or Bernal stacking, (ii) ABC or
rhombohedral stacking, and (iii) no discernible stacking order or turbostatic
stacking. The most stable stacking is AB, thus it has been studied more than
other graphene-based stacks. However, the other stacking orders are certainly

possible, especially in few-layer graphene [96].

2.7 Isopropyl Alcohol (IPA)
Isopropyl alcohol, also known as isopropanol, 2-propanol,
dimethylcarbinol, and sec-propyl alcohol, is a colorless, volatile, and

flammable liquid, having a molecular weight of 60.09 and a slight odor
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resembling a mixture of ethyl alcohol and acetone. Isopropyl, the lowest
member of the class of secondary alcohols, is generally known as the first
petrochemical. of the lower (C;—Cs) alcohols, isopropyl alcohol is third in
commercial production, behind methanol (qv) and ethyl alcohol. The 1993,
U.S. production was 5.4 x 105 metric tons (1). Production of isopropyl alcohol
has been declining at an average annual rate of 3% since 1980, mostly because
of the declining use of isopropyl alcohol as an acetone (qv) feedstock. An
estimated 50% of isopropyl alcohol was used in solvent applications in 1992
(see Solvents, industrial). Isopropyl alcohol is used for the manufacture of
agricultural chemicals, pharmaceuticals (qv), process catalysts, and solvents.
Properties, preparation, and uses of isopropyl alcohol have been discussed (2)
[97].
2.7.1 Physical properties

Physical properties of isopropyl alcohol are characteristic of polar
compounds because of the presence of the polar hydroxyl, —OH, group.
Isopropyl alcohol is completely miscible in water and readily soluble in a
number of common organic solvents such as acids, esters, and ketones. It has
solubility properties similar to those of ethyl alcohol (gqv). There is a
competition between these two products for many solvent applications.
Isopropyl alcohol has a slight, pleasant odor resembling a mixture of ethyl
alcohol and acetone, but unlike ethyl alcohol, isopropyl alcohol has a bitter,
unpotable taste. Physical and chemical properties of isopropyl alcohol reflect
its secondary hydroxyl functionality. For example, its boiling and flash points
are lower than n-propyl alcohol [98], whereas its vapor pressure and freezing
point are significantly higher. Isopropyl alcohol boils only 4°C higher than
ethyl alcohol. Anhydous and 91 vol % alcohol, the two main grades of
isopropyl alcohol marketed in the United States, differ mainly in water
content. The latter represents the azeotrope with water and is usually referred
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to as constant boiling mixture (CBM) isopropyl alcohol. Because of its
tendency to associate in solution, isopropyl alcohol forms azeotropes with
compounds from a variety of classes, including hydrocarbons, esters,
halocarbons, amines, ketones (qv), and aromatics[99].

2.7.2 Chemical Properties

Chemical properties of isopropyl alcohol are determined by its functional
hydroxyl group in the secondary position. Except for the production of
acetone, most isopropyl alcohol chemistry involves the introduction of the
isopropyl or isopropoxy group into other organic molecules by the breaking
of the C—OH or the O—H bond in the isopropyl alcohol molecule.

Isopropyl alcohol undergoes reactions typical of an active secondary
alcohol. It can be dehydrogenated, oxidized, esterified, etherified, aminated,
halogenated, or otherwise modified at the OH moiety more readily than
primary alcohols such as n-propyl or ethyl alcohol. Manufacture of the
commercially important aluminum isopropoxide and isopropyl halides

illustrates this reactivity [97].
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2.8 Literatures Review

In 2015, Suhana et al. [100] development of high efficiency organic
thermoelectric materials to harness energy from ambient sources such as solar
and domestic heat. In this present work, poly (3, 4-
ethylenedioxythiophene)/(poly)styrenesulfonate (PEDOT: PSS) was post
treated using nitric acid in order to increase its electrical conductivity, hence
the efficiency. A maximum electrical conductivity of 197.51 S/cm was
achieved which was approximately 115 times than that of the untreated
material. Improvement of the electrical conductivity after post-treatment is
due to the depletion of the non-conducting PSS after the acid treatment.
Hence, it is concluded that it is an easy method to achieve comparatively good
thermoelectric properties which can find its uses in flexible thermoelectric
applications.

In 2015, Yong Zhang et al. [101] A thin layer of PEIE (polyethylene
emine ethoxylate) film was spin-coated onto the surface on the PEDOT:PSS
films, thus substantially changing their charge selectivity from supporting
hole transport to supporting electron transport. It was also found that the
PEDOT:PSS/PEIE ETL exhibited higher interfacial contact, a more favorable
active morphology, and improved charge mobility. By virtue of these
beneficial properties, inverted PSCs based on low-bandgap semiconducting
photoactive layers achieved a notably improved power conversion efficiency
(PCE) of 7.94%, superior even to the corresponding performance of devices
with only a ZnO layer. Surpassing our expectations, compared with the
extreme degradation of device stability observed when pure PEDOT:PSS is
used, PEIE-modified PEDOT:PSS can considerably suppress device
degradation because of the hydrophobic and alkaline nature of PEIE, which
not only reduces the hygroscopicity of the PEDOT:PSS but also neutralizes
the acidic PEDOT:PSS and thus prevents the corrosion of the ITO cathode.
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These results demonstrate the potential of PEIE-modified PEDOT:PSS for use
as an efficient ETL in commercial printed electronic devices.

In 2016, Joseph Palathinkal Thomas and Kam Tong [102] prepared a
mixed co-solvent of EG (ethylene glycol) and methanol (MeOH) to used for
engineer the PEDOT:PSS grains to dramatically enhance their conductivity.
As a result, engineering of PEDOT:PSS by mixed co-solvent addition of an
appropriate amount is extremely beneficial for modifying the bulk and
structural properties that lead to the low sheet resistance films. The 16 wt%
mixed co-solvent added PEDOT:PSS film provides a very high Voc of 620
mV and the highest PCE performance (14.6%) reported to date for a
PEDOT:PSS/planar-Si  single junction solar cell. This remark able
performance is made possible by the partial removal of the PSS chain network
around the grain boundaries of PEDOT, the extended linear chain network of
the quinoas structure that results in the enlargement of PEDOT grains, and the
improved close packing of PEDOT grains by the mixed co-solvent, which are
consistent with the observed reduction in the sheet resistance. Post-treatment
could be used to further reduce the surface resistivity of these films. Mixed
co-solvent engineering therefore promises a facile approach to produce highly
con ducting PEDOT:PSS films not just for solar cell applications but indeed
for other organic electronic device fabrication.

In 2017, Park et al. [103] preparation polymer PVDF film with graphene
sheet prepared by chemical vapor deposition (CVD) and metal electrodes (Al
and Ag) were deposited via an electron beam evaporation for energy
harvesting efficiency of piezoelectric. The thin of piezoelectric PVDF film
was (~10 pm) with uniform roughness was synthesis well. It is indicate that
thin piezoelectric film exhibits better energy conversion efficiency. The thin
piezo-film was more effective in converting acoustic waves into electrical
charge because free standing thin film is more flexible and more sensitive to
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the acoustic waves. They found that the maximum voltage at its resonance
frequencies f, were measured as 6.6 V at 283 Hz.

In 2018, Hiroyuki et al. [104] Poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate) (PEDOT:PSS) films doped with several sugar alcohols, viz.
xylitol (XL), glycerol (GL), and polyglycerol (PG), at various levels have
been synthesized and their thermoelectric properties studied. Among these
specimens, 2.5 vol.% GL-doped films showed the best performance with
electrical conductivity, Seebeck coefficient S, and power factor S2 r at room
temperature reaching 1040 S/cm, 19 IV/K, and 37 IW/m-K2 , respectively.
Next, synthesized films under an electric field Epr for the purpose of crystal
growth. GL-doped films showed r enhancement with increase of Epr. The
highest r value of 1300 S/cm was attained at Epr = 4 kV/cm. S and thermal
conductivity j values were almost independent of Epr. The ZT value was
calculated to be between 0.017 and 0.101 at room temperature. They also
examined film flexibility. High flexibility was achieved on GL doping, and it
was not deteriorated when synthesized under an electric field.

In 2018, Fukushima et al. [105] prepared high-responsivity graphene
photodetectors operating in the middle-wavelength infrared (MWIR) spectral
band were fabricated by taking advantage of the photo-gating effect. In this
device, a 600 um thick Ge-doped InSb (Indium antimonide) substrate was
utilized as the photo-sensitizer and a 260 nm thick tetraethyl orthosilicate
(TEOS)-SIO,, insulator layer was deposited on the InSb substrate by plasma
chemical vapor deposition. The source/drain electrodes consisted of 10 nm
Graphene-based field effect transistors were fabricated on indium antimonide
(InSb) substrates. The InSb generated photo-carriers in response to incident
IR light modulated the graphene channel gate voltage and induced a large
photocurrent. These graphene-based photodetectors exhibited a clear
photoresponse during irradiation with 4.6 pm MWIR laser light and an
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ultrahigh responsivity of 33.8 A/W was achieved at 50K due to the photo-
gating effect. These devices were found to maintain an MWIR photoresponse
up to 150K. Our graphene-based photodetector design is expected to
contribute to the development of high-performance MWIR image sensors.

In 2019, Baoyang et al.[106] blend PEDOT:PSS with other compositions
such as non-conductive polymers, the blending can compromise resultant
hydrogels’ mechanical and/or electrical properties. Here, shows that designing
interconnected networks of PEDOT:PSS nanofibrils via a simple method can
yield high-performance pure PEDOT:PSS hydrogels. The method involves
mixing volatile additive dimethyl sulfoxide (DMSO) into aqueous
PEDOT:PSS solutions followed by controlled dry-annealing and rehydration.
The resultant hydrogels exhibit a set of properties highly desirable for
bioelectronic applications, including high electrical conductivity high
stretchability (> 35% strain), low Young’s modulus (~2 MPa), superior
mechanical, electrical and electrochemical stability, and tunable
isotropic/anisotropic swelling in wet physiological environments.

In 2019, Fan et al.[107] prepared suspended graphene membranes with
attached silicon proof masses as piezoresistive nanoelectromechanical
systems accelerometers. Devices were fabricated from the silicon device layer
was 15 um thick, the BOX layer was 2 pum thick and the handle substrate was
400 um. Next, a photoresist layer was spin-coated on the SiO, surface of the
silicon device layer and patterned to define the metal electrodes. The cavities
were filled with a 50 nm thick layer of titanium (Ti) followed by a 270 nm
thick layer of gold (Au) using metal evaporation. They found that the device
with dimensions of (40umx40pumx16.4pm and trench width of 4 um) exhibit
the spectra of the amplified output voltages 0.35 mV at frequency of 160 Hz.
Optical microscopy« SEM AFM and Raman spectroscopy characterize the to
evaluate graphene membranes and suspended proof.
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In 2019, Seyedeh et al.[108] prepared fast response ZnO/PVA
nanocomposite -based photodiodes modified by graphene quantum dots. a
new class of the polymer-based photodetectors is introduced. These device
was fabricated by the spin coating. Poly (vinyl alcohol) is used as the host
polymer and ZnO/graphene quantum dots utilized as the filler of the polymer
matrix. The manufactured photodiode, based on ZnO/GQD/PVA
nanocomposite, indicates short rise time of 0.06 s and responsivity of 46.5
AW, Also studied using SEM and TEM micrographs confirms that the ZnO
nanoparticles are about 50 nm in size and the size of graphene quantum dots
ranges from 1 to 5 nm with 2.5 nm average size. Moreover, the SEM image
of ZnO/GQD/PVA shows a highly uniform thin film containing the core shell
nanoparticles smaller than 100 nm. The absorbance spectra of the
ZnO/GQD/PVA shows absorption peaks related to the ZnO are approximately
the same for both samples. It can be attributed to the higher numbers of ZnO
molecules

In 2020, Ping Fu et al. [109] prepared PEDOT:PSS/APA films by blending
PEDOT:PSS with APA. The ordered multilayer-structure and fiber-structure
were formed via self-assembly between PEDOT:PSS and the triblock
copolymer via n-r interactions and hydrogen bonding. A high power factor
could be obtained by optimizing the mass ratio of PEDOT:PSS to APA. As a
result, PEDOT:PSS/APA thermoelectric films have been successfully
prepared via self-assembly of PEDOT:PSS and triblock copolymers based on
an aniline oligomer. Hydrogen bonding and n-m interaction are the main
driving force to form ordered multilayer-structure films and fibrous-structure
films via controlling the ratios of APA and PEDOT:PSS. PEDOT:PSS
dominated multilayer-structure films exhibit p-type characteristics, while
aniline oligomer based triblock copolymers dominated fibrous-structure films
show n-type characteristics. The high power factor and low thermal
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conductivity provide good thermoelectric performance for PEDOT:PSS based
thermoelectric materials and exhibit great application potential.

In 2020, Wang et al. [110] fabrication of p-type PEDOT:PSS films whose
optical properties, electrical conductivity, thermal conductivity, and Seebeck
coefficient were engineered to perfectly match the n-type indium tin oxide
(ITO) counterparts. The dense p-type PEDOT:PSS and n-type ITO thin films
show a thermoelectric of merit of zT = 0.30 and 0.29 at 450 K, and a thermal
conductivity of 0.22 and 0.32 W m—1 K-1 , respectively. A flexible
thermoelectric generator (TEG) module with a high transmittance of >81% in
the visible wavelength range of 400-800 nm is fabricated using 10 pairs of p-
type PEDOT:PSS and n-type ITO thin film legs. An ultra-high power density
of 22.2 W m—2 at a temperature gradient of 80 K was observed, which is the
highest power density reported for organic/hybrid-based flexible TEGs so far.
Our transparent flexible thin-film p—n junction thermoelectric module with
exceptionally high power generation may take a tremendous step forward
towards multi-functional wearable devices.

In 2020, Chandio et al. [111] studied processing characterization and
application of Graphene. The graphene layer has been prepared by using
electrochemical approach. For characterization, SEM, UV spectroscopy,
AFM Fourier transmission infrared spectroscopy (FTIR) and X-ray diffraction
(XRD) were utilised. Following are the observations: folded sheets of
graphene were obtained, anamorphous pattern at 20 = 26.6° was observed, the
absorption peak of graphene decreased at high wavelengths 266 nm, the
graphene peak was also confirmed by FTIR at 1655.5 (C=C) and thickness of
flakes were found to be 60nm by AFM.
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3.1 Introduction
This chapter includes:
1- Listing the used materials (PEDOT:PSS, Graphene and Isopropyl alcohol)
and mention their properties.
2- Describe the procedures used to prepare the substrates.
3- The experimental procedure, which followed to prepare the thin films.
4- Listing the required tests and the devices to evaluate thin film such as XRD,
FTIR, DSC, zeta potential, AFM, SEM, Contact Angle, UV and DC.

3.2 Materials
3.2.1 PEDOT:PSS

Highly conductive PEDOT with negatively charged poly
(styrenesulfonate), PSS as counter ion was purchased from Ossila (M122 —

PH1000) dispersion with the properties maintain in Table (3.1).

Table 3.1: Properties of the used PEDOT:PSS.

Property Data
Solid content 1.0 — 1.3 wt.% (in water)
Phase Agueous solution
Appearance Dark blue liquid
Viscosity <50 mPa.s
Melting point 146 °C
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3.2.2 Graphene

Graphene was purchased from Skyspring with the properties maintain in

Table (3.2).
Table 3.2: Properties of the used Graphene.
Property Data
Thickness 6-8 nm
Phase Platelet nanopowder
Appearance Black powder
Density 2.267 g/cm?®
Boiling point 4200 °C

3.2.3 Isopropyl alcohol

Isopropyl alcohol was purchased from Richest group used as surfactant

agents for PEDOT: PSS/Graphene thin films preparation. with the properties

maintain in Table (3.3).

Table 3.3: Properties of the used Isopropyl alcohol

Property Data
Purity % 99.9 %
Phase Aqgueous solution
Appearance Colorless liquid
Density 0.786 g/cm?® (20°C)
Boiling point 86.6°C
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3.3 Preparation Procedures
3.3.1 Preparation of PEDOT: PSS/ Graphene solution

PEDOT: PSS/Graphene solutions were prepared by dispersing (0.5, 1,
1.5 ,2) wt% of Graphene in the PEDOT: PSS polymer using sonication
technique for 3 hr at 70 °C. The resultant homogeneous solutions labeled as
S1, Sz, S3, Sq and Ss. And when added Isopropyl alcohol as a surfactant used
the same concentration of above samples labeled as Si;, Siy, Sis, Siz and Sis.
3.3.2 Surface modification of glass substrates

Surfaces of glass substrates (7.6 x 2.6 x 0.1) cm® were modified by two
steps; cleaning and etching.

Cleaning step includes, removing dust and oil by detergent solution,
rubbing by tab methanol for 10 min, sonication for 10 min with distilled water

and then with acetone as show in Figure (3.1).

1 Bath 1 Bath

Bath .
l l Ultrasonic l l Ultrasonic ] [ Ultrasonic
Methanol DI Water Acetone
cleaning e cleaning | cleaning
10 Mins DOU 10 Mins see 10 Mins
\ ) L ) . )

Figure 3.1: Cleaning steps
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Etching step carried out using chemical Piranha Solution, which is an

aqueous mixture of sulfuric acid (H,SO,) and hydrogen peroxide (H,0,),

\

Figure 3.2: Schematic of system to prepare Piranha Solution

The used mixture composed of 3:1 H,SO4and 30% H,0,. This mixture
prepared in a fume hood by added peroxide to acid and left it stirred for 2 hr
as show in Figure (3.2). Then soaked the glass substrates in this solution for
24 hr. After that, the substrate cleaned from the remaining solution and dried
in vacuum oven for 10 min at 90°C.
3.3.3 Spin coating process

Thin films of PEDOT:PSS/Graphene were fabricated using spin
coating technique (Figure 3.3). This is achieved by dropping of each of the
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prepared samples (Si, Sy, S3, S4 and Ss) onto the treated glass substrate at 60
rpm for 20 s.

a b G

O

O
; ol Pp
[ Q

Figure 3.3: Stages of spin coating on substrate.

Thermal annealing was conducted under an air atmosphere at 80°C for

30 min to obtain PEDOT:PSS/Graphene thin films.

U T —
=

- L=

PEDOT PSS _ el

; Thin film
st bath ultrasonic Coting  drying precursor flm Heattreatment

Figure 3.4: Procedure for fabricating thin film
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3.3.4 Electrodes deposition for DC measurement

Aluminum sheets were used as a mask. These masks are placed on films
to depose the aluminum on the surface of the nanocomposite by using thermal
evaporation equipment type (Edward), the electrodes deposited by using
aluminum wire placed in (Tangiesten W) boat material under pressure (10-5
Torr), then the aluminum electrodes deposited on the thin films with diameters
(0.2) cm as illustrated prepared as in Figure (3.5)

Figure 3.5: The mask, which used for electrical measurement (DC)
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PEDOT:PSS and PEDOT:PSS and
Graphene IPA + Graphene

Sonication bath 3 h, 75°C

l

Drop casting on prepared
glass substrates

l

Spin coating

l

Dehydrate

l

Laboratory tests

Figure 3.6: General procedure for preparing thin films.
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3.4 Tests

The preparation thin film tested by using different techniques as shown
in Figure (3.7).

Figure 3.7: Procedure of testing the thin films
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2.4.1 Interferometric method for the thickness measurements

For the determination of the thickness of the films deposited, an
interferometric Fizeau was used. In Figure (3.8), the system for observing

Fizeau fringes is shown schematically, and in Figure (3.9) the Fizeau pattern

Is shown.

Beam
Splitter

% %%

Z 7 / '%%

Laser 77 ////%?/ Y T
< A
7
Reference Test
> Shifted By Increments Surface

W

One frame acquired per phase shift

Figure. 3.8: (a) Schematic of the system. (b) The reflection takes place on

the two interfacial surfaces

(a) . (b)

CCD camera

White-light source/ Tube lens2 _Lf_\ T Thin i

= ;

Splitter mirror

\

DMD Tube lensl : | Substrate
Objective MDR
Out of focus
Sample ‘ -------- In focus
PZT scanner i _6l;t_0-f focus

Figure 3.9: Experimental arrangement for observing Fizeau fringes

54



Chapter Three Experimental Part

The thickness of the film is calculated by the optical interferometer process.
The approach is based on the interference of the reflection of the light beam
from the thin film surface and the bottom of the substrate. It uses He-Ne Laser
(600 nm). To calculate the thin film thickness, the following equation :

AX A

te — =< > (3-1)

Where X is the spacing of the fringes, AX is the displacement and A is the

laser light wavelength.
3.4.2 X-Ray Diffraction (XRD) Test

It is a rapid analytical technique, primarily used for phase identification
of crystalline materials and also can provide information on unite cell
dimensions. It is generated in cathode ray tube by heating a filament to
produce accelerated electrons toward the target by applying high voltage.

Figure (3.10) shows the schematic of x-ray diffraction (XRD).
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Gobel mirror

Soller slit

Detector

Goniometer

Figure 3.10: A schematic of X-ray diffraction (XRD)

It was proposed that the incident X-ray radiation would produce a
Bragg peak if their reflections of the various planes are interfered
constructively. The interference is constructive when the phase shift is a

multiple of 27; this condition can be expressed by Bragg's law
nA=2dsin © (3-2)

where A, © and n represent X-ray wavelength from Cu target (1.5406 A),
diffraction angle and diffraction order respectively. The direction of crystal
planes can be chosen in many different ways as shown in Figure (3.11). The
Scherrer equation is a formula that relates the size of crystallites in a solid to
the broadening of a peak in a diffraction pattern. It is used in the determination

of size of particles of crystals.

(3-3)
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Where Ly is the grain size, kK is a constant, A is X-ray wavelength, g is

the line broadening at half the maximum intensity, 0 is the Bragg angle.

Incident P | Diaffracted
beam becam
— 0 y 4 —
‘\\ v - constructive
e — = |n!u-rf:'}‘(-n</'v
AT 7
\' \ :,-O (i‘.\ \/ il /
S
- ) -—r B
dsin O dsin O
[Z(/.\ln (2] path length difference between \-r.l_\‘s]

Figure 3.11: Reflection of x-ray beam from a set of atoms plane separated by
distance d [71].

3.4.3 Infrared fourier transform spectrometer (FTIR) test

Fourier transforms infrared technique used to characterize the prepared
samples using instrument type (IR Affinity-1) made in (Kyoto Japan) located
in Polymer and Petrochemicals Department (a schematic shown in Figure
3.12). In order to measure a sample, calibrate the device using the KBr, and
then prepare a powder of the sample to be examined, and mixed with KBr
(mixing ratio 99% KBr). FTIR spectrum provides a diagram between the
permeability or absorption and the number of waves that show the chemical
composition of the material. This test carried out according to ASTM E1252
[78] for ABS and ABS/Ag NPs in order to know the bond between the
polymer and fillers, if is a chemical or physical bond. Also, this technique

used to characterize propolis (P) material.
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Figure 3.12: Instrument setup for FTIR spectroscopy
3.4.4 Differential Scanning Calorimetry (DSC)

The test was performed according to ASTM D3418-03 using
SH1IMADZ-4 DSC-60 device (Figure 3.13). The samples of pure materials
(PEDOT:PSS) and nano graphene in the powder form was tested under

nitrogen gas and heating rate of 10 °C / min with heating range from 25 to 400
°C
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Figure 3.13: schematic of Differential Scanning Calorimetry (DSC)
3.4.5 Zeta potential test

The nanoparticle stability tested by using ZETAPLUS device (Brook
haven/USA) by preparing 1ml of PEDOT/Graphene and 1ml of
PEDOT:PSS/Graphene and IPA . This test done according to ASTM E2865.
The operation principle of this device Similar to particle sizing by dynamic
light scattering as shown in Figure (3.14). What is measured is temporal
fluctuations in intensity of light scattered by the particles in the dispersion. In
light scattering, the fluctuations related to Brownian motion of particles. In
PALS for ZP, the fluctuations related to the movement of the particle in the
applied field, i.e. to Ua. The zeta potential is then calculated from the UE that
is determined by the PALS measurement. As in light scattering. The

instrument's autocorrelation and software take care of the data reduction.
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Vo: Laser frequency

Vo+Vvd: Scattered light
frequency

Figure 3.14: The principle of zeta potential.

Stability

Stability of nano partical can be determine by using zeta potential analyzer
[112].

The zeta potential is a key indicator of the stability of colloidal dispersions.
The magnitude of the zeta potential indicates the degree of electrostatic
repulsion between adjacent, similarly charged particles in a dispersion [113].
For molecules and particles that are small enough, a high zeta potential will
confer stability, i.e., the solution or dispersion will resist aggregation [114].
When the potential is small, attractive forces may exceed this repulsion and
the dispersion may break and flocculate [115]. So, colloids with high zeta
potential (negative or positive) are electrically stabilized while colloids with
low zeta potentials tend to coagulate or flocculate as outlined in the Table
(3.4).
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Table 3.4: Stability behavior of particle by zeta potential [116].

Zeta potential [mV] Stability behavior of the colloid
From 0 to £5 Rapid coagulation or flocculation
From +10 to £30 Incipient instability
From £30 to £40 Moderate stability
From =40 to £60 Good stability
More than £61 Excellent stability

3.4.6 Atomic Force Microscope (AFM) test

The surface morphology of the thin film further analyzed using
conventional tapping mode probes with constant amplitude (200 mV) of AFM
according to ASTM E 2865. The rotated tapping mode etched silicone probe
with a 55 resonance frequency of 250 kHz was used. The operation principle
of an AFM presented in Figure (3.15).

Laser

Photodetector

Controller
&PC
D Sample

%
Piezo scanner t"?’

w

Figure 3.15: The Schematic drawing of AFM.
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3.4.7 Scanning electron microscopy (SEM)

Analytical scanning electron microscope (SEM), model (JEOL 6400 F)
used to examine the morphology of thin films according to (ASTM 986-04).
The third sample used in this test, by adding the drops over the glass slide then
placed under the microscope for analysis. Figure (3.16) shows the operating

principle of the instrument.
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Figure 3.16: The principle of SEM.
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3.4.8 Contact angle Test

This test was carried out to evaluate effects of addition on the
wettability. The used device is SL 200C - Optical Dynamic | Static Interfacial
Tensiometer and Contact Angle Meter which manufactured in KINO Industry
Co., Ltd., USA with contact angle range from 0° to 180° (Figure 3.17). This
device makes calculation and comparison of left and right contact angle as
well as calculate their average value giving a Real time data graph monitoring

changes of contact angle with video recording.

High Speed Camera
Telescope \

Liquid Lens

[Iluminator

Optical Bench

USB
Connector

Contact Angle
Analysis System

Function Generator Power Amplifier

1.00KHz@ 0 L ®

Figure 3.17: The Schematic drawing of Contact angle Test.
3.4.9 Ultraviolet-visible spectrophotometer test

UV-Visible — CECIL 2700 computerized spectrophotometer, it is used

to determine the optical properties of samples . The sample is placed in
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specific position of UV / VIS device. Figure (3.18) shows the operating
principle, where a double beam spectrophotometer utilizes two beams of light:
a reference beam and a sampling beam that passes through the sample. Some
double beam spectrophotometer have two detectors that allow the two beams

to be measured at one time.

Mirror

il

D, lamp Reference

Mirror/ @ Photo diode

Tungsten lamp

Data readout

i 2
Filter S S
Processing _g
<M N\
| ITD Wavelength (nm)
k Photo diode
I Beam @
2 Sample
Monochromator splitter

Figure 3.18: The principle of UV.
Optical properties

The study of optical properties is useful for finding the energy gap and
optical constants. When light rays fall, a number of processes can occur due
to the interaction between the incident light and the material, part of the
incident light will be absorbed into the material (absorption), the other part is
carried out in the material (transmission), and part is reflected from the surface
(reflection). In an ideal semiconductor, the conduction band is empty and
separated from the filled valence band by the energy gap. The energy gap
means the difference between the energy of a lower level in the conduction
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band (E.) and a higher energy in the valence band (E,). The first level is called

the conduction band edge and the second level is the VValance band edge [117].

When a photon with an energy greater than or equal to the energy gap
(between the valence band and the conduction band) falls, it will be absorbed,

resulting in the formation of an electron-gap pair [118]
ho>E, (3-4)

Where (@ ) : is Angular frequency in (rad).
Optical Absorption

When a substance absorbs a photon of energy equal to or greater than
the forbidden energy gap of the substance, the electron can move from the
valence band to the conduction band. The characteristic and common feature
of the absorption scheme of all semiconductor materials is the rapid increase
in absorption when the energy of the absorbed radiation becomes equal to the
energy gap separating between the valence and conduction bands, which is

called (the fundamental edge of absorption).

The position and composition of this edge gives valuable information
about the properties of the energy bands and their composition at the top and
bottom. The absorption edge can also be defined as the region of the incident
rays spectrum at which electrons begin to move, which is equal in magnitude
to the difference between the location of the lowest point in the conduction

band and the highest point in the valence band.

and when Eg™ itis equal to fiw, we get :

opt
— Eg
o =—

(3-5)
°n
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Where w, : critical angular frequency (rad)

The relationship between the photon wavelength () and energy gap (Eg)
will be defined as follows:
1.24(eV 3-6
E,(eV)
Where A : is the critical wavelength

The absorption edge can be divided into three main regions, as shown in
Figure (3.19), which are [119]

(A) High Absorption Region

It is the transition region between the extended levels of the valence and

conduction bands, and the value of the absorption coefficient is a > 10% cm™.
(B) Exponential Region

It is the transition region between the local planes at the edges of the

beams and the value of the absorption coefficient ranges in it (1 < a < 10) cm
1

(C) Weak Absorption Region

This region is attributed to the deep states in the middle of the energy
gap caused by impurities and the value of the absorption coefficient is very

small oo < 1 cm™.
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Figure 3.19: shows the main regions of the optical absorption edge.
Direct Transition

When the position of the peak energy of the valence band (Ev) in the
wave vector space (K) matches the position of the bottom of the conduction
band (Ec), then the semiconductor is said to have a direct gap, which means
that a photon with energy (Eg=Ec-Ev), can excite An electron is directly at
the top of the completely filled valence band to a vacant quantum state at the
bottom of the conduction band through a vertical transition process in the
wave space (AK =0 ) [120]. Conduction can occur without a change in the
momentum and energy of the crystal as in the following relationships:

E_,r =E + fico (3_7)

hK, = K, + hg

where;

Ei, the initial energy of the electron in the valence beam, Es, the final energy

of the electron in the conduction beam, the energy of the incident photon (eV),
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Kithe initial wave vector of the transmitted electron, the final wave vector of

the transmitted electron, the wave vector of the incident photon.
a(hw)=A'(ho-E,)’ (3-8)
where :

r: exponential modulus, A‘ proportionality constant, Ey: energy gap, o

absorption coefficient.
Absorption Coefficient (a)

It is defined as the relative number of photons absorbed per unit
distance or propagation through the semiconductor and is given in units (cm-
1), and (o) depends on the photon energy (hv) and the energy gap (Eg) [121].
Most of the absorbed photons (63%) occur at a distance (1/a) and this distance
is called the penetration depth. When the energy of the incident photon is less
than the energy gap, the photon is transmitted and the permeability of the film

is given by the following relationship:
T, =@-R)e™ (3-10)
Top : Transmission

It is defined as the ratio between the intensity of the transmitted ray to
the intensity of the incident ray, and it is written in the following form:

To=1" (3-11)

R : reflectivity
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Defined as the ratio between the intensity of the reflected beam to the

intensity of the beam falling and write the following formula:

|
R=1" (3-12)

0

t : thickness of the film

and from the solution of equation:

I= 1, exp (-at) (3-13)

get the relationship of Transmission (T,p) with Absorbance (A):

1

A= I—Oglo p—— (3'14)
Top

(3-15)

_ A-2.303A
TOp =€

Substituting (Top) from equation (3-8) into equation (3-13), we get:

g 2303A _ (1_ R)ze—m (3-16)
1
= 2.303[0% —2In(1-R)] (3-17)

In order to get rid of the limit (1-R), which represents the reflectivity
of the film, two films are prepared from the same material. The reflectivity is
equal under the same conditions. If the thickness of the first film is (t1) and

its reflectivity is (R1), its absorbance is:
A1=1/2.303[at;-2In (1-Ry)] (3-18)
For another film, thickness (t;) and reflectivity (Ry), then:

A2=1/2.303[at2-2ln (1-R2)] (3-19)
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By subtracting equation (3-17) from equation (3-16), we get the calculated

absorption coefficient from the absorption spectrum.

ot=2.303 A (3-20)
o= 2.303? (3-21)

Extinction Coefficient ( k)

Represents the extinction of the electromagnetic wave inside the
material, and the Extinction coefficient is defined as the relative loss in
energy experienced by the electromagnetic wave when it passes through the
material, and it represents the imaginary part of the refractive index. The

extinction coefficient is related to the absorption coefficient by the following

relationship:
Ko % (3-22)
A1t

Refractive Index (n)

Is the ratio between the speed of light in free space (c) to speed in

the middle (v). The refractive index is given by the following equation:

1/2

n|:[1+R]2(k2+1):| R+1 (3-23)

1—R R -1

=S i a2

where ¢ IS the dielectric constant
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Dielectric Constan

The process of energy loss in the material occurs due to the interaction

between the light and the charges of the medium and the resulting polarization

of the charges of that medium. This polarization is usually described by the

complex dielectric constant of the medium, which is expressed by the

following equation

e=g1-1¢g (3-25)

€. the complex dielectric constant, €2 , €1: the real and imaginary portions of

the dielectric constant, respectively. The complex dielectric constant is related

to the refractive index in its complex form by the following relationship:

g =N? (3-26)

Since N: is represented by the complex refractive index, which is known by

the following formula:

N=n-ik (3-27)

n : the real part of the complex refractive index.

From equations (3-23), (3-24), (3-25), we can conclude:
(n-KkP=g e (3-28)

From equation (3-23), the partial real and imaginary complex dielectric

constant can be written in the following form:
g1 =n2-k? (3-29)
e=2nk (3-30)
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3.4.10 Direct-current Characteristics (DC)

The resistivity measurement is one of the most important analysis used to
prove the existence of conductivity of the prepared sample. The closed cycle
system used to determine the resistivity of the sample by using four probe
technique .The silver paste used during the measurement to connect the
sample under the four probe technique. The DC. power supply was used to
supply the sample with the constant current and the voltage was measured by
a digital nano voltmeter type (Keithely), The electrical resistance of the
electrospun films has been measured as a function of temperature in the range
(30 -100) °C. The full setup of this experiment is mentioned in Figure (3.20).

Then the resistivity was measured according to the following equation
p=(R.w.t)/L (3-31)

and EC determined as:

o=1/p (3-32)

Such that:

p: film resistivity (Qecm™ ), R: resistance (Q), o: electric conductance (S/cm)

t: thickness, w and L: electrodes dimensions
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Multimeter

Sample holder

Vacuum systen
Temperature
controller

Figure 3.20: The system for resistivity measurement
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4.1 Introduction

This chapter illustrates the results obtained through the results of X-ray
diffraction, morphology, wettability and tests of the optical and electrical
properties of thin films deposited on prepared glass substrates by spin coating
method with different concentrations of preparing nano thin films from
PEDOT:PSS/Graphene. In addition, the effects of Isopropyl alcohol (IPA) as
a surfactant agent was studied in order to improve the conductivity of prepared
films. This chapter includes the following axes:

1. Studying the structural properties by XRD, FTIR and DSC techniques

2. Studying the morphological properties by AFM and SEM techniques

3. Studying the optical properties of thin films, which included measuring the
transmittance and absorption spectrum as a function of wavelength,
calculating the permissible energy gap, as well as knowing the optical
constants such as the absorption coefficient and refractive index.

4. Studding the electrical properties by DC.

4.2 Structural Results

4.2.1 XRD results

XRD analysis, by way of the study of the crystal structure, is used to
identify the crystalline phases present in a material and thereby reveal
chemical composition information.

According to Figure (4.1), the diffraction angle of pure PSS: PEDOT
polymer (S; sample) is at 20 = 24° the diffract gram indicates that PSS:
PEDOT polymer have semi- amorphous structure due to the absence of sharp
peaks. This scattering, which correspond to the (020) crystalline plane of the
orthorhombic unit cell of PEDOT crystals [122].

In contrast, all the remaining samples (S,-Ss) have crystalline structures
and their diffraction positions shifted to the 20 = 26°. This shifting proves the
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dispersion of Graphene sheets within the PSS: PEDOT structure because
Graphene scattered the X-ray at 20 = 26.228 (according to the JCPDS Card
No, 75-1621) from its 002 plane within its hexagonal crystalline structure
[123]. This shifting action means, that Graphene sheets caused a real change
in the lattice parameters of the sample structures.

Also, it is observed that the intensity of diffraction peaks increases with
increasing of Graphene concentration. That means, that the extent of
crystallinity of the particular plane proportional linearly with the Graphene

amounts.
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Figure 4.1: X-ray diffraction spectra for pure PEDOT:PSS polymer and the
prepared samples
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Table 4.1: XRD parameters for samples

Samples | 20 (deg) | d-Spacing (A°) | B (deg) | Crystallite Scattering
size (nm) Function (s)

S1 24.5346 | 3.62541 14 0.101 0.27583

S, 26.4208 | 3.36933 1 1.4236 0.29667

Ss 26.4318 | 3.37071 0.7 2.0338 0.29679

S4 26.4859 | 3.37509 0.6 2.3726 0.29849

Ss 26.6517 | 3.66845 0.5 2.8487 0.29921

From table 1, the d-spacing parameter calculated from (Bragg's Law
(3-2)) experienced some ups and downs, which gives an indicator about the

dispersion of Graphene sheets within the polymeric structure.

A great improvement occurred in the crystallite size (calculated from
Scherer's equation (3-3)) with the Graphene addition, where this size
increased from 0.101 to 2.8487 nm. This gives another indicator about the
slight exfoliation of Graphene sheets, and these sheets are agglomerated due
to slight penetration of fluid and polymeric chains among these sheets. Similar
findings obtained from the decreasing in the B parameter, which is the line
broadening at half the maximum intensity (FWHM). As B decreased, as the

crystalline degree increased.

Slight increment; 8.5% occurred in the scattering function; s (s =2 sin
e /A), which, indeed proportional to the increment in the solid portion in the
film components due the addition of solid Graphene sheets.The increments of
each of the L, B and s coincide with the increment of the crystalline peak

intensities with the Graphene additions.
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4.2.2 FTIR results

The characteristic peaks of both the PSS:PEDOT polymer and the
Graphene sheets were investigated by FTIR results. Band at 1620 cm™ refers
to the stretching vibration mode C=C for conjugated alkene structure within
the PSS:PDOT polymer. Weak band around 1980 cm™ indicates the C-H
bending mode in the aromatic compounds. Strong band around 3300 cm™? is
due to the O-H stretching mode. Band ar
ound 880 cm? represents the C=C bending mode, while band around 3000
cm represents the C-H stretching mode [124].

FTIR results (Figure 4.2), also show that there is no chemical reaction
between Graphene and the polymer. There is only hydrogen bonding between
water (already present in the polymer), Graphene and PSS:PEDOT polymer.
The weak band at 1380 cm™ belongs to the C — O...H bond, which formed
due to the interaction between surface of grapheme sheet and the carboxyl
group (OH") in water. These interactions enhances the dispersion and the
stability and the dispersion of Graphene sheets within the PEDOT: PSS

solution.
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Figure 4.2: FTIR spectra of PEDOT:PSS and its composites with Graphene

4.2.2.1 Proposed interaction model
The proposed mechanism of the interaction among components of the
prepared samples, takes place according to the following steps:
1- Hydrogen bonding between water molecule and PEDOT:PSS polymer
because this polymer is already contains 30% water molecules within

its structure.

78



Chapter Four Results and Discussion

H—O
/
w@[
A
7%
o’\g\
H—0
4T
A
0y
)\‘g‘
H—o0
AN

S+
H—O
S+
H—
N
A
N
t 4
4
H—

H
/
-
O+
H
/ 8
B
. .
oY
o)
O
H
/
3

Water Molecules
S5+
H_
kY
H
Water Molecules 1
H %)
N
H 8}
-
7N\
+
¢
¢
v
H 8

P
... H—0O
\ S+
N
S
H—O
& B
.. H—O0

: cx
o ... Q.r.‘. - e (e o“:
'l SO4H ’ | ; | 50, -;—Ijb-ond ; |
3 PSS:PEDOT %L * =

2- The Graphene sheet is indeed contains small amounts of oxygen (about
1%). These oxygen sites are capable to form hydrogen bonds between
Graphene sheet and the water molecules, which is available within the

polymer structure.

Graphene sheet Water molecule

3- Carbon atoms at the edges of the Graphene sheet are unsaturated,
therefore, these sites are active and can react with the water molecules
creating hydroxyl groups (OH") on the sheet surface. These hydroxyl
groups can create hydrogen bonds with SOs; groups within the
PEDOT:PSS polymer.
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Figure 4.3: Proposed interaction model due to the nano graphene addition to
the PEDOT:PSS

Figure (4.4) shows the FTIR spectra of the prepared samples containing
different amounts of isopropyl alcohol (IPA). The addition of IPA is adopted
in order to enhance the dispersion level of Graphene sheet. FTIR results,
shows no new peek compared with the FTIR spectrum of Graphene
PEDOT:PSS. This is because of the structures similarity, where IPA contain
from carbon, oxygen and hydrogen atoms only and the bonds arises among
these three atoms are already exist among polymer atoms. The intensity of the
hydroxyl group (OH") at 3200-3600 cm-1 increased due to the presence of this

group in the IPA structure.
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Figure 4.4: FTIR spectra of PEDOT:PSS and its composites with Graphene
and IPA

4.2.3 DSC results
Figure (4.5) shows the DCS analysis of pure PEDOT:PSS and
(PEDOT:PSS/Graphene) mixtures.
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Figure 4.5: DSC results of PEDOT:PSS and its composites with Graphene.
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It is clear from Figures (4.5), that T4 values increased linearly from
60.69°C (for pure polymer [125]) up to 82.37 °C (for sample with 2 wt%
Graphene); 35%. This is because that Graphene is a solid material and has
compact structure compared with the semi-crystalline structure of
PEDOT:PSS. This increment in Ty give an indicator about the improvement
of the mechanical properties of the prepared samples as well as the thermal
stability. When Graphene amounts increased within the composite structure,
the steric hindrance increased, so the polymeric chain restricted and can not
be sliding above each others, which leads to increase both of Ty and Tnm.

The addition of IPA to the Graphene: PEDOT:PSS solution increased
the Tg from 58.54°C to 76.62 °C (Figure 4.6). This is due to the increment in
the polarity with IPA addition which increased the hydrogen bonding among
the polymeric samples. These extra bonding, prevent the polymeric chains

movements.

84



Chapter Four

Results and Discussion

DSC
mw
0.00+ |
\
-2.00+ “
\
“\ Onset 56.40C
-4.00 \ Endset 61.01C
\ Transition -0.41mw
\\ -0.08mwW/mg
-6.00] w 58.54C
-8.00] \
\WM/’_M
-10.00 -
40.00 60.00 80.00 700.00 120.00
Temp [C]
Siy
DSC
mw
0.00+ ‘
\
-2.00+ “
|
|
\
-4.00 \\ Onset 58.06C
Endset 65.16C
A Transition -0.27mwW
Mid Poin 61.01C
-6.00+
-8.00 . . .
40.00 80.00 120.00
Temp [C]
SI3
DSC
mw
2.00" |
|
|
|
-4.00f |
\
Onset 73.37C
\\\ Endset 81.78C
-6.00- Transition -0.21mwW
° -0.04mW/mg
Mid Point 76.62C
-8.00F e
»MMMW—VJWMWWWNW
40.00 80.00 120.00
Temp [C]
Sls

Figure 4.6: DSC results of PEDOT:PSS and its composites with Graphene

and IPA.
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4.2.4 Zeta potential

Figure 4.7 shows the zeta potential test for the PEDOT:PSS containing
1.5wt% G. The value of current sample is -48.04 mV; which means that, the
sample with good stability according to the Table 3.4. This value indicates,
that the degree of electrostatic repulsion between adjacent particles are so high
that there is a high dispersion level of Graphene particles within the film
components and the repulsion is high enough to prevent rapid coagulation and
to resist the aggregation. This dispersion level points to that, the repulsion
forces exceed the attractive forces among the Graphene particles, which leads
finally to resist the coagulation and aggregation tendencies.

The mobility of this sample; -2.27 (u/s)/(V/cm), give another indicator

about the good dispersion of the Graphene component in the sample.
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Figure 4.7: a- Zeta potential b- mobility of PEDOT:PSS containing
1.5wt% Graphene
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The new value of zeta potential ; -168.38 mV as shown in Figure (4.8)
proved that the IPA addition enhances the electrostatic repulsion force among
the Graphene sheets, preventing them from settling and aggregation. This
leads finally to obtain an excellent stability according to Table 3.4. The
addition of IPA increased the polarity of the solution due to the extra dipole
moment entered to this solution. This new dipole moment belongs to the IPA
component, which is 1.66 D, where PEDOT:PSS solution contains already
30% water with 1.85 D as a dipole moment. The increment of solution polarity
(due to IPA addition) increased the zeta potential from -48.04 to -168.38 mV
for the same sample; which contains 1.5 wt% Graphene. As well as the
mobility altered from -2.27 to -1.6 (w/s)/(V/cm).

Sample Results
Type: ELS Zeta Potential B
S (mV): 168.38
2-graphene - 8 2
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1D: zainab Mobility £560-
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Figure 4.8: a- Zeta potential b- mobility of PEDOT:PSS/IPA containing

1.5wt% Graphene
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4.3 morphological result for PEDOT:PSS/Graphene
4.3.1 AFM results
4.3.1.1 PEDOT:PSS/Graphene for glass substrate

To get further information for the effect of graphene on the
morphology, 3D AFM images were taken and are presented in Figure (4.9).
Also, table 4.2 shows the roughness parameters, which extracted from the 2D
AFM images. Image of the pure polymer, shows that, PEDOT:PSS film is
smooth with an roughness average (S,) of 1.05 nm, and when Graphene was
added, the surface topography changed and S, increased to 1.43nm, 1.83nm,
2.27 nm and 2.74 nm for 0.5, 1, 1.5 and 2 wt% Graphene additions
respectively. That means that the final roughness increment is 91.6%. Similar
increment (but with less extent) in the density of summits (Sg¢s), where this
roughness parameter increase by 45% with Graphene addition. This is due to
the settling of some of Graphene sheets on the film surface during its

formation process.
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Figure 4.9: AFM images of the PEDOT:PSS/Graphene films
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Table 4.2: AFM parameters of PEDOT:PSS/Graphene

Samples S. (nm) Sas Shi Sci
S1 1.05 0.165 0.216 1.52
S2 1.43 0.169 0.298 1.53
S3 1.83 0.199 0.754 1.59
Sy 2.27 0.217 0.864 1.62
Ss 2.74 0.239 1.35 1.63

The surface bearing index (Spi) increased from 0.216 (for pure polymer) to
1.35 at the final Graphene addition; increased by 525%. Thus, the durability
and the mechanical strength of the prepared films improved clearly and
significantly, because the S, parameter is a function of the mechanical
properties. This is because, that the mechanical properties of Graphene sheets
is higher than the liquid polymer.

The core fluid retention index (S¢;) increased only by 7.23% ( from 1.52
to 1.63), which means there is a slight increment in the fluid absorption
capacity with Graphene addition. That means, that the exfoliation gap
between the Graphene sheet is so small, that a small voids created among these
sheets. These spaces are barely sufficient to accommodate only the
PSS:PEDOT polymeric chains and do not allow high amount of fluid to
penetrate the composite structure.

Figure (4.10). Also, table 4.3 shows the roughness parameters, shows
PEDOT:PSS with IPA film is smooth with an roughness average (Sa) of 1.19
nm, and when Graphene concentration was increase, the surface topography
changed and Sa increased to 3.2nm, and this applies to S¢s and Sy also.
Compered to films without IPA, there is a slight increase in roughness and
other parameters.
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Figure 4.10: AFM images of the PEDOT:PSS/Graphene and IPA films
Table 4.3: AFM parameters of PEDOT:PSS/Graphene and IPA

Samples S. (nm) Sads Shi Sci
S1 1.19 0.16 0.19 1.45
S2 1.29 0.269 0.227 1.46
S3 1.97 0.226 0.388 1.53
Sy 3.08 0.254 0.704 1.57
Ss 3.2 0.268 1.773 1.61
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4.3.2 SEM Results

Figure (4.11) shows the SEM images of the prepared nanocomposite
films at 5.00 kx magnification power. This high magnification power allows
only to mointer small regions in the samples, not the full network film
structures. The white color refers the summits, while the black color points to
the bottom of the surface. SEM images showed that, the PEDOT:PSS films
without Graphene has a comparatively smoother surface than the PEDOT:PSS
with Graphene. These results matched with the previous AFM results. The
PEDOT:PSS forms a core-shell structure resulting in PEDOT being
surrounded by PSS [126]. The conformation of PEDOT:PSS will be changed
from a coiled to a linear/extended-coil structure owing to the Graphene
addition. Images, also shows the good desperation of Graphene particles
within the PEDOT: PSS structure.
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Figure 4.11: SEM images of S3, S,, Sz, S4 and Ss samples
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4.3.3 Surface wettability for PEDOT:PSS/Graphene

The wettability of the prepared films was evaluated by contact angle
measurement using circle fitting mode. This test carried out with water (25°C),
where the contact angle measured after 1 and 240 second as shown in Figure
(4.12). Results showed that for all sample, the contact angle with pure
PEDOT:PSS (S;) shows a good absoring of water; thus increasing the surface
wettability.

With graphene, the prepared surfaces tend to be more crystalline (as
shown in XRD results). This high crysttilinty decreased the voids amoung the
polymeric chains, which restricts the pentration of water molecules within
polymeric surfaces. For pure PEDOT:PSS , the effect of wetting time is to
decrease the contact angle with fluid, where the contact angle decreased for
pure polymer from 74.645° to 18.59° at 240s.

From these figure, it is clear that the contact angles for pure
PEDOT:PSS are lower at the beginning than for Graphene nanocomposites.
This means that the surface of the pure PEDOT:PSS has higher wettability
than the PEDOT:PSS and Graphene . The nanoparticles addition causes a
decrease in surface wettability by forming nanoroughnesses on the surface of
films with hydrophobic properties. Decreasing in wettiblity of

nanocomposites indicates an increased hydrophobicity of it.
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Figure 4.12: Contact angles for samples (PEDOT:PSS and Graphene) at

different times.
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4.4 UV- VIS Spectroscopy results
4.4.1 Absorption

Figure (4.13) shows the absorption of the prepared samples at UV, VIS and
IR regions of the electromagnetic spectrum.

At UV region, the absorbency increased as the Graphene content increased,
which means that Graphene addition caused changes in the electronic energy
levels within the polymeric composite structure. These changes allows to the
structures to absorb the harmful UV radiation and dissipated it as slight,
harmless heat. This is a good benefit, which emphasizes that the composite
films have the ability to avoid the UV-degradation risks and remains in service
for longer periods.

Same behavior occurs in the visible region (400-800 nm), where the
absorbance increased linearly with the Graphene content, but with less
intensities. This is because, that the radiations in the VIS region are with low
energies and longer wavelengths. Also, it is clear that the absorbance along
the VIS region is quite steady, which means that the prepared films absorbs
all colors within this region by the same rate.

In IR region, also, Graphene addition and IPA increased the absorbency,
which allowed to the chemical functional groups to be detected. This means
that, Graphene resulted in changed of both vibrational and rotational

movements of the molecules within the composite structures.

96



Chapter Four Results and Discussion

— G ]

0.9 -

— S )

0.8 1 —s3

— G 4]

0.6

0.5

0.4

0.1 +

o —_—

300 400 500 600 700 800 900 1000 1100
A (nm)

Figure 4.13: UV-absorbance of S;,S,,S3,S4 and Ss samples
Also, with the addition of IPA, an increase in absorption is observed

with an increase in graphene concentrations
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Figure 4.14: UV-absorbance of Siy,Si,Si3,Sis and Sis samples
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4.4.2 Energy gap

The optical energy gap is defined as the lowest energy required to
transfer an electron from the top of the valence band to the bottom of the
conduction band. The energy gap is one of the most important constants in
semiconductor physics, as the use of semiconducting materials in optical
applications such as solar cells, photovoltaic cells, sensors, detectors,
photodiodes and coating solar collectors depends on determining this
constant. Electromagnetic and as needed to control and control how much
photons are absorbed, transmitted, or reflected from the photons falling on the

membrane[180].

The PEDOT:PSS films are semiconductors with a direct energy gap of
about 2.8. The value of the optical energy gap for permissible direct
transitions was calculated through equation (3-8), and the absorption
coefficient (a) is related to the energy of the incident photon through the same
relationship, so it is drawn The relationship between 2(vha) and photon
energy (vh), then we extend a part of the straight line from the curve to

intersect the photon energy axis at (0 = 2(vha)),

The value of the energy gap for the allowed direct transitions Through
Figure (4.15), notice when increase in the percentage of Graphene, the energy
gap decreased (S1, Sz, Ss3, S4, Ss), respectively, as a result of the generated of
nanoscale energy levels of graphene inside the energy gap, and the width of
these levels increases with the increase in the percentage of Graphene, which
leads to a decrease In the width of the gap, we also notice a decrease in the
value of the energy gap when increasing the value of the Graphene, as shown
in Figure, and this decrease is due to the change in the crystalline structure of

the films in terms of increased crystallization as well as a noticeable increase
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In roughness and grain size, and this is consistent with the results XRD,AFM
and SEM.
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Figure 4.15: energy gap of S1,5,,S3,S4 and Ss samples

Figure (4.16) it is noticed from the energy gap behavior that samples
with different grafting rates lead to a decrease in the energy gap as a result of
the generation of secondary levels within the energy gap between the highest
edge of the valence band and the lowest edge of the conduction band and this
behavior did not change from what it was without the presence of the IPA but
the addition of the IPA, It led to a decrease in the value of the energy gap as a
result of obtaining homogeneity and high geometric arrangement between the
polymer and graphene, and this is evident from the Zeta potential and AFM

tests.
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Figure 4.16: energy gap of Siy,Si,Sis,Sis and Sis samples
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4.4.4 Extinction coefficient

The extinction coefficient represents the amount of energy absorbed in
the thin film. It also represents the imaginary part of the complex refractive
index. The extinction coefficient was calculated from the relationship (3-22)
and the extinction coefficient is related to the absorption coefficient as shown

in the previous relationship.

Figures (4.17) and (4.18) shows the change of the extinction coefficient as a
function of the photon energy of the processed films, whereby the increase in
the Graphene ratio increases the extinction coefficient. There is a gradual
increase in the values of the extinction coefficient at photon energies higher
than the absorption edge. This increase indicates the occurrence of electronic
transitions between the valence and conduction bands, which led to an
increase in the absorption coefficient and then an increase in the extinction

coefficient
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Figure 4.17: Extinction coefficient of S;,S,,53,S4 and Ss samples

0.045

— Si1
— Si4
0.035 Si5

0.03 ~
0.025 -

x  0.02
0.015 A

0.005 A

0’1 T T T T T T T
300 400 500 600 700 800 900 1000 1100
A (nm)

Figure 4.18: Extinction coefficient of Siy,Si,,Si3,Sis and Sis samples
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4.4.5 Reflective index

The refractive index is defined as the ratio between the speed of light
In a vacuum to its speed inside the material. The refractive index is related to
the reflectivity of the film according to the equation (3-23) through which the

refractive index values were calculated.

Figure (4.19) and (4.20) represents the change of the refractive index
as a function of the photon energy of Pure PEDOT:PSS and with the additions
in different proportions, the nature of the refractive index curve is similar to
the nature of the reflectivity curve due to the correlation of the reflectivity
with the refractive index, and it is noted that the increase in the proportion of
graphene leads to an increase in the refractive index and the reason is due to
the change in the reflectivity of the membrane due to the decrease in the

porosity of the membrane.
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Figure 4.19: Reflected index of S;,S,,S3,S4 and Ss samples
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Figure 4.20: Reflected index of Si1,Si,Sis,Sis and Sis samples
4.4.6 Dielectric constant

The interaction between the light and the charges of the medium is due
to the process of absorbing energy in the material and then the process of
polarization of the charges of that medium. This polarization is usually

described by the complex dielectric constant of that medium [181].

Figure (4.22) shows the change of the real part of the dielectric
constant as a function of the energy of the pure photon. Notes that the behavior
of the curve is somewhat similar to the behavior of the refractive index curve.
The real dielectric constant was calculated from the relationship (3-29). We
note that the effect of the extinction coefficient is very small compared to the
effect of the refractive index, and it can be neglected, especially at low photon
energies. As for increasing graphene, we notice that the nature of the true
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dielectric constant curve in general has not changed in form and this is due to

Relationship of the real part of the dielectric constant to the refractive index.

— S
7.5

— 2
— S 3
6.5 - 1

S5

55 |
45 |
35 |
25 T s

— =
15 L=

300 400 500 600 700 800 900 1000 1100
A (nm)

Figure 4.21: Dielectric constant of S;,S,,5S3,S4 and Ss samples
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Figure 4.22: Dielectric constant of Siy,Siy,Sis,Sis and Sis samples
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4.5 DC results

Figure (4.23) shows that the conductivity increased with increasing
temperature, this is because of the increasing of charge carriers in the
conduction band [127]. The results of this test show decreasing the electric
resistance (increase in the electrical conductivity) with increasing the
temperature from 30 to 100 C° in a behavior similar to that of semiconductors
because they have resistance with a negative thermal coefficient. The
electrical conductivity increasing due to increasing the density and mobility
of charge carriers. Increasing the electrical conductivity with increasing the
wt. % of graphene. The maximum electrical conductivity resulted with 2wt.%

of graphene which represented the maximum addition.

—a— 351
-4.0 - —e— 52
7 % A S3
4.5 *i’ M S 4
_ — 3% F — F §F §F § 8 v
50 - +— S5
-5.5 —-
-6.0 -
6.5 -
Ing S/em -
-7.0 -
7.5
-8.0 -
-8.5 -
7 e S S —
-9.0 —T1 r T - T 1 T 1 *~ 1T 1T
3.4 3.3 3.2 31 3.0 2.9 2.8 2.7 2.6
1000/T (K)

Figure 4.23: In o against (1000/T) of PEDOT:PSS/Graphene films
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while when adding the IPA as shown in figure (4.24) the conductivity is
electrical Significantly higher increase with increasing temperature, due to the
decrease in the value of the energy gap as shown in Figure (4.16), and this

helps to obtain electro-optical applications.
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Figure 4.24: In o against (1000/T) of PEDOT:PSS/Graphene and IPA films
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5.1 Conclusions

1. X-ray results showed that, the addition of graphene shifted the diffraction
position up word, the crystallin degree increased linearly with graphene
concentration, crystalline size increased and the scattering function increased
by 8.5%

2. FTIR results proved, there is no chemical reaction, and there is only
interaction, which enhance the desperation and the stability of graphene
sheets.

3. Base on FTIR results, the proposed interaction model suggests that the
interaction its take place by three steps.

4. DSC results proved, that there is about 35% increasing in the Tg value,
which points to an expected improvement in thermal stability and
mechanical properties.

5. Zeta potential test showed that, there is enough electrostatic repulsion
among graphene sheets, which enhance its stability and dispersion.

6. Graphene addition increases the surface roughness parameter, when S,
increased.

7. Graphene addition convert the structure from hydrophilic to hydrophobic.
8. IPA addition (compared with neat samples) causes no new bonds also

9. UV- VIS Spectroscopy showed that the prepared films have an absorption
in the range 300-900 and the highest absorption in the range 300-400 |,
adding graphene increased the absorbance while the transmittance
decreased.

10. The pure and doped PEDOT:PSS film has an optical energy gap for the
direct electronic transitions, and the value of the energy gap for the pure
PEDOT:PSS film is (2.8 eV), this value decreases with the increase of the
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graphene concentration, and this reason is due to the levels of graphene
impurities within the energy gap.

11. Graphene enhance he conductivity of polymer as shown by the results of
the DC

5.2 Recommendations
There are recommendations that may be useful for further work in this
field, which are:
1. Using another conductive polymer such as PsHT (Poly(3-
hexylthiophene)).
2. Doping with metals, such as gold or copper.
3. Possibility of using the prepared films in smart material applications
like robot.
4. Study of electronic and mechanical properties.
5. Study addition of other surfactant with various number of hydroxyl
group, such as Glycolic acid (20H") or Glycerol (30H").
6. Study the thermal stability by TGA technique.
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D5kl anaS A8 all clluall I8 e 3yl 30k ) &) x5 20= 550 adsall die Baaa 4l
2.8487 A 0.1 e Al A (Scherrer equation) i Ailas (385 (Crystallite Size)
LS .0.29921 1 0.25783 (e <alayl Al (Scattering function) s Uaiuwy) dlay yie sl
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AU Jalea 792 sais (Sy) 4 sudia) Jau sie 2l ) 3 45 gu3al) COlalaa 23 ) AFM gl & el
PEDOT: PSS o2l i s jedal (il s SEM _y snm e bl o0 il 385 7145 Ay (Ss) el
i gually LY g 215 A i) ) el edand (e e Audls ST edans b () SU (5
il Ay S i) (8 i gaal) (R0 lax B sia Gl iaa e gl G 77,23 4w (Sci)
Surface Bearing Index ;) zhaed) Jasi ydise sl ands Slud) & ¢ SSA Cail s 5 el
B panall S 4SSl Cldal sall 3 @d giall Guaadll () jadi Lay 5 (7525) o e dais (S,

G3lalia 28lS 8 dualiaiaV) (ga 2 35 Cpl SN Adla) () il (3 58 - 4yl A5 Adlhae it
0583y (A el ddlaiall 5 o) yandl and 223Y) dikie ¢ Al (358 423Y) dikaie ) DA Cayhal)
AN daglie pumnall Geuaiall ulSal ) ey Lee pmasiial] (§ 53 AaiY) Ailaia a Lea ) e 3ab 3
O Jaall 4iilSal 5 (Aiih 3 ) a JS8 o alaly Laday 5 Leaian 4Y ) i) (358 22Y)
Band gab ) 48Ul 3 sad (aliai) il Adblaall cadl DA ghiall Jedy dish ase Jsh
WS ¢ Gliaiall Jae (3Uad (pana 2855 i) 4 ) 5 AT0AAD Balall ddlial 22y La gl 5 (ENEIQY



.(Dielectric Constant)d =l <uli g 2edill 53 BV S llaa A daial 5 &l puat Adlalaall oda iy
s AUl il ST Adlialy A gala Baly ) Al Sl dlia i) Ll Cuiy
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