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ABSTRACT 

 

Influence of Nanoparticle Addition to Electrical Properties of TCO Films 

Produced Using Electrospinning Technique 

 

ÇELİK, BURAK 

M.Sc. in Micro and Nanotechnology 

 

Supervisor: Prof. Dr. Ziya ESEN 

Co-Supervisor: Assist. Prof. Dr. Nilufer DUYGULU 

May 2024, 83 pages 

 

In this study, the effect of nanoparticle addition on morphology and electrical 

properties electrospun nanofibers coated on transparent conductive oxide glass, 

namely, Indium Tin Oxide (ITO) has been investigated. For this purpose, an aqueous 

solution of Polyvinyl Alcohol (PVA) was prepared and nanoparticles of  silver, zinc 

oxide, and titanium dioxide were added in the range of 3, 5, 10 and 20 wt.% under the 

magnetic stirring action. Then, prepared nanoparticle doped PVA solutions were 

electrospun  and coated on ITO glass for 1 h. Morhological characteristics of 

nanoparticle containing fibers in films were investigated using scanning electron 

microscope and the resistance and resistivity values of obtained thin films were 

measured.  

It has been observed that the nanoparticles displayed agglomeration in PVA 

fibers and the size of the agglomerated regions increased as the content of nanoparticle 

in solution increased. The smallest size of the agglomerated region in all type of 

solutions was seen in TiO2 added fibers. As low as 643.7 ± 85.5 nm agglomerate size 

was detected in 3 wt.% TiO2 added PVA solutions. Likewise, the smallest fiber 

diameter size and more homogenous fiber size distribution was observed in TiO2 added 

fibers. For example, the average fiber diameter were found to be around 370, 376 and
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380 nm for TiO2, ZnO and Ag nanoparticle doped fibers by 3 wt.%, respectively. Less 

agglomeration and homogenous fiber size distribution in TiO2 doped fibers 

influencedthe electrical conductivity of thin film deposited on ITO glasses positively 

as well. In all of the thin films containing fibers doped with different amounts of 

nanoparticles, the resistance and the resistivity values decreased by decreasing the 

content of nanoparticles. For the TiO2 doped fiber containing film, the resistance 

became equilivalent to resistance of ITO glass (34 ) at 10 wt.% TiO2 addition, below 

which the resistance of the thin film decreased well beyond the resistance of ITO glass 

as targeted. On the other hand, for the thin films containing fiber doped with ZnO and 

Ag nanoparticles, ITO resistance value was reached when the nanoparticle content 

decreased down to 5 wt.%. 

 

Keywords: Electrospinning, Polyvinyl Alcohol, Silver, Zinc Oxide, Titanium 

Dioxide, Scanning Electron Microscope



 

 
vi 

ÖZET 

 

Elektro Eğirme Tekniği ile Elde Edilmiş TCO İnce Filmlerde Nanoparçacık 

İlavesinin Elektriksel Özelliklere Etkisi 

 

ÇELİK, BURAK 

Mikro ve Nanoteknoloji Yüksek Lisans 

 

Danışman: Prof. Dr. Ziya ESEN 

Ortak Danışman: Dr. Öğretim Üyesi Nilufer DUYGULU 

Mayıs 2024, 83 sayfa 

 

    Bu çalışmada elektro eğirme yöntemiyle üretilen ve saydam iletken oksit bir cam 

olan indiyum kalay oksitin (ITO) yüzeyine kaplananan fiberlerde nano parçacık 

katkılamanın  fiberlerin yapısı ve elde edilen ince film elektrik özelliklerine etkisi 

araştırılmıştır. Bu amaçla, Polivinil Alkol (PVA) sulu çözeltisi hazırlanmış ve 

manyetik karıştırma yöntemiyle ağırlıkça % 3, 5, 10 and 20 oranında gümüş, çinko 

oksit ve titanyum oksit katkılaması yapılmıştır. Daha sonra nanoparçacık takviye 

edilmiş PVA çözeltileri ITO camın üstüne bir saat süreyle elektro eğirme yöntemiyle 

kaplanlanmıştır. Elde edilen filmlerdeki nanoparçacık takviyeli fiberlerin yapıları 

taramalı electron mikroskobu ile incelenmiş ve elde edilen ince fimlerin direnç ve 

özdirençleri değerleri belirlenmiştir.   

PVA fiberlerin içinde bulunan nano parçacıkların topaklandığı ve topaklanan 

bölgelerin büyüklüğünün kullanılan çözelti içindeki nanoparçacık miktarının 

artmasıyla birlikte arttığı görülmüştür. En az topaklanma TiO2 takviyeli fiberlerde 

görülmüş olup, en düşük topaklanma büyüklüğü olan 643.7 ± 85.5 nm ağırlıkça %3 

TiO2 eklenen fiberlerde tespit edilmiştir. Benzer şekilde, en küçük fiber çapı ve 

homojen fiber büyüklük dağılımı TiO2 katkılı fiberlerde görülmüştür.
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 Örneğin, ağırlıkça %3 TiO2, ZnO ve Ag nanoparçacık içeren fiberlerde fiber 

çapları sırasıyla 370, 376 and 380 nm olarak ölçülmüştür. 

TiO2 katkılı fiberlerdeki daha az topaklanma ve homojen fiber büyüklük 

dağılımı ITO cam üzerinde oluşturulan ince filmin elektriksel iletkenliğini de olumlu 

yönde etkilemiştir. Farklı miktarda nanoparçacık içeren tüm filmlerde nanoparçacık 

miktarının düşüşüyle birlikte film direnç ve özdirenci de düşmüştür. TiO2 içeren ince 

filmlerde, film direnci ITO camın direncine (34 ) nanoparçacık takviyesi ağırlıkça 

%10’a düşürüldüğünde ulaşmıştır ve daha az miktarda TiO2 ince filmler hedeflendiği 

şekilde ITO cama göre daha düşük direnç sergilemişlerdir. Diğer yandan, ZnO ve Ag 

takviyeli ince filmlerde ITO cam direncine ancak nanoparçacık miktarı ağırlıkça %5’e 

düşürüldüğünde ulaşılabilmiştir.  

 

Anahtar Kelimeler: Elektro Eğirme, Polivinil Alkol, Gümüş, Çinko Oksit, 

Titanium Dioksit, Taramalı Elektron Mikroskobu 
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CHAPTER I 

INTRODUCTION 

 

     Energy consumption in the world is rapidly increasing due to population 

growth, industrialization, and technological advancements. This increase has increased 

the demand for alternative energy sources. Therefore, the studies towards the 

development of new systems utilizing solar, wind, hydropower, and hydrogen as 

energy sources, as well as the components constituting these systems have been 

increased tramendeously [1]. 

      The usage of solar radiation as an energy source in solar panels is one of the 

alternative energy types with a promising future for widespread use. Solar panels 

involves the electron transport mechanism within the system due to the exposure to 

sunlight, thereby, resulting in electrical current. One of the criteria effecting the 

efficient operation of the system is the use of high-performance transparent conductive 

oxide (TCO) layers [1]. 

         TCO layers are photovoltaic materials with high electrical conductivity and 

optical transparency. Due to these properties, they are also used as front surface 

electrodes in solar panels. 

     Nowadays, indium tin oxide (ITO) films are widely used as TCO layers due to 

their high transparency in the visible region and low electrical resistance. However, 

zinc oxide (ZnO) films  emerged as an alternative to ITO due to their non-toxic nature, 

low material cost, and high chemical stability properties [2]. 

     TCO layers are typically prepared using thin film technologies such as spray 

pyrolysis, sol-gel, chemical or physical vapor deposition, laser deposition, and 

sputtering. It is possible to obtain fine fibers in nano size using the electrospinning 

methods [3,4]. 

    Nanofibers carry fewer structural defects due to their small size, thereby 

possessing better mechanical and electrical properties. 

   Nanofibers can be produced through methods such as drawing, mold synthesis, 

self-assembly, and electrospinning. Among these production methods, nanometer-

sized fibers can only be obtained through the electrospinning technique. 
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Electrospinning is a much simpler, cost-effective, and practical method compared to 

other techniques [5]. 

    In this study, the aim was to enhance the electrical properties of ITO glass, which 

is a transparent conductive oxide layer used in solar panels for electron conduction, by 

coating it with Ag, ZnO, and TiO₂ nanoparticles doped via the electrospinning method. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 SOLAR CELLS 

    Increasing energy demand and environmental concerns are driving interest in 

renewable energy sources today. In this context, solar energy stands out for its 

potential to provide sustainable and clean energy. Solar cells, which convert sunlight 

into electricity, are one of the most significant technological advancements in this 

field. Solar cells utilize the photovoltaic effect to directly convert sunlight into 

electrical energy. 

    Solar cells are typically made of thin layers of silicon or other semiconductor 

materials.  

 

2.1.1 Main Components of Solar Cells 

    Solar cells directly convert sunlight into electrical energy using a phenomenon 

called the photovoltaic effect. A solar cell absorbs sunlight photons falling on its 

semiconductor material. These photons, by exciting the atoms within the 

semiconductor material, cause the movement of electrons. When the energy of sunlight 

is sufficient to separate the electrons (negative charge) and holes (positive charge) 

within the semiconductor material, an electron-hole pair is formed. This step occurs at 

energy levels within the band structure of the semiconductor. The generated electrons 

move in a specific direction within the material under the influence of electric fields 

present within the material. This directional movement creates an electrical current. 

Electrons are collected and an external circuit is established through electrical contacts 

placed on the top and bottom of the solar cell. These collected electrons carry a charge 

through the external circuit, generating an electric current. Electric current flows 

through an external circuit, moving a charge. This current can power an external load 

such as a lamp, device, or battery, or it can charge a battery.  

    P-N semiconductor junctions make up the majority of commercial solar cells 

because they provide the highest conversion efficiency [6]
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Figure 2.1: (a)P-N junction working principle, (b)Solar cell loss mechanism [6]. 

 

    As seen in Figure 2.1 (a), a p-n junction is created by bringing together two 

different types of semiconductor materials: negative (n-type) and positive (p-type) 

materials. Industrial silicon is made from P- and N-type materials; this polarity is 

produced by doping the material with phosphorus (P) or boron (B). The depletion 

region forms around the junction contact when electrons and holes diffuse toward the 

opposite low charge concentration of each material. 

    Sunlight photons energy triggers the formation of electron-hole pairs in the 

depleted region of the junction. Basic PN-junction solar cells' loss methods are 

depicted in Figure 2.1(b) [6]. 

 

2.1.2 Types of Solar Cells 

    Due to the large number of types of solar cells, it is necessary to examine them 

in three main generations. These generations encompass different types of solar cells 

with varying technological and structural characteristics. Each generation is 

characterized by technological advancements and progress in research. As seen in 

Figure 2.2, there are three types of solar panel generations. 
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Figure 2.2: Generations of Solar Panels [6]. 

 

2.1.2.1 First Generation Solar Cells 

    The first generation of photovoltaic solar cells, which includes semiconductors 

like silicon and GaAs, is based on crystalline film production. Approximately 90% of 

the photovoltaic solar cell industry relies on silicon-based products, making silicon 

(Si) the most commonly used material for commercial purposes [7].  

    The most expensive method used in this technology is producing pure silicon 

crystals from crystalline Si. These solar cells are globally used and highly efficient [8].  

 

 

Figure 2.3: (a) Monocrystalline, (b) Polycrystalline solar cells [9]. 

 

    Figure 2.3 (a) shows a monocrystalline solar cell, while Figure 2.1 (b) depicts a 

polycrystalline solar cell. The noticeable first difference between the two cells is that 

the corners of monocrystalline solar cells appear rounded. The reason for this is that 
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each cell is made from pure silicon. This ensures that the crystal structure is 

homogeneous and consists of a single crystal, which in turn provides higher efficiency. 

    Polycrystalline solar panels are also made of silicon, but instead of being formed 

from a single wafer, they are made from multiple silicon pieces. Silicon is melted and 

then cooled in fragments, which are later assembled before being cut into panels.  

    Around 80% of the market uses single crystalline solar cells. Monocrystalline 

solar panels typically have efficiency values ranging from 20% to 25%, while 

polycrystalline-based solar panels generally have efficiencies ranging from 13% to 

16% [10]. According to Zhao et al. the efficiency of polycrystalline solar cells with a 

honeycomb structure is approximately 19.8%. Polycrystalline cells are less efficient 

than monocrystalline ones.  

 

2.1.2.2 Second Generation Solar Cells 

    The main goal of second-generation photovoltaic solar cells is to reduce the cost, 

which was a primary issue with first-generation photovoltaic solar cells. Acquiring 

pure silicon is a complicated and expensive process. Reducing the cost of solar cells 

is feasible by depositing silicon thin films (1μm). Silicon usage in thin-film technology 

is significantly lower compared to wafer-based technology. R. Chittick pioneered the 

development of amorphous silicon deposited thin films [8,11]. Later, his colleagues 

published the first comprehensive and explanatory study on the plasma-enhanced 

chemical vapor deposition (PECVD) technique. 

 

2.1.2.2.1  Amorphous Silicon Solar Cells 

    Amorphous silicon solar cells utilize non-crystalline silicon as the 

semiconductor material. These cells are known for their flexibility and ease of 

manufacturing, making them suitable for applications where traditional crystalline 

silicon cells may not be practical.  

    Amorphous silicon solar cells are the most developed thin-film solar cells. The 

structure typically consists of a p-i-n (or n-i-p) type of duality, where the p-layer and 

n-layer are usually used to create an intrinsic electric field (i-layer) and contain 

amorphous silicon [12]. The schematic of amorphous silicon (a-Si) cell structure is 

shown in Figure 2.4. 
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Figure 2.4: Schematic of amorphous silicon (a-Si) cell structure [13]. 

     

    Three layers of amorphous silicon: the p-layer (doped p), the i-layer (intrinsic 

layer, naturally undoped internal layer), and the n-layer (doped n), are typically 

sequentially deposited on a glass substrate, which is commonly used as a superstrate, 

using the PECVD method with silane and hydrogen gas. The front contact utilizes 

transparent conductive oxide (TCO), while a reflective conductive layer (typically 

aluminum) serves as the back contact [13]. In a study aimed at improving the 

performance of amorphous silicon photovoltaic cells, stacking three p-i-n junctions 

instead of a single junction was investigated. This approach was reported to result in 

an efficiency of 13.4% [14]. 

 

2.1.2.2.2  Cadmium Telluride (CdTe) 

    Cadmium telluride solar cells rely on the p-n junction formed between two 

distinct materials. This design is referred to as a heterostructure. CdTe cells combines 

a p-doped Cadmium Telluride layer and an n-doped Cadmium Sulfide (CdS) layer as 

seen in Figure 2.5. 
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Figure 2.5: Schematic of CdTe cell structure [13]. 

 

    The n-layer is a ‘window layer’ which is a transparent semiconductor with a 

wide bandgap (CdS). Photons passing through this layer are then absorbed by the CdTe 

layer, referred to as the ‘absorber’. The solar cell is finalized by incorporating top and 

bottom contacts; a TCO is used as the front contact, while carbon pastes containing 

metal or copper are used as the back contact [13]. CdTe cells feature a straightforward 

design, are readily manufacturable, and achieve an efficiency of 19.6% [15]. 

    Although CdTe competes with crystalline silicon in terms of cost/efficiency, a 

significant issue is the toxicity of cadmium. Therefore, special attention should be 

given to its recycling. An additional concern is that tellurium is an exceedingly rare 

metal on the world [16]. 

 

2.1.2.2.3  Copper Indium Gallium Selenium (CIGS) 

    CIGS cells are designed with a structure consisting of a CdS n-layer as a window 

layer, a thin CIGS p-layer used as the absorber, followed by a molybdenum (Mo) 

electrode layer over the substrate through a sputtering process used as the back contact 

and a TCO layer used as the front contact. The substrate is usually manufactured with 

polyimide or a metal foil as seen in Figure 2.6. 
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Figure 2.6: Schematic of CIGS cell structure [13]. 

 

    Due to its composition of multiple elements, CIGS offers high flexibility to 

optimize certain properties, including bandgap and electron affinity. Therefore, the 

rare element indium can be partially substituted with sulfur in combination with 

gallium and selenium. These choices provide the opportunity to improve the 

performance of CIGS cells. Regarding production costs, current trends in CIGS 

research emphasize lower-cost deposition techniques such as non-vacuum methods 

and electroplating, offering alternatives to costly vacuum processes [13]. These 

efficiency and cost improvements have elevated CIGS as a leader among alternative 

cell materials. 

 

2.1.2.3 Third Generation Solar Cells 

    Third-generation solar cells refer to advanced solar cell technologies and 

materials developed using more sophisticated approaches. These cells aim to achieve 

higher efficiency, lower cost, and broader application compared to first and second-

generation solar cells. Examples of third-generation solar cells include perovskite, 

dye-sensitized, and quantum dot solar cells. 

 

2.1.2.3.1  Dye Sensitized Solar Cells (DSSC) 

    DSSCs operate even under low light conditions like rainy or cloudy weather. 

This approach employs cost-effective materials, including natural dyes, and the 
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production process for DSSCs is simpler compared to high-cost silicon solar cells. Due 

to these advantages of DSSCs, extensive experiments are continuously conducted in 

this field. DSSCs offer a compelling alternative to costly crystalline Si technology 

[17]. DSSC cells can be manufactured using economical methods like inkjet printing, 

screen printing, or roll-to-roll printing [18]. Figure 2.7 illustrates the working principle 

of DSSCs. 

 

Figure 2.7: Schematic diagram of a DSSCs [18,19]. 

 

    When sunlight hits the DSSC, a dye molecule absorbs the photons and becomes 

excited. This dye is typically made of a photosensitive organic dye or a metal complex. 

The excited dye molecule transfers its electron to the semiconductor material, which 

is typically titanium dioxide (TiO₂) coated onto a TCO glass. This process creates a 

negatively charged dye molecule and a positively charged semiconductor surface. The 

injected electron in the TiO₂ semiconductor material moves through the material 

towards the conductive substrate, while the positively charged dye molecule remains 

on the surface. The free electrons move through the conductive substrate towards the 

external circuit, creating an electric current. Meanwhile, the dye molecule, now 

positively charged, needs to be regenerated. This occurs through a redox reaction with 

a redox couple present in an electrolyte solution in contact with the TiO₂ layer. The 

redox couple accepts the electron from the dye, converting it back to its original state. 

This completes the cycle, allowing the dye molecule to absorb another photon and 
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repeat the process. The redox couple accepts the electron from the dye, converting it 

back to its original state. This completes the cycle, allowing the dye molecule to absorb 

another photon and repeat the process [20]. 

    The use of synthetic dyes in DSSCs enhances efficiency and durability, but it 

can also result in increased costs and the use of toxic materials [17]. 

 

2.1.2.3.2  Quantum Dot Solar Cells (QDSC)  

    Quantum Dot Solar Cell, designed to absorb photons of sunlight for photovoltaic 

effect, utilizes quantum dots, which are tiny particles called quantum dots, on the 

nanometer scale. Quantum dots (QDs) are semiconductor particles that are a few 

nanometers in size, and their optical and electronic properties differ significantly from 

bulk materials [17]. The physics difference between bulk semiconductor and Quantum 

dots is illustrated in the Figure 2.8. 

 

 

Figure 2.8: Difference between physics of Bulk material and QDs [17]. 

 

    By altering the size, shape, and composition of the quantum dot, the emitted light 

frequency can be finely adjusted. Quantum dots of varying sizes and compositions 

emit light at distinct frequencies, which can be precisely controlled as required.  

    Quantum Dot Solar Cells are seen as an evolution from Dye-Sensitized Solar 

Cells. QDs like CdS [21], CdSe [22], PbS [23], and InAs [24] are utilized as 
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photosensitizers instead of organic dyes due to their versatile optical and electrical 

properties, including a tunable band gap dependent on the QD size.  

    Due to their tunable energy bandgap, QDSCs allow for much greater photon 

absorption, theoretically achieving up to 44% efficiency. Kim et al. demonstrated high-

performance Zinc Oxide/Lead Sulfide heterojunction Quantum Dot Solar Cells, 

achieving a certified efficiency of 10.7%. This was accomplished by depositing 

durable self-assembled monolayers on the ZnO surface to adjust interface energy 

alignment [25]. 

 

2.1.2.3.3  Perovskite Solar Cells 

    The perovskite material consists of an ABX3 crystal structure. X can be a Br-, 

I-, or Cl- atom. Perovskite solar cells (PSCs) are more advantageous in production 

processes compared to silicon solar cells. Silicon solar cells require processing at high 

temperatures (e.g., around 1000°C) and specialized vacuum facilities to obtain pure 

silicon wafers. Therefore, the production of PSCs is easier and involves fewer steps 

[26]. In Figure 2.9, perovskite solar cells with p-i-n and n-i-p structures are shown. 

 

 

Figure 2.9: Layers of Perovskite Solar Cells [27]. 

 

    A simple structured perovskite solar cell consists of 5 layers. These are the 

electrode, hole transport layer, perovskite layer, electron transport layer, and a 

transparent conductive oxide layer patterned on a glass substrate. Light incident on the 

perovskite layer generates electron-hole pairs, aligning these charges at desired energy 

levels to facilitate electron-hole flow. Holes move towards the electrode, while 

electrons move towards the TCO layer through the electron transport layer. This 

creates a flow of charge in a closed circuit, generating energy [28,29]. 
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2.1.3 Variables That Affect The Efficiency of Solar Cells 

2.1.3.1 Cell Temperature  

    A photovoltaic cell converts a small fraction, typically less than 20%, of 

incoming radiation into electrical energy, with the remainder being converted into 

heat. Module overheating often occurs due to excessive solar irradiation and high 

ambient temperatures [30,31].  

    Module temperature is a critical parameter that profoundly impacts the 

performance of a solar cell system as it directly affects efficiency and energy output. 

The primary effect of increasing cell temperature is the linear decrease in open-circuit 

voltage as cell temperature rises. The relationship between solar cells efficiency versus 

module temperature is shown in the Figure 2.10. 

 

 

Figure 2.10: Solar cells efficiency versus module temperature [32]. 

 

    The voltage of a cell decreases by around 2.2 mV for each 1°C rise in operating 

temperature, leading to a decrease in efficiency of crystalline solar cells by 

approximately 0.5% [32,33,34]. 

 

2.1.3.2 Solar Cell Material 

    The selection of photovoltaic (PV) materials can have substantial impacts on 

system design and performance. Among PV materials such as silicon, gallium arsenide 

(GaAs), copper indium diselenide (CuInSe2), cadmium telluride (CdTe), indium 

phosphide, and others, each exhibits varying cell efficiencies [35,36]. Single-

crystalline cells typically have higher conversion efficiencies than multicrystalline 



 

 
14 

cells; that is, around 16-22% for single-crystalline cells and 14-18% for 

multicrystalline cells [37].  

    Single-crystalline silicon cells are one of the most efficient commercially 

available solar cell technologies, but they require larger amounts of raw materials 

compared to other technologies, which contributes to higher costs. In the thin-film 

technology category, efficiencies for other materials are approximately as follows: 

around 7-9% for amorphous silicon, 10-15% for CdTe, and 7-12% for CIGS cells [37]. 

    Compared to crystalline silicon cells, thin-film cells exhibit higher thermal 

conductivity due to their thinner structure, enabling more efficient dissipation of heat 

from the solar module. A recent advancement includes dye-sensitized solar cells, 

which have achieved peak laboratory efficiencies of 12.3% on glass substrate and 8.6% 

on flexible stainless steel substrate [38]. 

 

2.1.3.3 Band-gap energy 

    When sunlight photons strike a solar panel's surface, only those possessing a 

requisite energy level can liberate electrons from atomic bonds, producing an electric 

current. What liberates these electrons is the energy needed to transition an outer shell 

electron from the valence band to the conduction band, termed the bandgap energy. 

The bandgap energy varies among different materials and even among different atomic 

structures of the same material. Crystalline silicon, for example, has a bandgap energy 

of 1.1 electron-volts (eV). The bandgap energies for other solar cell materials range 

from 1 to 3.3 eV  [39,40]. 

 

2.1.3.4 Solar Panel Efficiency 

    The energy conversion efficiency of a solar panel is defined as the ratio of the 

power converted from absorbed light into electrical energy to the rated power of the 

panel. This efficiency depends on various factors such as the surface area of the panel 

and the properties of the materials used. Additionally, it is important for the TCO 

material used in the solar cell to have a high conductivity coefficient to ensure that the 

generated electrical energy can be transmitted with minimal loss [32]. 

 

2.2 TCO LAYERS 

    In general, TCOs are degenerate n-type semiconductors intrinsically doped with 

local donors such as oxygen vacancies, and additionally doped with extrinsic donor 
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impurities. There is a natural limitation in the conductivity of metal oxide that can be 

achieved by increasing the carrier concentration, because the Coulomb interaction 

between free electrons and ionized donor centers generated from them provides a 

scattering source specific to the doped material [41,42]. 

 

2.2.1 Applications 

    Due to their excellent optical transparency and conductivity properties, TCO 

materials are utilized in a wide range of applications. TCO thin films are commonly 

used in flat panel displays, laptop screens, gas sensors [43,44]. 

     Transparent conductive oxide layers are also found applications in the rear 

defrosting windows of automobiles, as well as in oven glass with touch applications 

and solar cells. Furthermore, transparent conductive oxide layers can be used on the 

back surfaces of solar panels to increase short-circuit current [45,46]. They are the 

most crucial components of solar cells due to their high electrical conductivity and 

high optical transparency. Their ability to transmit light, while also conducting 

electrical current is their most significant factor. TCO layers are used in solar cells as 

either front surface electrodes or as part of the rear surface reflector.  

    In applications, where transparent conductive oxide layers are used as front 

surface electrodes, they need to have properties such as high transparency in the visible 

region and high electrical conductivity. While these are necessary characteristics for 

good transparent oxide layers, they are not sufficient on their own. In addition to this, 

transparent conductive oxide layers need to have excellent light-capturing capabilities 

[47]. In addition, transparent conductive oxide layers used in solar cells are aimed to 

achieve the lowest sheet resistance values (<10^-3 Ω.cm) and the highest optical 

transparency (%80 <) in the desired morphological and crystal structure. 

 

2.2.2 Types and Properties 

     TCO layers can be produced from a variety of materials, including 

semiconducting oxides such as tin, indium, zinc, and cadmium, as well as a wide range 

of other materials such as gold, silver, and titanium.  

    Most TCO materials exhibit n-type conductivity, where the majority of free 

carriers are electrons (e.g., In2O3, SnO2, and ZnO), but p-type conductivity is also 

available (e.g., CuAlO2, SrCu2O2, and NiO). Both types create donor states by 

introducing defects in the crystal structure, near the conduction band for n-type and in 
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the valence band for p-type. These states should be shallow to preserve transparency. 

These materials find a wide range of applications in the solar cell industry [48]. 

     The efficient performance of transparent conductive oxide layers is contingent 

upon their ability to possess high electrical conductivity and low optical absorption in 

the visible region simultaneously. Criteria used in the selection of transparent 

conductive oxide layers include[49]: 

          - High transparency in the solar spectrum range, 

          - High conductivity, 

          - High carrier mobility, 

          - Appropriate refractive index, 

          - Capability for enlargement and roughening for proper light scattering, 

          - High chemical stability, 

          - Non-toxicity, 

          - Low cost. 

 

    Indium Tin Oxide films (ITO) are widely used as transparent conductive oxide 

layers today due to their high transparency in the visible region and low electrical 

resistance [1]. ITO is a type of thin film coating formed by the oxidation of indium 

and tin. 

  Indium tin oxide (In2-xSnxO3-x) is formed when tin (Sn) is doped into indium 

oxide (In2O3). As a result, tin forms an intermediate bond with oxygen, resulting in the 

formation of SnO or SnO2 . Additionally, in ITO films, tin (Sn) and oxygen (O) 

vacancies contribute to high conductivity. The direct optical band gaps of ITO films 

are generally larger than 3.75 eV, and different values ranging from 3.4 to 4.06 eV 

have been reported in the literature [50] Their high optical transparencies result from 

their semiconductor properties with wide band gaps.  

    These films can be applied to substrates such as glass or plastic and have wide-

ranging applications due to their high conductivity and optical transparency. They are 

commonly used in electronic devices such as smartphone screens, touch panels, solar 

cells, and LCD displays [51].   
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2.2.3 Production Tecniques of TCO layers in Solar cells 

    Fluorine-doped tin dioxide (SnO2:F) is widely used as TCO in architectural 

applications, as well as in thin films of A-Si and cadmium telluride (CdTe), and in 

energy-efficient windows.  

    Indium tin oxide (ITO) doped with tin is widely used in PV modules, including 

flat panel displays (FPDs), high-resolution televisions, and certain types of solar cells 

based on a-Si or (CIGS). Currently, crystalline and polycrystalline silicon solar cells, 

which dominate the TCO market for solar cells, represent 93% of the current market 

[52]. The types of TCO used by which solar panels are shown in Figure 2.11. 

 

 

Figure 2.11: TCOs Employed in Solar Cells [53]. 

 

2.3 NANOFIBERS 

    Nanofibers are defined as fibers with diameters of one micron and below. They 

are produced in nanoscale dimensions from polymer solutions using various methods. 
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The shapes of nanofibers typically resemble thin threads [54]. Nanofibers are 

lightweight, highly porous, and have a large surface area, making them advanced 

materials with high functionality and mechanical strength. The advantages provided 

by nanofibers can be listed as follows: increased surface area per unit mass, high 

performance in filtration, significant improvement in fabric performance properties 

such as waterproofing, stain resistance, and wrinkle resistance.  

    Nanofibers find applications in various fields such as filtration, tissue 

engineering, sensor fabrication, production of protective masks and clothing, drug 

delivery, catalyst support, wound dressings, polymeric batteries, and composite 

reinforcement [55]. Dharani et al. reported that TiO2 nanofibers' good electrical and 

morphological properties, along with the high extinction coefficient of CH3NH3PbI3 

perovskite, have been combined to achieve a solar cell with a power conversion 

efficiency of 9.8% [56]. 

 

2.3.1 Nanofiber Production Techniques 

    Nanofibers are produced using methods such as drawing, template synthesis, 

phase separation process, self-assembly, and electrospinning. The electrospinning 

technique is the most widely known and easily applicable method for the production 

of this material. With this method, ultra-fine nanofibers (100-1000 nm) are produced 

from various liquid polymers (such as PVA)[57]. 

 

2.3.1.1 Drawing Method  

    In this method, a micropipette with a few micrometers in radius is used. The 

micropipette is immersed into the polymer droplet with the help of a micromanipulator 

and then pulled away from the droplet at a speed of approximately 10^-4 m/s. This 

way, fibers are collected on a surface. The pulling of nanofibers is repeated several 

times on each droplet [58]. The steps of the drawing process are shown in the Figure 

2.12. The disadvantages of this method is the formation of discontinuous fibers and 

fiber with diameters being larger than 100 nm, which render its practical usage. 
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Figure 2.12: Drawing method steps [59]. 

 

    The disadvantages of this method include fiber diameters being larger than 100 

nm and its discontinuous nature, rendering it practically unusable. 

 

2.3.1.2 Template Synthesis 

    This method requires the use of a mold or template to obtain the desired material 

or structure. Ferg et al. [60]  used a metal oxide membrane across the dimensions of 

the pores to control the state of nanofibers created. 

    The membranes are 5–50 mm thick and have cylindrical pores. Each pore can 

be seen as a vessel where the desired nanostructure is synthesized.  

 

Figure 2.13: A typical process of obtaining nanofibers by template synthesis [61]. 
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    The passage of the polymer solution through the membrane is achieved by water 

pressure (Figure 2.13). As soon as the polymer encounters the solidifying liquid, fibers 

are formed. The diameters of the fibers range from a few nanometers to 100 

nanometers [62].  

 

2.3.1.3 Phase Separation Process 

    The basis of the method relies on the thermodynamic separation of a 

homogeneous polymer solution into two distinct phases: a polymer-rich phase and a 

polymer-poor phase [63].  

    In phase separation, a polymer is initially mixed with a solvent before gelation 

occurs. One of the phases (i.e., the solvent) is then removed from the gel-like phase 

(Figure 2.14). The steps for producing are as follows: 

    - Polymer dissolution: The polymer is dissolved in a suitable solvent. 

    - Gelation: Suitable chemical substances are added to induce gelation of the 

polymer, then the mixture is placed in a Teflon bottle and refrigerated to allow gelation 

to occur. 

    - Solvent removal: To remove the solvent, the Teflon bottle is placed in pure 

water, and left for 2 days. During these two days, the pure water is changed three times 

a day. 

    - Freezing: The gel in water is removed and filtered through a paper sieve, then 

left to freeze at -18°C for 2 hours. 

    - Freeze-drying: The frozen gel is transferred to freeze-drying chambers and left 

at -55°C for 1 week [58] 

 

 

Figure 2.14: Phase Separation production steps [64]. 
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2.3.1.4 Self-Assembly 

    Nanofiber production is achieved by assembling blocks with small molecules. 

Initially, small molecules are arranged in a concentric manner to form bonds between 

them. Subsequently, the substantial merging of these molecules results in the 

formation of nanofibers as shown in Figure 2.15. The smallest unit formed determines 

the shape of the macro-molecular fibers [58,65]. 

 

 

Figure 2.15: Production of nanofibers by the self-collection method [58]. 

 

2.3.2 Electrospinning 

  Electrospinning is a fiber production technique that employs a top-down 

engineering approach to draw ultra-fine fibers from polymer melts using electrical 

forces. The process, while not a new technology, originated in the 1600s when William 

Gilbert, conducting research on magnetism, serendipitously observed the effect of 

electromagnetism on liquids. In his work, Gilbert noted the electrical attraction of a 

water droplet being drawn towards a dry surface at a certain distance in a conical shape. 

This event marks the inception of the history of electrospinning [66].  

    The electrospinning technique offers a different approach for producing fibers 

with diameters ranging from a few nanometers to several micrometers by forming a 

jet from an electrically charged polymer solution or melt [67]. It is a voltage-driven 

technology that uses an electro-hydrodynamic process, in which a high voltage is 

applied to the polymer solution and then a liquid droplet is electrified to generate a jet, 

followed by elongation and stretching to produce fibers [68]. A basic electrospinning 

setup includes an injection pump to deliver the spinning solution, a needle attached to 
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a syringe, a voltage power supply, and a collector positioned at an optimal distance 

(Figure 2.16) [69]. 

 

 

Figure 2.16: Basic setup of electrospinning [70]. 

 

    The electrospinning involves applying high voltage to the needle at the tip of the 

syringe, while the syringe pump pushes the polymer solution inside the syringe to form 

droplets at the needle tip.  

    In principle, four successive processes are fundamental in generating the fiber 

jet from the polymer droplet. Positive charges gather around the droplet because of the 

high voltage applied to the polymer solution at the needle tip. With increased voltage, 

the surface tension of the polymer at the needle tip cannot withstand the repulsive force 

of the charges, causing the droplet to form into a conical shape known as the Taylor 

cone, as depicted in Figure 2.17 [69]. 
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Figure 2.17: Modes of deformation exhibited by polymer droplets or jets during the 

electrospinning process [71] 

 

    After the formation of the Taylor cone, the droplet retains fewer positive charges 

compared to the polymer jet. A continuous stream of fibers is ejected from the apex of 

the Taylor cone towards the collector under critical voltage. As the jet approaches the 

collector, the concentration of surface charges increases [72-73]. After complete 

evaporation of the solvent during the ejection of the jet, solid fibers accumulate on the 

collector, resulting in a fibrous, textureless surface  [5]. 

 

 

Figure 2.18: Schematic representation of the electrospraying process [71]. 
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2.3.2.1 Electrospinning Parameters Used in Production of Nanofibers 

     The parameters affecting the electrospinning process are the applied voltage, the 

diameter of the metal needle tip, the distance between the needle tip and the collector, 

and the polymer solution used. 

 

2.3.2.1.1   Voltage 

    While it is understood that the electric field strength escalates with higher 

applied voltage, achieving the necessary cone for fiber formation demands a critical 

voltage, even when the operating distance is minimum due to the high electric field 

force. This imbalance leads to a broad size distribution in the resulting fibers when 

high voltage is applied [74]. It is known that the applied electrical voltage significantly 

influences the morphology of the fiber. To create continuous fibers, it is necessary to 

balance the surface tension of the solution with the electrostatic force. Once the applied 

voltage surpasses the critical threshold, liquid jets will be expelled from the tip of the 

cone. If the viscosity of the solution is extremely low, the jets responsible for bead 

formation will not be stable. High voltages can generate more charge on the surface of 

the solution or droplet at the tip of the needle (higher Coulomb forces) and create a 

stronger electric field (larger electrostatic forces), both of which act effectively to fully 

stretch the jets, leading to the formation of homogeneous and uniform fibers [75,76]. 

 

2.3.2.1.2  Feed Rate 

    A low feeding rate causes a vacuum to form inside the needle; however, higher 

feeding rates lead to polymer buildup at the edge of the needle tip and disrupt the 

formation of the Taylor cone. A precise feeding rate value is essential to achieve and 

sustain a stable Taylor cone at each applied voltage [77,78]. It has been noted that the 

feed rate of the polymer solution significantly influences the morphology of the 

polymer fibers. There is also an optimum value for the feeding rate. If the feeding rate 

is higher than the optimum value, it leads to the production of fibers with beads, which 

is an undesirable outcome. 

 

2.3.2.1.3  Tip-to-Collector Distance (TCD) 

    The TCD mainly impacts the solvent evaporation in the solution and the 

stretching of a PVA macromolecular chain, while also influencing the strength of the 

electric field. As TCD decreases, the strength of the electric field increases. The 
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polymer jets undergo stretching due to electrostatic forces as they traverse through the 

electric field. Throughout this process, the solvent evaporates, allowing the polymer 

jets to maintain their flexibility. 

    If a decrease in fiber diameter is observed, gradually increasing the working 

distance achieves an optimum point to achieve uniformity; beyond this point, 

increasing the distance further can lead to decreased uniformity of the fibers, and in 

some cases, cracks may appear in the PVA fibers. However, as demonstrated in 

Phachamud's experiment, varying the TCD within a narrow range of 10 to 15 cm did 

not inhibit the formation of thin fibers or defects [74]. 

    The SEM images chosen in Figure 2.19 illustrate the morphological 

characteristics of fibers derived from a sonicated 10% w/v PVA solution collected at 

different distances, ranging from 5 to 20 cm [79]. 

 

 

Figure 2.19: SEM images distances of (a) 5, (b) 10, (c) 15 or (d) 20 cm [79]. 

 

     Clearly, at a collection distance of 5 cm, a mixture of straight and beaded fibers 

is obtained, with some adjacent fibers seen to merge at their contact points. This 

suggests that the jet did not completely dry before landing on the collector. As the 

distance between the needle tip and the collector increases, the electric field's strength 

diminishes, leading to a reduction in electrostatic and Coulomb repulsion forces. These 

adjustments result in instability in the emission of the solution jet, leading to a longer 
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flight path. This extended flight path facilitates solvent evaporation and the stretching 

of polymer jets to produce fibers of smaller diameter. On the contrary, a decrease in 

TCD generally leads to incomplete solvent evaporation, resulting partly in the 

dissolution of swollen fibers, forming larger diameter or non-beaded fibers. Thus, 

increasing the distance between the needle tip and the collector is essential to achieve 

uniform and homogeneous fibers or micro-particles. 

 

2.3.2.1.4  Types of Polymer Solutions 

    A variety of synthetic and natural polymers are employed in the electrospinning 

technique. These polymers can form fibers in the submicron range and find 

applications in various fields. Electrospun nanofibers can consist of natural polymers, 

synthetic polymers, or a blend of both, and may also incorporate proteins, 

polysaccharides, and nucleic acids [80]. Natural polymers possess the capability to 

bind with cells, making them particularly suitable for use in electrospinning processes, 

especially in biomedical applications. Examples of natural polymers include chitosan 

[81,82] ,hyaluronic acid [83], gelatin [84], collagen [85,86], and silk protein [87,88]. 

Synthetic polymers typically offer several advantages over natural polymers, such as 

the ability to control degradation rates and achieve specific mechanical properties [89]. 

Numerous synthetic polymers are utilized in electrospinning, including poly(ε-

caprolactone) (PCL), polylactic acid (PLA), polyethylene oxide (PEO), and polyvinyl 

alcohol (PVA) [90,91]. 

    Polyvinyl alcohol (PVA) is a water-soluble polymer with numerous hydroxyl 

groups attached to the side chains. It has been extensively studied due to its high 

hydrophilicity, processability, biocompatibility, good physical and mechanical 

properties, complete biodegradability, excellent chemical resistance, and its ability to 

form films effectively. Due to its antibacterial properties, it has led to its widespread 

industrial use in applications such as drug delivery and medical dressing membranes. 

[3]. Recently, with the increasing popularity of electrospinning applications, the 

popularity of PVA among polymer solutions has also risen. 

    PVA is available in various degrees of hydrolysis (DH). This variation has also 

influenced the sizes of the fibers formed as a result of electrospinning. In fact, it has 

been possible to produce very fine fibers with a diameter of approximately 190 nm 

from PVA with a hydrolysis degree of 89%.[57]. 
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    As a result, electrospinning is widely preferred in applications because it allows 

for the control of fiber sizes by altering the properties of PVA independently of 

electrospinning parameters. 

    Some experiments were conducted to determine the optimum solvent content for 

dissolving PVA polymer and to get a solution which can be electrospinned easily. In 

these experiments, Dimethylformamide (DMF), acetone, chloroform, and distilled 

water were used as solvents. It was observed that DMF, acetone, and chloroform did 

not dissolve PVA uniformly, while distilled water dissolved PVA homogeneous [66]. 

    Although such solvents are used in the literature, in this study, the PVA solution 

was prepared using distilled water as the solvent. This has allowed for both lower costs 

and more environmentally friendly production by reducing the use of chemicals. 

 

2.4 NANOPARTICLE ADDITION TO NANOFIBERS DURING 

PRODUCTION BY ELECTROSPINNING  

    Various nanoparticles added to PVA, such as silver, are used to enhance the 

antibacterial property of PVA solution, while silver, titanium dioxide and zinc oxide 

nanoparticles are added to improve their electrical properties. 

 

2.4.1 Types of Nanoparticles 

2.4.1.1 Silver Nanoparticles 

    Silver is a precious element that has been used in a wide range of fields such as 

jewelry making, coinage, and explosive production for thousands of years. In the 17th 

and 18th centuries, silver nitrate was used in the treatment of  acne, and epilepsy. The 

antibacterial properties of silver and silver salts were identified after the discovery of 

bacteria, leading to various applications aimed at preventing infections. Although the 

discovery of antibiotics has led to a decrease in the use of silver compounds and ions, 

research on the antibacterial properties of silver has gained popularity with the 

development of antimicrobial resistance [92].  

    Silver nanoparticles are clusters of metallic silver atoms at the nanoscale, 

exhibiting not only antibacterial properties but also high thermal and electrical 

conductivity [93].  

    For these reasons, silver nanoparticles were added to the PVA solution, and thin 

film coatings were applied using electrospinning to investigate the electrical properties 

of silver nanoparticles. 
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2.4.1.2 Zinc Oxide (ZnO)    

    Zinc oxide (ZnO) is an inexpensive and non-toxic material. Additionally, it 

meets the necessary properties for electro-optic devices. Zinc oxide holds an important 

place in semiconductor studies. ZnO, ease of sintering and controllable electrical 

resistance, coupled with its excellent electrical, optical, and chemical properties. 

Therefore, it finds applications in various fields such as semiconductors, optics, 

piezoelectric devices, transparent electrodes, and solar cells. It also exhibits 

antibacterial properties, like silver [94]. 

    Films prepared with ZnO compound are preferred among metal oxide 

semiconductors due to their optical transparency and high electrical conductivity, 

despite reflections in the visible region [95]. 

    The reason for using zinc oxide as an additive in the PVA solution is to observe 

the change in electrical properties by fabricating a thin film coating on the surface of 

TCO/ITO glass, which is conductive material, using the electrospinning method 

 

2.4.1.3 Titanium dioxide (TiO₂) 

    Titanium dioxide (TiO₂) is an ideal photocatalyst due to its stability in terms of 

chemical and optical properties. There are several methods for producing TiO₂ in 

composite form, including freeze-drying, thermal evaporation, and physical and 

chemical vapor deposition. However, these methods are considered slow and costly 

due to their multiple steps [96]. 

    Recently, there has been a growing interest in the use of electrospun TiO₂ for 

various applications, as the nanofibers have greatly enhanced photocatalytic 

performance owing to their small size. This results in rapid charge transfer dynamics 

and electron-hole recombination on the large specific surface area of TiO₂ nanofibers. 

Nanometer-sized titanium dioxides are utilized in applications such as fiber optic 

cables, photocatalysis, and solar panels [96]. 

    For the production of composite fibers containing TiO₂, the electrospinning 

method is more popular compared to others. 
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CHAPTER III 

 EXPERIMENTAL STUDIES 

 

    In this part of the thesis, the materials used in electrospinning, and the solution 

preparation and electrospinning procedures are explained with the characterization 

techniques employed in the study. 

 

3.1 RAW MATERIAL 

    In this study, nano particle doped Polyvinly Alcohol (PVA) nanofibers are 

coated on Indium Tin Oxide (ITO) glass substrate via electrospinning technique. The 

properties of nano powders, namely, Ag, ZnO and TiO2 are presented in Table 3.1 

with the PVA particles from which doped electrospinning solution was obtained. PVA 

particles formed in granule form. 

 

   Table 3.1: Properties of raw materials used during electrospinning   

Materials Mean Particle Size 

(nm) 

Purity (%) Supplier 

Ag powder 100 99.99 Sigma-Aldrich/Germany 

ZnO powder 100 99.99 Sigma-Aldrich/Germany 

TiO₂ powder 100  99.99 Sigma-Aldrich/Germany 

PVA paticles - 99.00+ Sigma-Aldrich/Germany 

 

    ITO glass is a material that typically combines electrical conductivity and optical 

transparency. The thickness and electrical properties of the ITO glass used in this 

experiment are provided in Table 3.2. 

 

 Table 3.2: Properties of the TCO/ITO glass 

                       Parameters                               Values 

Resistance (Ω) 34.0 

Thickness(mm) 2.240 
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3.2 SOLUTION PREPARATION FOR COATING 

    Firstly, preperation of PVA solution, nanoparticles are added to PVA in different 

contents and ITO glass were coated with doped fibers using electrospinning technique. 

 

3.2.2 Preperation of PVA Solution 

    PVA solutions were prepared by adding 1 gr of PVA powder to 10 ml of distilled 

water to achieve obtain a PVA solution by 10 %wt.  The solution was prepared in two 

steps, which were presented in Table 3.3 

 

Table 3.3: The preparation values for PVA solutions. 

             Parameters 1. Step 2.  Step 

Temperature (°C) 85 Room temperature (22) 

Time(hour) 2 24 

Stirring speed (rpm) 600 300 

 

    Initially, the PVA solution containing beakers were covered with aluminum foil 

and heated at 85 degrees for 2 hours while being stirred at 600 rpm using a hot stage 

magnetic stirrir. Afterwards, the solution was stirred at room temperature at 300 rpm 

for 24 hours. The setup for preparing the PVA solution is shown in Figure 3.1. 
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Figure 3.1: The mixing and heating of PVA powders with distilled water.  

 

3.2.3 Nanparticle Doped Solution Preparation 

    After preparing the PVA solutions, Ag, ZnO, and TiO₂ nanopowders were added 

to the polymer solution at different quantities to form PVA solutions doped with nano 

particles. Prepared nanoparticle doped solutions are presented in Table 3.4. The 

nanoparticles concentration was changed between 0.03 and 0.2 gr in 10 gr of solution. 

Since the addition of nanoparticle changes the solution color as seen in Figure 3.2, the 

maximum content of the nanoparticles was kept at 5 wt. %, beyond which transparency 

of the solution was lost. However, fiber production by addition of 10 and 20 wt.% 

nanoparticles was also tried. 
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Figure 3.2: PVA solution with %Ag. 

 

Table 3.4: Amounts of nanoparticles added to PVA solution (10 wt.%) 

Type of Nanoparticles Amount of Nanoparticles 

3 wt.% 5 wt.% 10 wt.% 20 wt.% 

Ag 0.03 gr 0.05 gr 0.1 gr 0.2 gr 

ZnO 0.03 gr 0.05 gr 0.1 gr 0.2 gr 

TiO₂ 0.03 gr 0.05 gr 0.1 gr 0.2 gr 

 

    As can be seen in Table 3.4 twelve diffrent nanoparticle added solutions were 

prepared.  The ensure the homogenous distribution of nanoparticles in the solution, all 

of the solutions were stirred for 2 h at 650 rpm in a magnetic stirrer at room 

temperature. 

                 

3.3 THIN  FILM COATING BY ELECTROSPINNING 

    The electrospinning application was carried out using the Electrospinning device 

(OptoSense) in the Materials Science Laboratory at Yildiz Technical University, 

Davutpasa Campus/Istanbul. 
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Figure 3.3: Electrospinning device used in electrospinning studies. 

 

    The experimental set-up is shown in Figure 3.4 (a). The target ITO material, 

which was to be coated with nanofibers, was attached to the aluminum foil fixed on 

perpendicular plate (Figure 3.4 (b)). The role of the aluminum foil was to facilitate the 

easier progression of the electric current supplied to the syringe tip through the 

aluminum foil. Carbon tape was preferred for its conductivity to achieve a more 

homogeneous coating on the glass surface. The ITO glass utilized in coating process 

was conductive in one side and it was acting as non -conductive at other surface. The 

coating was applied to the side had electrical conductivity. 
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(a) 

 

(b)   

Figure 3.4: (a) Electrospinning device setup, (b) ITO glass affixed to aluminum foil with 

carbon tape. 

     

    Initially, 5 ml of solutions were drawn into syringe and the syringe was fixed to 

the electrospinning device. The variabes used in the electrospinning experiments are 

shown in Table 3.5 Distance in cm means distance between the needle and collector. 

The coating process of each solution on ITO glass (Figure 3.5) took about 1 h to get 

homogenous coating. 
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      Table 3.5: Parameters of the Electrospinning 

                     Parameters                             Values 

Needle Number (Gauges)                                 21 

Needle Inner Diameter (mm)                                0,51 

Feed Rate(mL/hour)                                   5 

Applied voltage (kV)                                   9 

Distance between needle and the collector (cm)                                 15 

        

 

Figure 3.5: Thin film coating of nanofibers obtained from 10 wt.% Ag-PVA on ITO glass. 

 

3.4 CHARACTERIZATION 

3.4.1 Microstructural Characterization 

    The morphological structures and diameters of the produced fibers were 

determined using the SEM (Scanning Electron Microscopy) system (JSM 6335F – 

JEOL and JSM 6510LV – JEOL) at 10 kV in the laboratories of TUBITAK Marmara 

Research Center (TUBITAK MAM). 

 

3.4.2 Determination of Nanofiber Size Distribution 

    The determination of fiber diameter was conducted using the "Image J" image 

analysis software. A total of 100 measurements were taken on SEM images for each 

sample to determine the average nanofiber diameter. Additionally, 20 measurements 

were taken to determine the average particle sizes. The obtained data were visualized 

into graphs using the "GraphPad Prism 9" graphing software. 
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3.4.3 Determination of Electrical Properties 

    Resistance values were determined by taking 20 measurements at various points 

on the ITO-coated glass using a "Rish Multi 18s" brand multimeter. 

    Thickness values were determined by taking 20 measurements from various 

regions of the samples coated with thin films using a "Mitutoyo Absolute" brand digital 

thickness measurement device as shown in Figure 3.6. 

 

 

Figure 3.6: The thickness measurement setup 

 

    The average value of the 20 thickness measurements was obtained, and 

resistivity values were calculated by multiplying each resistance value with this 

average thickness value. 
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CHAPTER IV 

RESULTS & DISCUSSION 

 

    In this part of the thesis, the microstructural examination, size distribution and 

the electrical properties, namely, resistance and the resistivity values are presented for 

coatings composed of fibers containing 3 and 5 wt.% nanoparticles. On the other hand, 

microstructure of fibers with 10 and 20 wt.% nanoparticles are not presented since too 

much agglomeration of nanoparticles were observed in the fibers. However, electrical 

resistance and resistivity of the coatings made up of 10 and 20 wt.% nanoparticles 

doped fibers are given for comparison. 

 

4.1 MICROSTRUCTURAL EXAMINATION 

4.1.1 Silver Doped Nanofiber Coatings 

    Figure 4.1 displays PVA  nanofibers doped with 5 wt.% Ag nanoparticles.  The 

diameters of the 5 wt.% Ag-PVA nanofibers were observed to change between 260 

and 500 nm and had an average fiber diameter of around 380±48 nm (Figure 4.2), 

which was larger than the size of the nanoparticles. However, it has been observed that 

Ag nanoparticle distribution was not homogenous in the fibers and Ag nanoparticle 

agglomerated in some regions of the fibers. Compared to other nanoparticles used in 

the study, Ag nanoparticles exhibited higher degree of agglomeration during mixing 

stage, which lead to sedimentation of nanoparticles at the bottom of PVA solution and 

subsequent agglomeration in the produced nanofibers. As seen in Figure 4.3, the sizes 

of the agglomerated particles was between 2100 nm and 2700 nm. The agglomeration 

of nanoparticles on fibers is an undesirable condition. This condition indicates that the 

electrical resistance of Ag nanoparticles coated on ITO glass cannot be significantly 

reduced. The reduction in the concentration of added nanoparticle powders in the PVA 

solution can be employed to minimize the agglomeration on the fibers. Accordingly, 

PVA solution containing 3 wt.% Ag was electrospun to coat a thin film on ITO glass. 
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Figure 4.1: SEM image of the thin film coating obtained using  5 wt.% Ag – PVA solution. 

(a) x2.500 (b) x5.000 

 

Figure 4.2: Comparison the resistance of thin films containing fibers with 5 wt.% 

nanoparticles 

 

Figure 4.3: The frequency size distribution of agglomerated Ag nanoparticles in fibers 

obtained using 5 wt.% Ag – PVA solution. 
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    As seen in Figure 4.4, decreasing the Ag nanoparticle content in PVA solution 

from 5 to 3 wt.%, reduced the agglomeration of nanoparticles in nanofibers. The 

reduction of Ag content in the solution had almost no effect on the resultant nanofiber 

diameter (Figure 4.5) and nanofibers displayed a diameter of around 377 ± 47 nm, 

which was close to diameters of fiber produced using 5 wt.%Ag-PVA solution. 

Because the PVA solution concentration was kept constant during each 

electrospinning experiment. As can be seen in Figure 4.6, average size of the 

agglomerated regions were 1554 nm, lower than the value (2403 nm) found in fibers 

produced using 5 wt.%Ag-PVA solution. 

 

 

Figure 4.4: SEM image of the thin film coating obtained using 3 wt.% Ag – PVA solution. 

(a) x2.500 (b) x5.000 

 

 

Figure 4.5: The frequency distribution of sizes of the fiber sizes obtained using  3 wt.% Ag – 

PVA solution. 
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Figure 4.6: The frequency size distribution of agglomerated Ag nanoparticles in  fibers 

obtained using 3 wt.% Ag – PVA solution. 

 

4.1.2 ZnO Doped Nanofiber Coatings 

    Figure 4.7 shows the 5 wt.% ZnO doped nanofibers coated on ITO glass. The 

measured porosity content of the coating was around 32.5%. The diameter of the fibers 

was observed to change between 260 and 480 nm, with an average fiber diameter of 

375 ± 46 nm. The average diameter of the fibers obtained using 5 wt.% ZnO-PVA 

solution was close to that of fibers obtained from 5 wt.% Ag-PVA solution since the 

concentration PVA solution in two cases was similar. 

    Similar to Ag nanoparticles doped in nanofibers, ZnO nanoparticles was found 

to  agglomerate in some regions of the nanofibers. The agglomerated ZnO nanoparticle 

region size was around 3229 ± 418 nm in fiber ontained using 5 wt.% ZnO-PVA 

solution (Figure 4.9), which was higher compared to agglomerated nanoparticle region 

size (2403 nm) in fibers obtained 5 wt.% Ag-PVA solution. Although the density of 

ZnO (5.61 g/cm3) is significantly lower than the density of silver  (10.49 g/cm3), 

agglomeration in ZnO nanoparticles was more severe which was attributed to the 

different surface chemistry. 
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Figure 4.7: SEM image of the thin film coating obtained using  5 wt.% ZnO – PVA 

solution. (a) x1.500 (b) x5.000 

  

 

Figure 4.8: The frequency distribution of sizes of the fibers obtained using 5 wt.% ZnO – 

PVA solution. 

 

Figure 4.9: The frequency size distribution of agglomerated ZnO nanoparticles in fibers 

obtained using 5 wt.% ZnO – PVA solution. 
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    Figure 4.10 shows nanofiber morphology obtained using 3 wt.% ZnO-PVA 

solution. As expected, nanofiber diameter remained almost contant (376 ± 48 nm, 

Figure 4.11) since the PVA solution was kept constant as in the previous experiments. 

However, upon decreasing the ZnO content from 5 to 3 wt.% in PVA solution 

decreased the agglomerated ZnO nanoparticle region size from 3229 ± 418 nm to 

965±93 nm (Figure 4.12). 

 Similar to Ag nanoparticles, the degree and size of agglomeration in ZnO 

nanoparticles decrease as the nanoparticle concentration was reduced in PVA solution. 

However, while the average particle size decreased from 2403 nm to 1554 nm when 

Ag nano particle content was decreased from 5 to 3 wt.%, it decreased from 3229 nm 

to 965 nm when the change was made in ZnO content. This indicates that the effect of 

concentration ratio on the size of agglomeration in ZnO nanoparticles is greater than 

that that of Ag nanoparticles. 

 

 

Figure 4.10:  SEM image of the thin film coating obtained using 3 wt.% ZnO – PVA 

solution. (a) x2.500, (b) x5.000 
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Figure 4.11: The frequency size distribution of nanofibers obtained using 3 wt.% ZnO – 

PVA solution. 

 

 

Figure 4.12: The frequency size distribution of agglomerated ZnO particles in fibers 

obtained using 3 wt.% ZnO – PVA solution. 

 

4.1.3 TiO₂ Doped Nanofiber Coatings 

    Figure 4.13 displays coating and the morphology of nanofibers obtained using 5 

wt.% TiO2-PVA solution. The porosity content of the coating was around 13.1%. On 

the other hand, the average fiber diameter was observed to change between 260 and 

500 nm with an average fiber size of around 360±45 nm (Figure 4.14), which was 

close to diameter of nanofibers obtained using different dopants. 
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The average size of the agglomerated TiO2 regions was around 1242±144 nm smallest 

among all of the agglomerated nanoparticles (TiO2, Ag and ZnO) formed with the 

same dopant content. TiO2 nanoparticles provided the lowest aggregation on the 

fibers. Because, TiO2  has lowest density (4.23 g/cm3) compared to other in this 

experiment nanoparticles. 

 

 

Figure 4.13: SEM image of the thin film coating obtained using 5 wt.% TiO₂ - PVA 

solution. (a) x2.500 (b) x5.000 

  

 

Figure 4.14: The frequency size distribution fiber sizes obtained using 5 wt.% TiO₂ - PVA 

solution. 
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Figure 4.15: The frequency size distribution of agglomerated TiO2 particles in fibers 

obtained using 5 wt.% TiO2– PVA solution. 

 

    Figure 4.16 shows the morphology of coating and the fiber when TiO2 nano 

particle content was decreased form 5 to 3 wt.%. As expected, fiber diameter remained 

almost unchanged and the average fiber diameter was measured as 370±53 nm (Figure 

4.17). On the other hand, decreasing the TiO2 content in PVA solution down to 3 wt.%  

decreased the agglomeration as well. The size of the agglomerated TiO2 region was 

around 644 nm in fibers (Figure 4.18), which was the smallest agglomerated size 

among all nanoparticles, where it was 1554 nm for 3 wt.% Ag-PVA solution and 965 

nm for 3 wt.% ZnO-PVA solution, respectively. 

 

 

Figure 4.16: SEM image of the thin film coating obtained using 3 wt.% TiO₂ - PVA 

solution. (a) x2.500 (b) x5.000 
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Figure 4.17: The frequency size distribution of nanofibers obtained using 3 wt.% TiO₂ - 

PVA solution. 

 

 

Figure 4.18: The frequency size distribution of agglomerated TiO2 particles in fibers 

obtained using 3 wt.% TiO – PVA solution. 

 

    The average size of agglomerated particles is 1554 nm for 3% wt Ag, 965 nm 

for 3% wt ZnO, and 643.68 nm for 3% wt TiO₂. It has been observed that TiO₂ has the 

least amount of agglomeration compared to Ag and ZnO when its microstructure is 

examined. 

    Based on the results obtained from the experiments, it was observed that thin 

fibers below 1000 nm were obtained using the electrospinning method. Due to same 

PVA solution ( 10 wt.%) utilized in electrospinning,  the diameters of the fibers were 
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similar to each other. However,  slightly higher diameter was detected for the Ag doped 

nanofibers for all dopant concentrations, i.e. 5 and 3 wt.% (Table 4.1), while the 

smallest diameter was observed in TiO₂ doped nanofibers. Although the added 

nanoparticle size were all around 100 nm, slightly different nanofiber diameter was 

obtained in fibers doped with different nanoparticles. As mentioned in the previous 

parts, there is no correlation between the density of nanoparticles and fiber diameters. 

The reason of such difference was attributed to surface chemistry and surface energy 

of nanoparticles, which influence the homogenous distribution in the solution and 

viscosity of the solurion as well.  As described in previous studies, maintaining a Tip-

to-Collector Distance at 15 cm also prevented bubbling on the fibers [79]. 

    In studies conducted on electrospinning, the average diameter of TiO₂/PVA 

nanofibers was reported as 367.3 nm for 3 wt. % TiO₂ added PVA [97]. In another 

study, it was noted that fibers with doped with 5 wt. % TiO₂ and ZnO nanoparticles 

had diameters mostly ranging between 300-400 nm [98]. The diameters of the fibers 

produced in the present study are found to be similar to diameter of fibers synthesized 

in other studies. However, the reason of diameter change with the type of nanoparticles 

should be explored and clearified to other studies. 

    Table 4.2 displays the size of agglomerated nanoparticle regions with respected 

to added nanoparticle amount to PVA solution. As can be seen, there is a correlation 

between nanoparticle content in PVA solution and the size of agglomerated regions. 

The size of the agglomerates tended to decrease as the added nanoparticle content 

decreased possibly due to more distribution of nanoparticles at lower concentration. 

However, an extra step is needed to get homogenous distribution of nanopowders in 

PVA solutions, which include surface engineering and changes the surface chemistry 

of nanoparticles. On the other hand, there were no direct correlation between the type 

of nanoparticle and the the size of agglomerates; however, the smallest degree of 

agglomeration was observed TiO₂ added fibers. Therefore, among the used 

nanoparticles, TiO₂ was the most suitable nanoparticle in terms of produced thinner 

fibers and least agglomeration observed 
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      Table 4.1: Mean diamaters of fibers of produced electrospinning of PVA solutions with 

different nanoparticle (NP) contents. 

Type of Nanoparticles Mean of Fiber Diameters 

5 wt.% NP-PVA solution 3 wt.% NP-PVA solution 

Ag 380.2±47.9 nm 377.7±48.6 nm 

ZnO 374.5 ± 46.4 nm 376.0 ± 8.5 nm 

TiO₂ 359.6 ± 45.1 nm 369.6 ± 52.6 nm 

 

            Table 4.2: Size of agglomarated nanoparticles at different nanoparticle (NP) content 

Type of Nanoparticles Size of Agglomerated Nanoparticles 

5 wt.% NP-PVA solution 3 wt.% NP-PVA solution 

Ag 2403 ± 148.1 nm 1554 ± 406.4 nm 

ZnO 3229 ± 417.9 nm 965 ± 92.9 nm 

TiO₂ 1242 ± 243.5 nm 643.7 ± 85.5 nm 

 

4.2 ELECTRICAL PROPERTIES 

    In this section of the thesis, both sheet resistance and the resistivity of the thin 

films containing nanoparticle doped fibers are presented. In order to determine  the 

resistance of the ITO glasses coated with electrospun films, 20 different measurements  

were taken from various regions of the glass. The resistance of the ITO glass was 

measured to be 34 ohms in each region, and this value was entered to corresponding 

resistance values of the 20 samples obtained. 

    The resistivity of the thin films were calculated by multiplication of the average 

sheet resistances with the average thickness of the thin film obtained from thickness 

measurements taken form 20 different points. 

    Table 4.4 and Table 4.5 display the mean resistance and resistivity values of thin 

film coatings on ITO glass which are composed nanoparticle doped fibers. As can be 

seen, the resistance and the resistivity of thin films are influenced from both the content 

and the type of nanoparticles. It has been seen that the resistance and the resistivity 

values of coatings decreased as the content of nanoparticles decreased, possibly due to 

less degree agglomeration when there was low amount of nanoparticles. However, for 

the coatings with fiber containing Ag nanoparticles over 10 wt.% displayed different 

behaviour. Severe agglomeration over 10 wt.% addition of nanoparticles may be the 

reason of such behavior. 
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    For high conductivity, thin film coating with low resistance and resistivity is 

desired. Therefore, the point, where the ITO glass resistance, 34 Ω, has been reached, 

is critical to for evaluation of effectiveness of the coatings. For the coatings containing 

Ag and ZnO nanoparticles, the resistance reached to resistance of ITO glass when 

concentration of nanoparticles decreased down to 5 wt.%. On the other hand, coatings 

with TiO2 particles, resistance of the coating became equivalent to that of ITO glass at 

10 wt.% addition. Lower resistance of TiO2 containing thin film coatings was 

attributed to lower degree of agglomeration of nanoparticles as shown in previous 

section. The resistivity values of the coatings given in Table 4.5 showed similar trend 

since the resistivity was calculated by multiplication of film thickness by film 

resistance. 

    Table 4.3 shows the average thickness values of ITO glass after coating which 

are composed nanoparticle doped fibers. No correlation was observed between 

nanoparticle concentration and the thicknesses of ITO glass. Additionally, no 

correlation was observed with changes in electrical properties. This is because the 

concentration of the coating polymer solution and the coating parameters during 

electrospinning were kept constant. 

 

Table 4.3: Mean of thickness at different wt.% thin films composed of fibers produced 

electrospinning of PVA solutions with different nanoparticle (NP) contents. 

Type of 

Nanoparticles 

Mean of Thickness, (mm) 

20 wt.% NP-

PVA solution 

10 wt.% NP-

PVA solution 

5 wt.% NP-

PVA solution 

3 wt.% NP-

PVA solution 

Ag 2.248  2.260 2.313 2.266 

ZnO 2.253 2.252 2.285 2.302 

TiO₂ 2.248 2.248 2.290 2.291  
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Table 4.4: Mean of resistance at different wt.% thin films composed of fibers produced 

electrospinning of PVA solutions with different nanoparticle (NP) contents. 

Type of 

Nanoparticles 

Mean of Resistance, R (Ω) 

20 wt.% NP-

PVA solution 

10 wt.% NP-

PVA solution 

5 wt.% NP-

PVA solution 

3 wt.% NP-

PVA solution 

Ag 32.83  46.56  33.85  31.80  

ZnO 47.66 44.78  34.09  33.09  

TiO₂ 37.44  33.35  31.97  30.83  

 

Table 4.5: Mean of resistivity of thin films composed of fibers produced electrospinning of 

PVA solutions with different nanoparticle (NP) contents. 

Type of 

Nanoparticles 

Mean of Resistivity,  (Ωmm) 

20 wt.% NP-

PVA solution 

10 wt.% NP-

PVA solution 

5 wt.% NP-

PVA solution 

3 wt.% NP-

PVA solution 

Ag 738.05  1052.16  782.79  720.82  

ZnO 1074.09  1008.44  779.15  761.70  

TiO₂ 834.63  749.67  732.09  706.52  

 

    As it is seen in Tables 4.4 and 4.5, in addition to content of nanoparticles, the 

type of nanoparticle effective on resistance and resistivity. Since severe agglomeration 

was detected for films containing 10 and 20 wt.% nanoparticle, the effect of 

nanoparticle type on electrical properties was discussed only for 3 and 5 wt.% 

nanoparticle additions. Figures 4.19 - 4.22 display resistance and resistivity change of 

films with respect to type of nanoparticles for 3 and 5 wt.% addition. At 5 wt.% 

nanoparticle addition, the coatings with Ag and ZnO nanoparticles showed comparable 

resistance to that of ITO glass (Figure 4.19). On the hand, addition of same amount of 

TiO2 doping resulted around 32 Ω resistance, below the ITO resistance. Although the 

conductivity of Ag is higher than other nanoparticles, Ag doped coating displayed 

resistance to those containing ZnO particles. The reason comperatively high resistance 

values of film with Ag nanoparticles was possibly due to agglomeration.  However, 

upon decreasing the content of Ag nanoparticle down to 3 wt.% caused decreasing of 

the resistance (Figure 4.21). The resistance decreased to around 32 Ω, below the ITO 

glass value. Decreasing the Ag content lowered the agglomeration degree in Ag 

nanoparticles, therefore, Ag particles effectively increased the conducitivity (Figure 

4.22). 
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Figure 4.19: Comparison of the resistances of ITO glass and films containing 5 wt.% 

nanoparticle. 

 

 

Figure 4.20: Comparison of the resistivity of films containing 5 wt.% nanoparticle. 

 

 

Figure 4.21: Comparison of the resistances of ITO glass and films containing 3 wt.% 

nanoparticle. 
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Figure 4.22: Comparison of the resistivity of films containing 3 wt.% nanoparticle. 

 

    Table 4.6 shows the studies in the literature aimed at improving the electrical 

properties of ITO glass, including the coating methods, coated materials, and obtained 

results. F. Švegland et. al managed to reduce the resistivity value to 1.9×10-1 by 

coating Co3O4 on ITO glass using the sol-gel method at 300 °C[99]. T. Mohammad 

et. al managed to reduce the resistivity value to 5.9×10-2 by coating Eu3+ doped Poly 

(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) on ITO glass 

using the spray deposition method at 1kV [100]. H. Taha et. al successfully reduced 

the resistivity value to 5.8×10-4 by coating Ag on ITO glass using the sol-gel method 

at 500 degrees[101]. 

    The resistivity values obtained in the thesis study were observed to be higher 

compared to the literature. This is due to the different types of coating methods used 

on ITO glass in the literature. As can be seen from the SEM images of the coatings 

made on ITO glass using the electrospinning method, a porous structure was observed 

in the surface morphology of the coatings. Therefore, the resistivity values may have 

been affected by the presence of the porous structures on the coatings. 

 

Table 4.6: Results of studies in the literature on improving the electrical properties of ITO 

coatings 

Type of Material Coated Coating Method Resistiviy (Ωcm) 

Co3O4  Sol-Gel 1.9×10-1 

Eu3+  Spray Deposition 5.9×10-2 

Ag Sol-Gel 5.8×10-4 
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CHAPTER V 

CONCLUSION 

 

   In this thesis study, thin film coatings were formed on ITO glass by 

electrospinning of  Ag, ZnO, and TiO₂ nanoparticles doped PVA solution.  Following 

conclusions have been drawn at the end of this study: 

 

1- Electrospinning of nanoparticle doped PVA solution resulted in the formation 

of porous thin films on ITO glasses. The porosity of the thin films reached up 

to 32.5% in ZnO doped films, in which the highest degree of particle 

agglomeration was observed at 5 wt.% addition. On the other hand, TiO2 

containing films exhibited lowest porosity, i.e. 13%, possibly because of 

lesser degree of agglomeration. 

2- Nanoparticles were observed to agglomerate in fibers and the size of the 

agglomerated regions become larger by increasing the nanoparticle content. 

Agglomeration was found to be independent from density of nanoparticles at 

nanoparticle concentrations above 5 wt.%. 

3- At low nanoparticle concentration of 3 wt.%., there was a direct relationship 

between size of agglomerates and the density of Ag (10, 49 g/cm3),  ZnO (5.61 

g/cm3) and TiO2 (4.23 g/cm3) nanoparticles. The size of the agglomerated 

regions were 1554 ± 406.4 nm, 965 ± 92.9 nm and 643.7 ± 85.5 nm for Ag, 

ZnO and TiO2 nanoparticles, respectively. 

4- Smallest fiber diameter of 359.6 ± 45.1 nm was obtained using solution 

containing 5 wt.% TiO2 nanoparticles. 

5- The resistance and the resistivity values decreased by decreasing the content of 

nanoparticles due to decreased agglomeration. For the TiO2 doped fiber 

containing film, in which there is more homogenous distribution in fiber 

sizeand less agglomeration, the resistance became equilivalent to resistance of 
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6- ITO glass (34 ) at 10 wt.% TiO2 addition, below which the resistance of the 

thin film decreased more. 

7- For the thin films containing fiber doped with ZnO and Ag nanoparticles, ITO 

resistance value was reached only when the nanoparticle content decreased 

down to 5 wt.%. Relatively severe agglomeration of ZnO and Ag nanoparticles 

increased the resistivity of thin films. 
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CHAPTER VI 

FUTURE STUDIES 

         

1- Addition of nanoparticles to PVA solution resulted in agglomeration and it was 

partly prevented by increasing the magnetic stirring time. However, surface 

chemistry of the nanoparticles should be changed to create electrostatic 

repulsion or steric hinderence in nano powders by using different techniques 

of surface engineering for prevention of agglomeration during fiber 

production. 

2- A detailed investigation should be conducted to reveal the reason of less 

agglomeration observed in TiO2 nanoparticles. 

3- A detaled TEM study should be conducted to examine the nanoparticles 

morphology doped in PVA fibers. 

4- Four point probe method should be used to determine sheet resistance and the 

resistivity of the thin films. 
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